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Editorial on the Research Topic

Metalloenzymes: Potential Drug Targets

Metalloenzymes have an important role in the regulation of many biological functions.
Overexpressed and/or reduced secretion of such enzymes lead to different complications of
clinical interest. The metal ions present in enzymes control the structure, folding, and functions
of such proteins. The protein data bank (PDB) revealed that over 50% of proteins contain metal ions
(Solomon et al., 1996). The development of metalloenzyme inhibitors are of interest in the treatment
of various diseases. The interaction of ligands, i.e., compounds as inhibitors with target proteins via
active sites provide a means of curing diseases. Most aptly, the inhibitors reported by academic or
pharmaceutical usage of small molecules as inhibitors provide a rapid and viable way to treat
diseases. Urease is a ubiquitous metalloenzyme, produced by various cell types from plants, fungi,
and bacteria, etc., that bears a nickel atom in its active pocket. It hydrolyzes the urea into ammonia
and carbamate which further decompose to ammonia and CO2. The overexpression of urease was
known to be linked with ulcers, hepatic coma, and formation of urinary stones (Upadhyay, 2012;
Kappaun et al., 2018).

Carbonic anhydrase with zinc metal ion catalyze the hydration of CO2 with water to produce
hydrogen carbonate and H+ ions (Alvarez-Leefmans and Delpire, 2009). The hydration reaction
involves the nucleophilic attack of the metal-bounded hydroxy (OH) group with the carbon (C) atom
of carbon dioxide species (Silverman and Lindskog, 1988). The coordination of carbonic anhydrases
(CAs) with metal ion occurs at active sites via binding with histidine, cysteine, and/or glutamine
residues to form a tetrahedral shape (Steiner et al., 1975). The inhibitors of CAs have been employed
as diuretic and antiglaucoma agents as well as anti-obesity and anticancer agents (Supuran, 2008).

Furthermore, ubiquitous ecto-nucleotidases such as 1) nucleoside triphosphate
diphosphohydrolases (NTPDases), 2) nucleotide pyrophosphatase/phosphodiesterases (NPPs), 3)
alkaline phosphatases (APs or ALPs), and 4) ecto-5′-nucleotidase (e5′NT) are all responsible for the
integrity of proper cell functioning (Supuran, 2008). The NPPs possess zinc (Zn2+) metal ion at active
sites while the e5′NT has additionally magnesium ion (Mg2+) at the active site. The overexpression of
surface-located ecto-enzymes hydrolyzing nucleotides causes various complications which affect
different functions such as cell proliferation, apoptosis as well as degenerative, neurological, and
immunological responses. In the current issue, Baqi et al. reported the use of anthraquinone
derivatives as NTPDase inhibitors which showed selectivity towards NTPDase2 and -3. The
compound, 1-amino-4-(9-phenanthrylamino)-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate,
with an IC50 value of 539 nM was found to be a potent inhibitor of NTPDase2, while the
anthraquinone, 1-amino-4-[3-(4,6-dichlorotriazin-2-ylamino)-4-sulfophenylamino]-9,10-dioxo-

Edited and reviewed by:
Salvatore Salomone,

University of Catania, Italy

*Correspondence:
Jamshed Iqbal

drjamshed@cuiatd.edu.pk

Specialty section:
This article was submitted to

Experimental Pharmacology and Drug
Discovery,

a section of the journal
Frontiers in Pharmacology

Received: 25 July 2021
Accepted: 07 September 2021
Published: 24 September 2021

Citation:
Iqbal J, Jacob C and Sévigny J (2021)

Editorial: Metalloenzymes: Potential
Drug Targets.

Front. Pharmacol. 12:746925.
doi: 10.3389/fphar.2021.746925

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7469251

EDITORIAL
published: 24 September 2021

doi: 10.3389/fphar.2021.746925

4

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.746925&domain=pdf&date_stamp=2021-09-24
https://www.frontiersin.org/articles/10.3389/fphar.2021.746925/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.746925/full
https://www.frontiersin.org/researchtopic/10220
https://doi.org/10.3389/fphar.2020.01282
http://creativecommons.org/licenses/by/4.0/
mailto:drjamshed@cuiatd.edu.pk
https://doi.org/10.3389/fphar.2021.746925
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.746925


9,10-dihydroanthracene-2-sulfonate, showed potency and
selectivity towards NTPDase3 with an IC50 of 390 nM. The
most potent compounds could serve as front-runners in the
goal of treating different pathological complications (Baqi
et al.). The inhibitors of NTPDase1 may serve as potential
leads in cancer therapy. Adenosine derivatives were screened
for CD39 and CD73. The biological assay results showed selective
CD39 and dual CD39/CD73 inhibitors (Schäkel et al.). A docking
study further showed putative binding of nucleotide analogs with
target enzymes. Thus, the inhibition of metalloenzymes might be
useful to cure different clinically important complications.

Prof. Iqbal’s research group have made significant progress in the
development and identification of different compounds as inhibitors
ofmetalloenzymes. They have reported several inhibitors of carbonic
anhydrase activity such as sulfonamides, sulfonates, and sulfamate
derivatives (Zaraei et al., 2019; Saeed et al., 2021). Furthermore,
many other types of molecules have also been reported as carbonic
anhydrase inhibitors (Al-Rashida et al., 2014; Saeed et al., 2014; Zaib
et al., 2014; Al-Rashida et al., 2015; Saeed et al., 2017; Abbas et al.,
2018; Abbas A. et al., 2019). Supuran (2008) published an excellent
review in Nature Review Drug Discovery to present carbonic
anhydrase and its inhibitors. The presence of zinc metal provides
a means of binding enzymes with several classes of compounds
including sulphonamides, sulphamates, and sulphamides.

Urease is also a common target for treating ulcers which
possesses two nickel atoms in its core structure. The inhibition
of urease has been reported by using different heterocycles. In
their studies, Iqbal et al. have reported 1,3-thiazoles (Channar
et al., 2021), benzohydrazide derivatives (Abbas S. et al., 2019),
acridine-based (thio)semicarbazones, hydrazones (Isaac et al.,
2019), and semicarbazones derivatives (Qazi et al., 2018) as
urease inhibitors. The copper metal ion containing tyrosinase
has been known to be involved in melanin biosynthesis. Lavinda
et al. developed a 3D model of the structure of human tyrosinase
and TYRP2 on the basis of their crystallographic structure. The
mechanism of mercury chloride (HgCl2)-induced tyrosinase
inactivation was investigated in this study (Chen et al.).

Iqbal et al. have also made progress on the inhibition of other
biological targets which include other ecto-nucleotidases. Various

types of heterocyclic scaffolds such as the inhibitors of nucleotide
pyrophosphatase/phosphodiesterases (NPPs) include substituted
trifluoromethyl quinoline (Semreen et al., 2019), arylated
thiadiazolopyrimidones (Jafari et al., 2016), and p-nitrophenyl
thymidine 5- monophosphate (Raza et al., 2011). Moreover, the
development of ecto-5′-nucleotidase inhibitors may also serve to
treat cancer (Iqbal et al., 2013). The heterocyclic compounds
which have been synthesized and screened as NTPDases include
oxoindolin phenylhydrazine carboxamides (Afzal et al., 2021),
pyrrolo[2,3-b]pyridine derivatives (Ullah et al., 2021),
spirooxindole derivatives (Ashraf et al., 2020),
sulfonylhydrazones (Younus et al., 2020), 2-substituted-7-
trifluoromethyl-thiadiazolopyrimidones (Afzal et al., 2020),
pyrazolyl pyrimidinetrione, and thioxopyrimidinedione
conjugates as selective inhibitors of human ectonucleotidase
(Andleeb et al., 2019), etc. Furthermore, the review articles of
Iqbal (Iqbal, 2019) have also reported the importance of
ectonucleotidase inhibitors in the treatment of various
diseases. Though there are many other metal ions-containing
proteins which have been targeted to treat clinically relevant
conditions, Iqbal et al. have made a significant scientific
contribution in finding good choices in the inhibition of
urease, carbonic anhydrase, and ectonucleotidases.

In summary, metalloproteins present relevant targets for the
development of modulators in order to treat various types of
diseases. In this view, development of metalloprotein inhibitors
with different structures, such as heterocyclic compounds,
provide an excellent opportunity to treat such diseases. The
presence of metal ions in these proteins help them bind with
the inhibitor and play an important role in the inhibition process.
Libraries of small heterocyclic molecules can be readily prepared
to screen them against various target proteins to cure
corresponding diseases.
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Inorganic mercury compounds have been used in skin-lightening products since ancient
times. Although a previous study demonstrated that mercury impeded the transfer of Cu2+

to the apotyrosinase, the effect of mercury on tyrosinase is still unclear. In the present
study, the mechanism of mercury chloride (HgCl2) induced inactivation of tyrosinase was
investigated for the first time. The IC50 values were 29.97 and 77.93 mmol/L for
monophenolase and diphenolase, respectively. A kinetic analysis revealed that HgCl2
inhibited tyrosinase activity in an irreversible non-competitive manner. The strong intrinsic
fluorescence quenching suggested that the formation of the HgCl2-tyrosinase complex
induced conformational changes of the enzyme, and HgCl2 had only one single binding
site or a single class of binding site on tyrosinase. The molecular docking and further
experiments demonstrated that HgCl2 bound to the amino residuals (His) in the catalytic
center of tyrosinase. To our knowledge, these findings presented in this paper were the
first evidence of the direct interactions between HgCl2 and tyrosinase, which provided a
deep understanding of the inhibition mechanism of mercury on tyrosinase.

Keywords: mercury chloride, tyrosinase, spectroscopic measurements, molecular docking, inhibition mechanism
INTRODUCTION

Tyrosinase (EC 1.14.18.1), a type III copper protein, is ubiquitously distributed in bacteria, fungi,
plants, insects, crustaceans, and mammals (Yoon et al., 2009). It is able to perform two successive
reactions: the hydroxylation of tyrosine to dopa (monophenolase activity) and also the subsequent
oxidation of dopa to dopaquinone (diphenolase activity) (Körner and Pawelek, 1982; Tan et al.,
2016). Dopaquinone, also known as o-dopaquinone, is of high reactivity and its derivatives
spontaneously polymerize to form melanin through a series of chemical reactions (Seo et al.,
2003). Consequently, tyrosinase plays a pivotal role in melanin formation, which is an important
component responsible for skin pigmentation in humans. Although melanin produced in skin
melanocytes provides protection from UV radiation, excessive accumulation of melanin may cause
cosmetic flaws such as age spots, freckles, senile lentigines, solar lentigo, and melasma in humans
(Germanò et al., 2012; Hridya et al., 2016; Soares et al., 2017).

To decrease the abnormal accumulation of melanin, the use of skin-lightening (also known as
skin bleaching and skin whitening) products has been prevalent among women all over the world
in.org March 2020 | Volume 11 | Article 8117
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for decades (Olumide et al., 2008). The active ingredients known
to be effective for skin lightening include various corticosteroids,
hydroquinone, and mercury (Barry et al., 2011). Mercury exists
primarily in three forms: inorganic, organic, and metallic (or
elemental) (Boyd et al., 2000). Inorganic mercury compounds,
including mercuric chloride, mercurous chloride, and mercurous
oxide, have been used in skin-lightening products since ancient
times (Kibukamusoke et al., 1974). These compounds occur in a
mercuric (Hg II) or mercurous (Hg I) form and have toxic effects
on humans (Clarkson et al., 2003). It has been discovered that the
use of skin-lightening products is one of the causes of mercury
toxicity (Agrawal and Mazhar, 2015). More specifically, the use
of skin-lightening products containing inorganic mercury may
lead to central nervous system, gastrointestinal and renal toxicity
(Chan, 2011). For this reason, the sale of skin-lightening
products containing inorganic mercury was prohibited in
many countries (Al-Saleh, 2016). Despite repeated warnings of
mercury poisoning by health authorities and the ban against the
sale of skin-lightening products containing inorganic mercury,
these products are widely available for sale in pharmacies, beauty
aid stores and on the internet (Hamann et al., 2014).

The failure in the prohibition of adding inorganic mercury to
skin-lightening products is an interesting question worthy of
consideration. We believe that the main reason may be the good
performance of inorganic mercury compounds in skin-
lightening and anti-freckle effects. So now comes the question,
why do these compounds exhibit such strong inhibition ability of
melanin production. It is well known that mercury can replace
the copper needed for tyrosinase activity, thereby deactivating
enzymes and producing skin-lightening effects (Lerner, 1952a).
Specifically, mercury ions can compete with copper ions for
active centers on apotyrosinase to produce an inactive
preparation; it is worth noting that once copper becomes
attached to the enzyme it is replaced by ion of mercury with
difficulty (Lerner, 1952b). That is to say, the previous literature
(Lerner, 1952b) has demonstrated that mercury only displayed
an effect on apotyrosinase as opposed to tyrosinase. Therefore,
the direct interaction between mercury and tyrosinase is still
unknown. In this study, we used kinetics measurements, spectral
investigation, and molecular docking to study the effects of
mercury on tyrosinase and tried to elucidate the intrinsic
mechanism of the interaction at the molecular level.
MATERIALS AND METHODS

Materials
Tyrosine (98%), dopa (98%), and mushroom tyrosinase (1000U/
mg, EC 1.14.18.1) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Mercuric chloride (HgCl2, 99.5%) and kojic
acid (99%) was obtained from Aladdin Bio-technology
(Shanghai, China). Histidine (His), valine (Val), glutamate
(Glu), and alanine (Ala) were of analytical grade and bought
from Xiya Chemical Industry (Shandong, China). All other
chemicals and reagents used were of analytical grade or
pharmaceutical grade. A Milli-Q-Plus ultra-pure water system
Frontiers in Pharmacology | www.frontiersin.org 28
from Millipore (Sartorius 611, Germany) was used throughout
the study to obtain water used during the experiments.

The Effects on the Monophenolase Activity
of Tyrosinase
The method was modified based on the previous description
(Chen et al., 2016). In brief, the assays were carried out by using 3
mL of reaction system containing 0.5 mmol/L substrate
(tyrosine) in 50 mmol/L Na2HPO4-NaH2PO4 buffer solution
(PBS, pH = 6.8) at 305 K. A 100 mL aliquot of HgCl2 solutions
with various concentrations (0, 1.25, 5 and 10 mmol/L) was
added to the reaction system to give concentrations ranged from
0 to 333.33 mmol/L. The final concentration of tyrosinase was
33.33 U/mL. The optical densities (OD) at wavelength of 475 nm
were recorded using UV spectrophotometer (UV 2550,
SHIMADZU) every 30 s in the first 2 mins and then every 1
min until 30 mins. Kojic acid was used as a positive control. The
appropriate blanks (containing both tyrosine and HgCl2 but
without tyrosinase) were tested and subtracted to correct
the absorbance.

The Effects on the Diphenolase Activity
of Tyrosinase
The method was performed as previously described (Chen et al.,
2017). The assays were carried out by using 3 mL of reaction
system containing 0.5 mmol/L substrate (dopa) in 50 mmol/L
PBS (pH = 6.8) at 305 K. The final concentration of tyrosinase
was 13.33 U/mL. A 100 mL aliquot of HgCl2 solutions with
various concentrations (0.15, 0.31, 0.625, 1.25, 5, 10, and and
20mmol/L) was added to the reaction system to give
concentrations ranged from 10.42 to 666.67 mmol/L. The OD
values of the reaction system in the presence of HgCl2 solutions
(A1) were recorded at the wavelength of 475 nm using the UV
spectrophotometer. The OD values of the reaction system in the
absence of HgCl2 and tyrosinase were used as a positive (A2) and
a negative (A3) control, respectively. Relative enzymatic activity
(%) = (A1-A3)/A2×100%. The experiment was repeated three
times. The IC50 value was calculated as the concentration
(leading to achieve 50% inhibition) according to the equation,
which is obtained by curve fitting of the enzyme activity versus
the concentrations of inhibitor.

Immobilized Tyrosinase for Analysis of
Inhibitory Mechanism
Experiments were conducted to confirm the inhibitory
mechanism of HgCl2 on tyrosinase furtherly by using
immobilized tyrosinase. In brief, we added 200 µL of diluted
tyrosinase (2500 U/mL) to each well of a 24-well polystyrene
plate and then covered the plate and incubated it at 4°C
overnight to produce immobilized tyrosinase. The plate was
brought to room temperature, and we thoroughly decanted the
solution from wells and washed the wells two times with PBS to
remove the unfixed enzyme. We added 3 mL of inhibitor
solution to each well and incubated them at room temperature
for 30 mins to assure the fully reaction between the inhibitor and
March 2020 | Volume 11 | Article 81
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the enzyme, discarding the liquid following by washing the wells
two times with PBS to remove the excess inhibitor. Then, 3 mL of
PBS was added to each well, and they stood for 10 mins to make
the dissociation of inhibitor-tyrosinase complex. WE thoroughly
decanted the solution from wells to remove the dissociated
inhibitor (the procedure was repeated three times). Finally,
3 mL of substrate (dopa) was added to each well and react at
room temperature for 30 mins to test the residual activity of
tyrosinase. The tested samples included PBS (negative control),
95% ethanol (positive control of irreversible inhibitor), kojic acid
(positive control of reversible inhibitor), and HgCl2, and each
sample was tested three times. The concentration of Kojic acid
and HgCl2 was both 666.67 mmol/L.
Kinetic Analysis for Non-Competitive
Inhibition
The non-competitive inhibition type of tyrosinase was assayed
by a Lineweaver–Burk plot, which can be described as the
following equation:

1
n
=

Km

Vmax
1 +

I½ �
Ki

� �
1
S½ � +

1 + I½ �
Ki

Vmax
(1)

and a secondary plot is presented below

In : =
I½ �

KiVmax
+

1
Vmax

(2)

where n is velocity of the enzyme reaction calculated by a change
in absorbance at the wavelength of 475 nm per minute in the
absence and presence of HgCl2. Km and Ki are the Michaelis–
Menten constant and inhibition constant, respectively. The
values of Km can be calculated from the equation (1). [I] and
[S] are the concentrations of inhibitor and substrate, respectively.
In. is the intercept value of the Lineweaver–Burk curve. Ki should
be calculated by the secondary plot of In. vs. [I].
Intrinsic Fluorescence Quenching
The fluorescence emission spectra were obtained using
Spectrofluorometer FS5 (Edinburgh Instruments, England)
equipped with a 150 W xenon lamp and a thermostat bath. We
added a 2.0 mL aliquot of tyrosinase solution (400 U/mL) to the
quartz cuvette (1 cm path length) and gradually added 2 mmol/L
solution of HgCl2 to give concentrations ranged from 0 to 400
mmol/L. After five-minute incubation periods, fluorescence in the
range of 290–500 nm was measured while the excitation
wavelength was fixed at 280 nm. All the fluorescence data
collected from these experiments were corrected for absorption
of excitation light and re-absorption of emitted light according to
the following equation: (Wang et al., 2015)

Fc = Fme
A1+A2ð Þ=2 (3)
Frontiers in Pharmacology | www.frontiersin.org 39
where Fc and Fm represent the corrected and measured
fluorescence, respectively. A1 and A2 are the absorbance of
HgCl2 at excitation and emission wavelengths, respectively.

Molecular Docking Study
Molecular docking study was performed by using AutoDock
4.2.6. The X-ray crystal structure of Agaricus bisporus tyrosinase
(PDB ID: 2Y9W) and the 3D structure of HgCl2 were both
retrieved from the RCSB Protein Data Bank (Ismaya et al., 2011).
All input files were prepared using an AutoDockTools (ADT)
1.5.4 package, and a charge of +2 was assigned for copper ions. In
order to carry out the docking simulation, a 60 Å × 60 Å × 60 Å
-point grid with a spacing of 0.375 Å centered at 4.827, 28.489,
92.878 Å was defined, which fully enclosed the catalytic center of
tyrosinase. The AutoGrid program was used to construct the grid
maps for energy scoring. The three-dimensional location and
orientation of the HgCl2 was explored using the Lamarckian
genetic algorithm (LGA). The docking results generated 100
conformations of HgCl2, which were grouped into clusters by a
root mean square (RMS) deviation tolerance of 2.0. The lowest
energy (optimal conformation) and the largest number cluster
(suboptimal conformation) were chosen for further analyses with
the PyMOL molecular graphics system.

The Interactions Between HgCl2 and
Amino Acid
According to the results of docking study, we furtherly checked
the interactions between HgCl2 and amino acid. We assumed
that if HgCl2 indeed binds to the amino acid residues of the
enzyme, such as His, Val, Glu, and Ala, premixing the amino acid
with HgCl2 would affect the inhibitory effects. Thus, the
monophenolase and diphenolase activity of tyrosinase both
were determined by adding the mixture of HgCl2 and amino
acid. The mixture was prepared just before use by adding an
aliquot of 200 mL HgCl2 solution to the equal volume of amino
acid solution, and which was allowed to react for 10 mins at
room temperature. Furtherly, to prove the interaction between
His and HgCl2, the UV-Vis spectra of His, HgCl2, and the
mixture of both were measured. In brief, 5 and 10 mmol/L
solutions of His, HgCl2 were prepared beforehand, and the
mixture was produced by mixing the His and HgCl2 solutions
(10 mmol/L) in the volume ratio of 1:1. The spectra of the
samples at the wavelengths between 200 and 800 nm were
scanned by using UV spectrophotometer (UV 2550,
SHIMADZU).The experiment was repeated three times.

Statistical Analysis
Each data point of the experimental results, including tyrosinase
activity assay, kinetic analysis for non-competitive type
inhibition, fluorescence quenching test, and interactions
between amino acid and HgCl2, was repeated at least three
times. The data are presented as the mean ± SD (standard
deviation). The statistical significance was determined at the
level of P-value (< 0.05) by one-way analysis of variance.
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RESULTS AND DISCUSSION

Effects of HgCl2 on the Monophenolase
Activity of Tyrosinase
Figures 1A, B showed the kinetic progression of tyrosine
oxidation by tyrosinase in the presence of various
concentrations of kojic acid and HgCl2, respectively. With the
increase of kojic acid concentration, the lag time was prolonged
from 1.44 min to approximately 10.33 min. Similarly, HgCl2 also
exhibited a marked inhibitory effect with significant
prolongation of the lag period from 2.00 to 13.4 mins. The
inhibitory effects of HgCl2 on monophenolase were activity
dependent on the concentrations because the steady rate (the
slope of linear part of the kinetic equation) decreased with the
increasing concentration of the inhibitors (Park et al., 2005). The
IC50 values of kojic acid and HgCl2 were 13.10 and 29.97mmol/L,
respectively, suggesting that HgCl2 had less inhibitory capability
than kojic acid on monophenolase activity.
Frontiers in Pharmacology | www.frontiersin.org 410
Effect of HgCl2 on the Diphenolase Activity
of Tyrosinase
Both kojic acid and HgCl2 significantly inhibited the diphenolase
activity in a dose-dependent manner, as shown in Figure 2. With
an increase in the concentration of kojic acid and HgCl2, the
diphenolase activities decreased rapidly with IC50 values of 73.05
and 77.93 mmol/L, respectively. HgCl2 exhibited significant
inhibitory effect on the monophenolase activity also showed
the same inhibitory effect on diphenolase activity, indicating it
could inhibit the melanin synthesis in the early enzymatic stages.
It is well-known that mercury replaces the copper required for
tyrosinase activity, but once copper becomes attached to the
enzyme it is replaced by ions of mercury with difficulty (Lerner,
1952b). That is to say, mercury was commonly considered to
inhibit the melanin production by preventing the formation of
the activated tyrosinase via replacement of copper ions.
However, in this study, we found that mercury could inhibit
both the monophenolase and diphenolase activity of tyrosinase
by binding to the enzyme directly instead of replacing the copper
ions required for tyrosinase.
Inhibition Mechanism of HgCl2
on Tyrosinase
The relationship between enzyme activity (expressed as the rate of
the oxidation reaction) and its concentration (6.67, 13.33, 20,
26.67, and 33.33 U/mL) in the presence of different concentrations
of HgCl2 (0, 4.17, 16.67, 33.33, and 66.67 mmol/L) was
investigated. A series of parallel (or roughly parallel) lines with
the same slope and different abscissa intercepts (Figure 3A) were
observed from the plots of tyrosinase activity versus the
concentrations of enzyme in the presence of various
concentrations of HgCl2, suggesting the inhibition of HgCl2 on
tyrosinase was irreversible (Qiu et al., 2005). The increase of
abscissa intercept indicated that the number of effective enzyme
molecules decreased due to the irreversible inhibition.

In order to prove the irreversible inhibition furtherly,
immobilized tyrosinase was used to study the effects of HgCl2
on tyrosinase, the results of which were shown in Figure 3B. As a
negative control, the activity of tyrosinase treated by PBS was
FIGURE 1 | Effects of various concentrations of kojic acid and HgCl2 on monophenolase: progression of tyrosine oxidation by tyrosinase in the presence of various
concentrations of kojic acid (A) and HgCl2 (B).
FIGURE 2 | Relative activity of tyrosinase through diphenolase reactions with
dopa in the presence of various concentrations (from 10.42–666.67 mmol/L)
of HgCl2 and kojic acid. The final concentrations of dopa were 0.5 mmol/L.
Data are presented as mean ± standard deviation (n = 3).
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defined as 100%. The activity of tyrosinase treated by kojic acid
returned to 96.55% because of the reversible inhibition, whilst
treated by 95% ethanol only returned to 3.34% because of the
irreversible inhibition. The activity of tyrosinase treated by
HgCl2 returned to 28.32%, indicating HgCl2 indeed inhibits
the tyrosinase in an irreversible way compared to kojic acid.
However, the enzyme activity is much higher than the one
treated by 95% ethanol, which may be due to the fact that the
amount of the inhibitor (HgCl2) is not enough to inactivate the
whole enzyme molecules coated on the plate.

Inhibition Type of HgCl2 on the Tyrosinase
The inhibitory effect of HgCl2 on the diphenolase activity was studied
by the Lineweaver–Burk double reciprocal plots. As shown in
Figure 4A, the horizontal axis intercept (-1/Km) keeps the value

unchanged and the vertical axis intercept (
1+ ½I�

Ki
Vmax

) increases with the

increasing inhibitor concentration, indicating that HgCl2 induced a
non-competitive inhibition (Chen et al., 2005). Therefore,HgCl2 could
bind both free enzyme and the enzyme-substrate complex with the
same inhibition constants (Ki). The value of Ki (29.41 mmol/L) was
Frontiers in Pharmacology | www.frontiersin.org 511
obtained from a plot of the vertical axis intercept (intercept of
Lineweaver–Burk double reciprocal plots) versus the inhibitor
concentration (Mu et al., 2013), as shown in Figure 4B.
Effects of HgCl2 on Tyrosinase
Conformational Change
From the result of the intrinsic fluorescence spectra, we observed
that HgCl2 bound to the tyrosinase resulted in conformational
changes of tyrosinase: the spectra were gradually decreased in a
dose-dependent manner (Figures 5A, B). The concentrations of
HgCl2 for the curves (a–f) were 0, 95.24, 181.82, 260.87, 333.33,
and 400.00 mmol/L, respectively. Although the decrease in the
fluorescence intensity were caused by quenching, there were no
significant wavelength shift with the accumulation of HgCl2,
indicating that tyrosinase does not undergo conspicuous overall
structural changes. Moreover, the fluorescence intensity
decreased with the increasing concentration of the inhibitor
because of the tryptophan-masking properties of HgCl2, which
implied that the tyrosinase became disagglomerated, and its
structure was loosened (Donghyun et al., 2006).
FIGURE 3 | Inhibition mechanism of HgCl2 on tyrosinase. (A) An irreversible inhibition of the enzyme on a kinetic basis: the concentrations of HgCl2 were 0, 4.17,
16.67, 33.33, and 66.67 mmol/L for curves, and the concentrations of tyrosinase were 6.67, 13.33, 20, 26.67, and 33.33 U/mL. (B) Immobilized tyrosinase for
analysis of inhibitory mechanism: As a negative control, the activity of tyrosinase with PBS treatment was defined as 100%, and the concentration of kojic acid and
HgCl2 were both 666.67 mmol/L. The experiment was repeated three times (n = 3).
FIGURE 4 | Lineweaver-Burk plot of mushroom tyrosinase in the presence of HgCl2: c(tyrosinase) = 13.33 U/mL, c(HgCl2) = 0, 4.17, 16.67, 33.33, and 66.67 mmol/L for
curves, respectively. The experiment was repeated three times (n = 3).
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To identify the interaction mechanism of HgCl2 on
tyrosinase, the data of fluorescence quenching were presented
in the form of a Stern-Volmer plot, using the following equation:

F0=F = 1 + Kqt0 Q½ � = 1 + Ksv Q½ � (4)

where, F0 and F represent the steady-state fluorescence intensities in
the absence and presence of HgCl2 (quencher), respectively, [Q]
denotes the concentration of HgCl2, Kq is the quenching rate
constant of the biomolecule (Kq = Ksv/t0), Ksv is the Stern–Volmer
dynamic quenching constant, and t0 is the average lifetime of the
fluorophore in the absence of quencher (t0 = 10-8 s). The value ofKsv

determined by the linear regression plot of F0/F vs. [Q] at 298 and
304 K were (2.14 ± 0.05) × 104 and 1.83 ± 0.03 × 104 L/mol,
respectively. The plot (Figure 5C) showed a good linear
relationship, indicating that a single type of quenching process
(static or dynamic quenching) occurred during the formation of
HgCl2-tyrosinase complex. Ksv values decreased gradually with the
increase of the temperatures, whichmanifested that the fluorescence
quenchingof tyrosinasebyHgCl2wasastaticquenchingprocess (Lin
et al., 2018).The correspondingKq values of (2.14 ± 0.05) × 10

12 and
(1.83 ± 0.03) × 1012 L/mol/s at 298 and 304 K were much higher
than the maximum scattering collision quenching constant
(2.0×1010 L/mol/s) (Abouzied and Alshihi, 2008), suggesting that
Frontiers in Pharmacology | www.frontiersin.org 612
static quenching is dominant in the HgCl2–tyrosinase interaction
(Wang et al., 2014).

For static quenching interactions, if there are similar and
independent sites in biological molecules, the apparent binding
constants (Ka) and the number of binding sites (n) can be
obtained from the following equation:

log
F0 − F
F

= logKa + nlog Q½ � (5)

According to the intercept and slope value of the regression
curve (Figure 5D), the values of Ka and n for metal–tyrosinase
interaction were calculated based on equation (5). The Ka value
of (2.87 ± 0.02) × 104 L/mol achieved the order of magnitude of
104 L/mol, indicating the moderate binding of HgCl2 to
tyrosinase (Fan et al., 2017). The results of the section
(INHIBITION MECHANISM OF HGCL2 ON TYROSINASE)
showed that HgCl2 had a significant inhibitory effect on
tyrosinase that was irreversible. We suggested that HgCl2
might be irreversibly coordinated with the amino acid residues
of tyrosinase to form the HgCl2-tyrosinase complexes, resulting
in the conformation change of the catalytic center of tyrosinase.
Furthermore, the n values (0.96 ± 0.01) were close to one,
suggesting that there was a single binding site or a single class
of binding sites in tyrosinase for HgCl2.
FIGURE 5 | (A) Intrinsic fluorescence spectra of tyrosinase in the presence of HgCl2 at various concentrations, which were 0, 95.24, 181.82, 260.87, 333.33, and
400.00 mmol/L for curves, respectively. (B) Relative intensity (%) of tyrosinase at various concentrations of HgCl2 (298K). (C) The Stern–Volmer plots for the
fluorescence quenching of tyrosinase at various temperatures (298 and 304 K). (D) Plots of log [(F0−F)/F] against log [Q] at various temperatures (298 and 304 K).
F0 and F are the fluorescence intensities of tyrosinase in the absence and presence of HgCl2, and [Q] represents the concentration of HgCl2. The experiment was
repeated three times (n = 3).
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Docked Conformations
Molecular docking was furtherly performed to explore the
interaction between HgCl2 and tyrosinase. We cluster all the
conformations (100) with ADT by a root mean square (RMS)
deviation tolerance of 2.0, resulting in four clusters, as shown in
Figure 6A. The X position of each bar is plotted by the energy of
the lowest energy conformation in the cluster, and the height of
the bar represents the number of docked conformations in each
cluster. The best docking result (optimal conformation) can be
recognized as the lowest energy conformation, and can also be
selected according to the RMS deviation from the reference
structure (usually the crystallographic bonding mode) (Morris
et al., 2008). Thus, a lowest energy (-2.87 kJ/mol) conformation in
the first cluster is recognized as the optimal conformation, as
shown in Figure 6B. A lowest energy (-2.27 kJ/mol) conformation
in the fourth cluster was recognized as the suboptimal
conformation because the conformation-like one with the ligand
(tropolone) binds to the catalytic center of tyrosinase (Ismaya
FIGURE 6 | (A) Group the conformations into clusters at the specified RMS deviation tolerance of 2.0; (B) details of the optimal conformation; (C) details of the
suboptimal conformation.
Frontiers in Pharmacology | www.frontiersin.org 713
TABLE 1 | Information between the amino acid residues and HgCl2.

Conformations Binding energy
(kJ/mol)

Residue Atom of
the residuea

Distance(Å)

Optimal -2.87 His 94 O 2.8
His 296 O 3.2
His 296 CB 3.0
His 296 HD 3.0
Glu 98 OE 2.7
Glu 98 ND 3.6
Glu 98 CD 3.3
Glu 98 CG 3.3
Glu 98 CB 2.8

Suboptimal -2.27 His 263 CE 3.3
His 263 ND 3.5
His 263 NE 3.9
Ala 286 CB 3.0
Val 283 CA 3.1
March 2
020 | Volume 1
aThe first character of the atom name consists of the chemical symbol for the atom type. All
the atom names beginning with “C” are carbon atoms; “N” indicates a nitrogen and “O”
indicates oxygen. The next character is the remoteness indicator code, which is transliterated
according to: “B” stands for (~) “b”; “G” ~ “g”; “D” ~ “d”; “E” ~ “ϵ”; “Z” ~ “z”; and “H” ~ “h”.
1 | Article 81

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chen et al. Inhibition of Tyrosinase by Mercury Chloride
et al., 2011), as shown in Figure 6C. For the optimal
conformation, HgCl2 is surrounded by amino acid residues (His
94, His 296, and Glu 98), whilst the suboptimal conformation is
located adjacent to amino acid residues (His 263, Ala 286, and Val
283). The detailed information of interaction between the amino
acid residues and HgCl2 is summarized in Table 1. As we all
know, the catalytic center of tyrosinase is like a pocket, which
consists of two Cu ions and six histidine residues, including His
61, His 85, His 94, His 259, His 263, and His 296 (Ismaya et al.,
2011). Therefore, it can be inferred that the HgCl2 may change the
morphology of catalytic center by binding with the amino acid
residues, such as His 94, His 296, and His 263. Some experiments
(in next section) were furtherly designed to support this point.

Further Exploration of Binding Sites
Amino acids, including His, Val, Glu, and Ala, were checked to see
whether they have any impact on the inhibitory effect of HgCl2 on
tyrosinase. It was found that only His exhibited the significant effect
on protecting the diphenolase activity in the presence of HgCl2, as
shown in Figure 7A. We also found that His took effects in a
concentration-dependent manner, and the protecting capability
increased from 48.83 ± 1.89% to 83.43 ± 2.56% with the increasing
concentrations ranged from 10.42 to 666.67 mmol/L, which is
illustrated in Figure 7B. The effects of His on monophenolase
activity in the presence of HgCl2 were shown in Figure 7C, which
demonstrated that His also protect the monophenolase activity
when compared to Figure 1B. Val, Glu, and Ala still exhibited no
effects on protecting the monophenolase activity (Data no shown).
Frontiers in Pharmacology | www.frontiersin.org 814
The results demonstrated that HgCl2 preferred to bind with His
rather than other amino acid residues, such as Val, Glu, and Ala.
Once HgCl2 bound to free His, it was difficult to bind it to the
residual His, which resulted in the protective effects. In order to
further prove the interaction between His and HgCl2, the UV-Vis
spectra of His, HgCl2, and the mixture of both is presented in
Figure 7D; this shows the significant difference between the
mixture and His (or HgCl2), suggesting the formation of His-
HgCl2 complexes. Thus, based on this indirect and direct evidence
(results of docking study), we believe that HgCl2 exhibits inhibitory
effects on tyrosinase by binding to the amino residual (His) of the
catalytic center of tyrosinase.

CONCLUSIONS

In this paper, kinetics studies, different spectroscopic measurements,
and molecular docking studies were employed to explore the
inhibitory effects and mechanism of HgCl2 on tyrosinase. For
monophenolase, HgCl2 could obviously prolong its lag time and
decrease its steady-state rate with the IC50 value of 29.97 mmol/L. A
kinetic study showed that HgCl2 could also significantly inhibit the
diphenolase activity with the IC50 value of 77.93 mmol/L in an
irreversible non-competitive manner. HgCl2 quenched the
fluorescence of tyrosinase by a static procedure and formed an
irreversible complex with Ki value of 29.41 mmol/L. The molecular
docking study suggested that HgCl2 bound to the His residual of the
catalytic center of tyrosinase and might change the morphology,
leading to the inhibitory effects. Our studies firstly demonstrated that
FIGURE 7 | (A) Effects of amino acids on protecting the diphenolase activity in the presence of HgCl2; (B) The relationship between the protecting effects and the
concentration of His; (C) Effects of His on protecting the monophenolase activity in the presence of HgCl2; (D) The UV-Vis spectra of His, HgCl2, and a mixture of
both. The experiment was repeated three times (n = 3).
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HgCl2 has the capability to inhibit tyrosinase directly, which is
helpful to further our understanding of the inhibition mechanism of
mercury on tyrosinase and to expand the scientific understanding of
the toxicity of mercury in organisms.
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de México (UNAM), Cuernavaca, Mexico

Thyrotropin releasing hormone (TRH: Glp-His-Pro-NH2) is a peptide mainly produced by
brain neurons. In mammals, hypophysiotropic TRH neurons of the paraventricular nucleus
of the hypothalamus integrate metabolic information and drive the secretion of thyrotropin
from the anterior pituitary, and thus the activity of the thyroid axis. Other hypothalamic or
extrahypothalamic TRH neurons have less understood functions although
pharmacological studies have shown that TRH has multiple central effects, such as
promoting arousal, anorexia and anxiolysis, as well as controlling gastric, cardiac and
respiratory autonomic functions. Two G-protein-coupled TRH receptors (TRH-R1 and
TRH-R2) transduce TRH effects in some mammals although humans lack TRH-R2. TRH
effects are of short duration, in part because the peptide is hydrolyzed in blood and
extracellular space by a M1 family metallopeptidase, the TRH-degrading ectoenzyme
(TRH-DE), also called pyroglutamyl peptidase II. TRH-DE is enriched in various brain
regions but is also expressed in peripheral tissues including the anterior pituitary and the
liver, which secretes a soluble form into blood. Among the M1 metallopeptidases, TRH-
DE is the only member with a very narrow specificity; its best characterized biological
substrate is TRH, making it a target for the specific manipulation of TRH activity. Two other
substrates of TRH-DE, Glp-Phe-Pro-NH2 and Glp-Tyr-Pro-NH2, are also present in many
tissues. Analogs of TRH resistant to hydrolysis by TRH-DE have prolonged central
efficiency. Structure-activity studies allowed the identification of residues critical for
activity and specificity. Research with specific inhibitors has confirmed that TRH-DE
controls TRH actions. TRH-DE expression by b2-tanycytes of the median eminence of the
hypothalamus allows the control of TRH flux into the hypothalamus-pituitary portal vessels
and may regulate serum thyrotropin secretion. In this review we describe the critical
evidences that suggest that modification of TRH-DE activity in tanycytes, and/or in other
brain regions, may generate beneficial consequences in some central and metabolic
disorders and identify potential drawbacks and missing information needed to test
these hypotheses.

Keywords: thyroid hormone, thyrotropin, thyrotropin-releasing hormone, thyrotropin-releasing hormone-degrading
ectoenzyme, anxiety, depression, mood
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INTRODUCTION

Thyrotropin releasing hormone (TRH; Glp-His-Pro-NH2) is a
small peptide expressed mainly in the brain, secreted by neurons.
TRH interacts with plasma membrane G-protein-coupled
receptors; one TRH receptor (TRH-R1) is detected in humans,
whereas an additional one (TRH-R2) in rodents (Sun et al., 2003)
and a total of three in teleosts and frogs (Bidaud et al., 2004; Saito
et al., 2011). In mammals, TRH-R1 and TRH-R2 arise from
different genes (Sun et al., 2003); the maps of their brain
expression do not coincide (Heuer et al., 2000); they possess
distinct ligand-independent activities, with TRH-R2 showing a
stronger constitutive activity (Wang and Gershengorn, 1999).
These distinct characteristics and the differential behaviors of KO
mice for each receptor (Rabeler et al., 2004; Zeng et al., 2007; Sun
et al., 2009) suggest that each type of receptor fulfills distinct
functions in response to TRH. However, data in mice indicate
that central TRH effects may depend mainly on TRH-R1
expression (Thirunarayanan et al., 2013).

The best-known function of TRH is the control of the
hypothalamus–pituitary–thyroid (HPT) axis; TRH is
synthesized by processing of a protein precursor in neurons of
the paraventricular nucleus of the hypothalamus (PVN) that
project their terminal boutons into the median eminence
(hypophysiotropic neurons). Once released into the
extracellular space TRH diffuses into the hypothalamic-
pituitary portal vessels from where it controls secretion of
thyrotropin (TSH) from the anterior pituitary. In turn, TSH
controls the synthesis and secretion of thyroid hormones (TH) in
the thyroid. This link adjusts TH secretion according to energy
ba l ance in format ion , wh ich i s in t egra t ed by the
hypophysiotropic PVN TRH neurons. TRH may also control
prolactin secretion from the anterior pituitary (Martinez de la
Escalera and Weiner, 1992; Joseph-Bravo et al., 2015b), although
hypophysiotropic PVN TRH neurons regulating prolactin may
differ from those controlling TSH secretion (Sánchez
et al., 2001).

Various additional hypothalamic and extrahypothalamic
neuronal populations express Trh (Lechan et al., 1986;
Segerson et al., 1987; Hökfelt et al., 1989; Heuer et al., 2000),
but their physiological role is not well understood. Soon after the
discovery of extrahypothalamic TRH, several studies revealed
central pharmacological effects of TRH that were independent of
HPT axis control in laboratory animals, including increased
locomotion, arousal, improvement of depression-like
behaviors, reduction of epileptic seizures, and neuroprotection
(Horita, 1998; Gary et al., 2003; Daimon et al., 2013; Fröhlich and
Wahl, 2019). These observations led to attempts to use TRH in
therapeutic contexts, for example in some neurodegenerative
diseases (Gary et al., 2003; Daimon et al., 2013; Fröhlich and
Wahl, 2019). Moreover, TRH is also present in selected loci
outside the central nervous system whose importance is still
poorly appreciated.

Early evidence that the half-life of TRH in rodent blood or in
tissue extracts is 3–5 min (Redding and Schally, 1969; Prasad and
Peterkofsky, 1976; Taylor and Dixon, 1976), and that TRH
pharmacological effects are of short duration led to the
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synthesis of TRH analogues with improved stability, agonist
potency and/or brain accessibility (Horita, 1998; Gary et al.,
2003; Daimon et al., 2013; Fröhlich and Wahl, 2019). Other
efforts were directed to elucidate the mechanism contributing to
the rapid extracellular disappearance of TRH. TRH can be
removed from the brain extracellular space by transport into
brain cells; nevertheless, this event has a small Vmax and may
have a very limited quantitative importance (Charli et al., 1984).
The molecular entity that contributes to this transport has not
been characterized; it may reflect TRH-R mediated endocytosis
(Ashworth et al., 1995), or the action of a TRH transporter
(Bagul et al., 2014).

Alternatively, TRH may be hydrolyzed by peptidases.
Pyroglutamyl peptidase I (PPI; EC 3.4.19.3) is a soluble
cysteine aminopeptidase with a wide specificity, that hydrolyses
almost any Glp-X peptide, except if X is a proline (Awadé et al.,
1994). This enzyme is present in all life kingdoms, and found in
many tissues, including brain. Although PPI hydrolyses TRH in
vitro (Morier et al., 1979; O'Leary and O'Connor, 1995; Charli
et al., 1998), the only evidence that it contributes to TRH
turnover in situ is that an inhibitor of PPI (and PE) enhances
TRH levels and release in primary cultures of hypothalamic cells
(Faivre-Bauman et al., 1986). Since PPI action is probably
restricted to the cytoplasm, it may contribute to the
intracellular turnover of TRH leaking from intracellular
granules, but its subcellular localization is not compatible with
a post-secretory role. In support of this idea, the specific
inhibition of PPI activity in brain slices does not change TRH
release and the intraperitoneal injection of a specific inhibitor of
PPI that inhibits brain PPI activity does not change brain TRH
levels (Charli et al., 1987). Furthermore, inhibition of enzyme
activity does not protect TRH from degradation in rat serum
(Friedman and Wilk, 1985).

Prolyl endopeptidase (PE; EC 3.4.21.26) is a serine
endopeptidase with a wide specificity; it hydrolyses internal
Pro-X peptide bonds, except if X is a proline. This enzyme is
soluble, present in all life kingdoms, and many tissues, including
the mammalian brain, albeit a membrane-bound isoform has
also been identified. PE hydrolyzes the Pro-NH2 bond of TRH in
vitro (Wilk, 1983; O'Leary and O'Connor, 1995; Charli et al.,
1998; Tenorio-Laranga et al., 2008). PE role in TRH turnover in
vivo is controversial; inhibition of PE enhances TRH levels and
release in primary cultures of hypothalamic cells (Faivre-
Bauman et al., 1986), the intraperitoneal injection of a PE
inhibitor enhances TRH concentration in the cerebral cortex
(Bellemere et al., 2005), and PE or a similar enzyme degrades
TRH in rabbit seminal plasma (Siviter and Cockle, 1995).
However, other experiments showed that PE inhibition in
brain slices does not change TRH release into the medium and
that the intraperitoneal injection of a specific inhibitor of PE does
not change brain TRH levels in vivo (Charli et al., 1987).
Furthermore, the intraseptal injection of a PE inhibitor does
not change the effect of TRH on time of arousal from ethanol-
induced narcosis in rats (Lazcano et al., 2012). Since PE regulates
inositol polyphosphate phosphatase activities (Williams et al.,
1999), the effect of PE inhibition on TRH levels may result from
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an alteration of the intracellular turnover of the secretory
granules that contain TRH. Likewise, inhibition of PE does not
protect TRH from degradation in rat serum (Friedman andWilk,
1985). Thus, in general, PE may not control the extracellular
turnover of TRH.

Another peptidase that may hydrolyze TRH is prolyl
carboxypeptidase (PCP; EC 3.4.16.2) (Jeong et al., 2012), but
there is no evidence that PCP coincides with TRH or alters TRH
biological actions in vivo. Therefore, the quantitative importance
of the previously described mechanisms of inactivation of TRH
may be very limited in vivo, in particular for its extracellular
inactivation, due in most cases to incompatible subcellular
localizations of peptide and enzymes (Charli et al., 1998). In
sum, contrary to what is sometimes mentioned in the literature,
neither uptake nor soluble peptidases constitute relevant
mechanisms for the extracellular inactivation of TRH.

The discovery of the thyrotropin-releasing hormone-
degrading ectoenzyme (TRH-DE; EC 3.4.19.6) stems from the
identification of an enzymatic activity that hydrolyses the Glp–
His bond of TRH, initially in serum and called thyroliberinase, to
underpin its narrow specificity (Bauer et al., 1981), and later in
brain (Garat et al., 1985). The most striking property of this
pyroglutamyl peptidase is a very narrow specificity (Lanzara
et al., 1989; Wilk and Wilk, 1989; Elmore et al., 1990; Gallagher
and O'Connor, 1998; Heuer et al., 1998a), a compelling argument
in favor of looking at this peptidase as a therapeutic target, for
example when enhancement of TRH action may be beneficial.
TRH-DE was initially named pyroglutamyl peptidase II (PPII),
to stress its clear biochemical difference with PPI; in contrast to
PPI, TRH-DE/PPII is a metallopeptidase (Czekay and Bauer,
1993). A review describing the major biochemical characteristics
of TRH-DE was previously published (Sánchez et al., 2013).

In the next sections, we briefly review the structure and
proposed physiological roles of TRH-DE, focusing on recent
advances, and we identify major challenges to translate this
knowledge to clinical applications. Although the biochemical,
topological and functional properties of the enzyme strongly
argue in favor of its implication in the extracellular inactivation
of TRH, its role may vary with cellular context, and might extend
beyond hydrolysis of TRH. Contexts in which an intervention on
TRH-DE may have therapeutic potential are delineated, and
limitations are identified.
TRHDE GENE, TRANSCRIPTS, PROTEIN
STRUCTURE, ISOFORMS AND
SPECIFICITY

The sequence and genomic locus of the Trhde gene (we use the
rodent abbreviations for gene names throughout the review) was
initially described in humans (Schomburg et al., 1999); there is
only one gene localized on chromosome 12. In mammals, the
Trhde gene is adjacent to the tryptophan hydroxylase 2 gene
(https://www.ensembl.org). In mouse, the gene localizes to
chromosome 10 (http://www.informatics.jax.org/marker/
MGI:2384311) while in rats, to chromosome 7. Trhde gene
Frontiers in Pharmacology | www.frontiersin.org 319
sequences and enzymatic activities have been detected in
mammals, including activity in human serum and cerebrospinal
fluid (Prasad and Jayaraman, 1986; Bundgaard and Møss, 1990;
Charli et al., 1998). The gene is also detected in other vertebrate
classes (Schomburg et al., 1999; Chávez-Gutiérrez et al., 2006).
TRH-DE is not an essential gene in mice as TRH-DE KO animals
are healthy, reproduce normally and their metabolic parameters
are normal when bred in standard conditions (Tang et al., 2010).

Trhde transcription initiation sites have not been formally
mapped. In mouse, three transcription start sites have been
proposed (ht tp : / /www. in format i c s . j ax .org /marker /
MGI:2384311); two are conserved in rat for which various
transcripts differing widely in size have been detected
(Schauder et al., 1994). Apart from alternative transcription
start sites, there is little information about the mechanisms
that lead to transcript diversity, except for a potential
alternative splicing event in rats at exon 14-intron 14 boundary
that leads to a truncated TRH-DE isoform (Chavez-Gutierrez
et al., 2005). In mice three alternative splicing events may
generate various TRH-DE isoforms (http://www.informatics.
jax.org/). Bioinformatic approaches suggest that in mice
response elements for multiple transcription factors exist along
the 2 Kb region upstream from the most upstream of the
predicted transcriptional start sites (Figure 1). However,
promoter structure and genomic regulatory elements have not
been experimentally mapped.

Another transcript derived from the human Trhde locus is
Trhde antisense RNA 1 (Trhde-as1) (https://www.ncbi.nlm.nih.
gov/nuccore/NR_026837). This long non-coding RNA is found
in the cytoplasm and binds directly to miR-103 in samples of
human lung, inhibiting parameters of human lung cancer
progression (Zhuan et al., 2019). Individuals challenged with
FIGURE 1 | A map of candidates for transcriptional regulation of Trhde
expression predicted by bioinformatic analysis. Transcription factor binding
sites were identified 2 kb upstream of the most upstream of the 3 predicted
transcriptional start sites (TSSR99301) of the mouse with PROMO
(Messeguer et al., 2002; Farre, 2003). This site is conserved in rats. AR,
androgen receptor; Crx, Cone-rod homeobox protein; GR, glucocorticoid
receptor; NF-kappaB, nuclear factor kappa-light-chain-enhancer of activated
B cells; POU2F1, POU domain, class 2, transcription factor 1; Sp1, specificity
protein 1.
May 2020 | Volume 11 | Article 640

https://www.ensembl.org
http://www.informatics.jax.org/marker/MGI:2384311
http://www.informatics.jax.org/marker/MGI:2384311
http://www.informatics.jax.org/marker/MGI:2384311
http://www.informatics.jax.org/marker/MGI:2384311
http://www.informatics.jax.org/
http://www.informatics.jax.org/
https://www.ncbi.nlm.nih.gov/nuccore/NR_026837
https://www.ncbi.nlm.nih.gov/nuccore/NR_026837
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Charli et al. Thyrotropin-Releasing Hormone-Degrading Ectoenzyme
an injection of LPS show a significant drop of Trhde-as1
expression in adipose tissue samples (Ferguson et al., 2016).
The relevance of Trhde-as1 expression for Trhde function
is unknown.

The purification and cloning of the rat brain/pituitary isoform
revealed that TRH-DE is 1,025 amino acids long (1,024 in
human) (Bauer, 1994; Schauder et al., 1994). TRH-DE is a
member of the M1 family of zinc-aminopeptidases, a family of
12 members (in humans) that includes aminopeptidases that
have a wider specificity than TRH-DE, including aminopeptidase
N (the closest relative of TRH-DE), which preferentially
hydrolyses neutral aminoacids from the N-terminus (Sjöström
et al., 2002). Although TRH-DE 3D structure is still unknown,
analogy with other members of the family suggests it is a type II
cell surface peptidase with a small intracellular domain, a single
transmembrane domain, and a large extracellular part with a
flexible stem followed by a catalytic domain, and an additional
domain separated by a flexible loop (Chávez-Gutiérrez et al.,
2006). Topology of the domains is consistent with biochemical
evidence that demonstrated TRH-DE is an ectoenzyme (Charli
et al., 1988), making it a prime candidate for primary hydrolysis
of TRH in the extracellular space.

A large set of TRH derivatives has been tested to define TRH-
DE specificity; TRH analogues modified on the C- or N-terminal
residues are poor substrates of TRH-DE (Lanzara et al., 1989;
Wilk and Wilk, 1989; Heuer et al., 1998a; Kelly et al., 2000). For
example, gonadotropin-releasing hormone (GnRH), a
decapeptide with a N-terminal Glp-His is not a substrate of
TRH-DE (O'Connor and O'Cuinn, 1985; Elmore et al., 1990;
Gallagher and O'Connor, 1998). Substitution of the histidyl
residue of TRH by a series of amino acids influences the ability
of porcine TRH-DE to catalyze the hydrolysis of the Glp-X bond
in TRH-like peptides; thus, TRH-like peptides substituted with
Gly, Asn, Gln, Trp, Glu, Asp, Pro or Cys are not substrates of
TRH-DE, while low turnover rates are observed with Ala, Ser,
Thr, Ile, Leu, Val. In contrast, TRH-like peptides substituted with
Tyr or Phe have turnover rates approaching that of TRH (Kelly
et al., 2000). This agrees with evidence that Glp-Phe-Pro-NH2 is
a substrate of bovine brain TRH-DE (Kelly et al., 1997; Gallagher
and O'Connor, 1998). The structural determinants of TRH-DE
narrow specificity have been partially clarified; two amino-acid
substitutions in the catalytic domain are critical and form a
conserved signature that distinguishes it from other M1 family
members (Chávez-Gutiérrez et al., 2006).

One of the two TRH-like peptides that are relatively good
substrates of the enzyme in vitro, Gln-Phe-Pro-NH2, has been
detected in peripheral organs including pancreas and thyroid
gland (Khan et al., 1992; Gkonos et al., 1994; Kulkarni et al.,
1995). Although it was initially suggested that TRH-like peptides,
other than TRH, were not detectable in brain (Rondeel et al.,
1995a; Rondeel et al., 1995b), it was later shown that, among
other, Gln-Tyr-Pro-NH2, and Gln-Phe-Pro-NH2 are present in
brain (Pekary et al., 2004; Pekary et al., 2005). To our knowledge,
a l though these pept ides are l ike ly the product of
posttranslational processing of precursor peptides (Linden
et al., 1996), the precursors are still unknown. However, they
Frontiers in Pharmacology | www.frontiersin.org 420
may act as intercellular messengers, including in the brain, since
their concentrations can vary rapidly in response to some
stimuli, suggesting changes in synthesis and/or release (Pekary
and Sattin, 2012; Pekary et al., 2015), and there is direct evidence
that a peptide similar to Gln-Phe-Pro-NH2 can be released into
hypothalamic extracellular space in vitro (Méndez et al., 1999).
Bona fide receptors for Gln-Phe-Pro-NH2 and Gln-Tyr-Pro-NH2

have not been detected; they are weak agonists of TRH receptors
(Hinkle et al., 2002).

Information about TRH-DE biosynthesis, transport and
turnover is scant. The membrane isoform is a N-glycosylated
protein; within its large extracellular domain, 12 putative N-
glycosylation sites are found (Schauder et al., 1994). In its native
form, TRH-DE can be partially deglycosylated (by about 50%)
without affecting its activity (Bauer, 1994). The relevance of
remaining glycosyl residues is not yet known. N-linked protein
glycosylation starts in the endoplasmic reticulum and is a
conserved process in eukaryotic cells. The subsequent details of
processing that occur in Golgi compartments, according to
protein-, cell- and species-specific clues (Aebi, 2013), have not
been described for TRH-DE. Thyroliberinase, the soluble
isoform secreted into blood, may be a product of alternative
splicing or proteolysis (Schmitmeier et al., 2002). A membrane-
bound truncated TRH-DE (TRH-DE*) is detected in many
tissues, formed probably through an alternative splicing event;
TRH-DE* does not hydrolyze TRH but it inhibits TRH-DE
activity when it dimerizes with the full-length TRH-DE
(Chavez-Gutierrez et al., 2005). In line with these results,
correlative evidence suggests that the tissue-specific pattern of
TRH-DE activity is defined in part by the Trhde/Trhde*
expression ratio (Chavez-Gutierrez et al., 2005). Finally, little is
known about TRH-DE interactions with other proteins. TRH-
DE* may interact physically with Akt1 in mesenchymal-derived
soft tissue sarcoma (STS) cell lines (Zhu et al., 2011) but an
interpretation of the physiological relevance of this interaction
awaits resolution.
SPECIFIC INHIBITORS OF TRH-DE

To investigate the biological functions of TRH-DE, TRH-DE
inhibitors have been synthesized. Protease inhibitors frequently
include structural features that enable their interaction with the
active site of the enzyme (Cushman et al., 1977; Kaysser, 2019).
TRH-DE is weakly inhibited by the products of hydrolysis of
TRH, Glp and His-Pro-NH2; combination of these molecules
with zinc-binding groups results in poor TRH-DE inhibitors
(Bauer et al., 1997). In general, TRH derivatives with
modifications to the C- or N-terminal residues of TRH do not
inhibit TRH-DE activity (Lanzara et al., 1989; Wilk and Wilk,
1989; Elmore et al., 1990; Gallagher and O'Connor, 1998; Kelly
et al., 2000). However, GnRH, a Glp-His peptide C-terminally
extended with hydrophobic residues does inhibit TRH-DE
activity (O'Connor & O'Cuinn, 1985; Elmore et al., 1990;
Gallagher and O'Connor, 1998). Furthermore, some analogues
modified on the histidine residue have also shown some
May 2020 | Volume 11 | Article 640
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potential. Thus, the first specific inhibitor described was N-[1-
carboxy-2-phenylethyl]N-imidazole benzyl histidyl-b-
naphthylamide (CPHNA). With a Ki of 8 µM, CPHNA has no
effect on TRH receptors and does not inhibit PE activity (Charli
et al., 1989).

The systematic screening of a directed peptide library led to
the finding that Glp-Asn-Pro-7-amido-4-methyl coumarin (Glp-
Asn-Pro-AMC) has a Ki of 0.97 µM, making this peptide a
relatively potent reversible TRH-DE inhibitor (Kelly et al., 2000).
Improved potency was achieved by extension of Glp-Asn-
ProNH2 with hydrophobic amino acids at the C-terminus.
Thus, Glp-Asn-Pro-Tyr-Trp-Trp-AMC displays a Ki of 1 nM,
which makes it the most potent competitive TRH-DE inhibitor
described to date. Unfortunately, the in vivo potency of this
peptide is poor (Kelly et al., 2005)

Another potent synthetic inhibitor of TRH-DE is the
phosphinic analogue of TRH, GlpY[P(O)(OH)]HisProNH2
(Y-TRH) with a Ki of 170 nM, in which the scissile peptide
bond of TRH has been replaced by the chemically stable
phosphinic bond (Matziari et al., 2008).

Finally, a natural TRH-DE inhibitor named Hermodice
carunculata protease inhibitor (HcPI) was isolated from the
marine annelide H. carunculata. HcPI inhibits rat TRH-DE (a
brain membrane extract with 7.5 mg protein/ml) with an IC50 of
4.8 mg/ml (Pascual et al., 2004). It is a small hydrophilic molecule
very specific for TRH-DE, since it is at least 100 fold less potent at
inhibiting the activity of the nearest homologue in the M1 family,
aminopeptidase N (Cruz et al., 2008), and it is brain permeant
(Pascual et al., 2004). HcPI structure is still unknown; solving it
may lead to new tools.
TRH ANALOGUES RESISTANT TO
HYDROLYSIS

TRH is a poor drug candidate. Although TRH is stable in the
gastrointestinal tract, it has low intestinal permeability
(Yokohama et al., 1984). The intranasal route of delivery
presents a possible alternative route to access the brain
(Veronesi et al., 2007; Zada et al., 2019). Furthermore, TRH
has also a short plasma half-life, being rapidly hydrolyzed by
peptidases (Redding and Schally, 1969; Prasad and Peterkofsky,
1976; Taylor and Dixon, 1976), and its cerebral absorption is low
(Cornford et al. , 1978). Finally, TRH has extensive
neuroendocrine, central and autonomic/cardiac effects that
may limit its therapeutic use (Gary et al., 2013; Khomane et al.,
2011; Joseph-Bravo et al., 2015b).

Thus, TRH analogues have been developed to increase
stability, delivery, specificity and potency. The properties of
these analogs have been previously described extensively
(Colson and Gershengorn, 2006; Monga et al., 2008; Khomane
et al., 2011; Gary et al., 2003). Their stability in the presence of
TRH-DE has seldom been directly tested or was tested against
Frontiers in Pharmacology | www.frontiersin.org 521
tissue homogenates that contain irrelevant peptidases. However,
their stability in serum is a relatively good measure of their
resistance to TRH-DE, since thyroliberinase is the main activity
degrading TRH in serum. In this section, we describe TRH
analogues that are resistant to TRH-DE.

TRH-like peptides in which the N-terminal Glp residue is
replaced with a non-natural amino acid have promising
pharmacological properties. Taltirelin ([1-methyl-(S)-4,5-
dihydroorotyl)]-L-His-L-ProNH2) was synthesized by
rep l a c ing the G lp r e s idue o f TRH wi th (S ) - 4 , 5 ,
dihydroorotic acid (Suzuki et al., 1990). Taltirelin produces
central nervous system (CNS) effects at about 100 times lower
doses than TRH and has eight times longer duration of
antagonistic action on pentobarbital-induced sleep than
TRH (Yamamura et al., 1990; Yamamura et al., 1991a;
Kinoshita et al., 1998). The differences in the activities of
Taltirelin and TRH in the CNS have been attributed to the
higher stability of Taltirelin in blood against thyroliberinase,
and its higher lipophilicity than TRH that account for its
increased penetration across the blood–brain barrier.
Taltirelin resistance to hydrolysis by TRH-DE has been
questioned, as Taltirelin was rapidly degraded in rat cerebral
and pi tu i tary homogenates (Kodama et a l . , 1997 ;
Kobayashi et al., 2019a), but it is likely that in these
homogenates enzymes distinct from TRH-DE were actively
degrading Taltirelin.

Montirelin (6-methyl-5-oxothiomorpholinyl-3-carbonyl-
His-Pro-NH2, CG-3703) is a derivative of the Gln moiety of
TRH, which is an efficient CNS-stimulating agent (Horita,
1998). This TRH analog readily penetrates into the brain after
its systemic administration in rats (Itoh et al., 1995) and
inhibits specific Gln-[3methyl-His]-Pro-NH2 binding (Ki =
35 nM) to rat brain receptors as efficiently as TRH (Ki = 39.7
nM) (Urayama et al., 2001). Montirelin exhibits high stability
in the blood (Sugimoto et al., 1996) and shows strong
resistance to enzymatic degradation by pyroglutamyl
aminopeptidase from brain or other related pyroglutamate
aminopeptidases from liver and pituitary (Bauer, 1979;
Griffiths et al., 1982).

Azetirelin (Na-[[(5)-4-oxo2-azetidinyl]carbonyl]-His-Pro-
NH2 dehydrate) has arousal actions 10–40 fold more potent
and 8–36 times longer lasting than TRH (Yamamoto and
Shimizu, 1987). This longer duration of action is probably
because Azetirelin has a longer half-life in dogs and humans
than TRH. However, Azetirelin has low oral bioavailability
(Sasaki et al., 1994) and methods to improve its absorption
have been evaluated (Sasaki et al., 1999).

Posatirelin (L-6-ketopiperidine-2-carbonyl-L-leucyl-proline
amide) is a neutral analog with improved CNS activity and
with cholinergic, catecholaminergic and neurotrophic properties
(Oka et al., 1989; Amenta et al., 1997; Monga et al., 2008).
Posatirelin has a stronger anticataleptic effect than TRH (Szirtes
et al., 1986), and improves cognitive and motor disturbances in
rats (Drago et al., 1996), while having poor influence on TSH
May 2020 | Volume 11 | Article 640

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Charli et al. Thyrotropin-Releasing Hormone-Degrading Ectoenzyme
release (Szirtes et al., 1984). Several human studies have also
suggested beneficial effects in subjects with cognitive
impairments (Cucinotta et al., 1994; Parnetti et al., 1995).
Posatirelin is stable in human and rabbit serum, while it is
slowly degraded in rat and mouse plasma (Terauchi et al., 1988).

Rovatirelin (1-{N-[(4S,5S)-(5-methyl-2-oxooxazolidin-4-yl)-
carbonyl]-3-(thiazol-4-yl)-L-alanyl}-(2R)-2-methylpyrrolidine
trihydrate) has a higher affinity for TRH-R1 (Ki = 702 nM) than
Taltirelin (Ki = 3,880 nM) but still lower than TRH (Ki = 128
nM) in cell membrane preparation from CHO-K1 cells
overexpressing the human TRH receptor (Ijiro et al., 2015).
Rovatirelin is resistant to thyroliberinase in rat plasma and also
to TRH-DE in pituitary (Kobayashi et al., 2018; Kobayashi et al.,
2019a; Kobayshi et al., 2019b).

TRH-like peptides with simultaneous replacement of Glp by a
panel of hetero ring-containing carboxylic acids and central
histidine by 1-alkyl-L-histidines activate TRH-R2 with higher
potencies than TRH-R1. One of these, with simultaneous
substitution of Glp by pyrazine-2-carboxylic acid (2-Pyz) and
central His with C3H7 (2-Pyz-L-His(1-alkyl)-L-Pro-NH2),
exhibits high selectivity towards TRH-R2 but poor potency
compared to TRH, high stability in rat blood plasma,
antagonizes pentobarbital-induced sleeping time with a higher
potency than TRH, and is devoid of adverse cardiovascular and
CNS effects (Meena et al., 2015).

Another class of TRH derivative corresponds to those that
have dual pharmacological activity, acting both as inhibitor of
TRH-DE and as receptor agonist. Glp-Asn-Pro-AMC
reversibly inhibits TRH-DE activity and binds preferentially
to central TRH receptors (Kelly et al., 2000). The replacement
of the hydrophobic L-amino acid residues with their D-
isomers in C-terminally extended analogs of Glp-Asn-Pro-
NH2 led to Glp-Asn-Pro-D-Tyr-D-Trp-NH2 (named JAK4D),
which is effective at producing and potentiating some central
actions of TRH without evoking TSH release in vivo. This
peptide has high plasma stability and combined potent
inhibition of TRH-DE (Ki 151 nM) with high affinity
binding to central TRH receptors (Ki 6.8 nM). In addition,
JAK4D has a high ability to cross the blood–brain barrier and
shows a clean preliminary toxicology profile (Scalabrino et al.,
2007; Kelly et al., 2015).
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To conclude, TRH analogs incorporating resistance to
hydrolysis by TRH-DE and/or inhibition of TRH-DE activity
associate with enhanced pharmacological activity, compared
to TRH.
TRH-DE IS CRITICAL FOR THE
EXTRACELLULAR CATABOLISM OF TRH
IN THE CENTRAL NERVOUS SYSTEM

Trhde expression is detected at relatively late phases of brain
development. TRH-DE activity appears in the male rat brain a
few days before birth, and peaks at post-natal day 8 in
hypothalamus and posterior cerebral cortex, while it decreases
afterwards to adult values. The pattern differs in the olfactory
bulb, two peaks of specific activity being observed at the 3th and
22nd day (Vargas et al., 1992b). Trhde expression is at least 10-
fold higher in brain than in nine other organs of male or female
Fisher 344 rats and this ratio is stable from 2 to 104 weeks (Yu
et al., 2014) (Figure 2). Thus, the brain is the region with the
highest TRH-DE specific activity in adult animals (Vargas et al.,
1992a; Lin and Wilk, 1998).

Trhde transcript levels and activity vary widely among brain
regions, with highest values detected in cerebral cortex and
hippocampus, as well as in cerebellar hemispheres, regions
with limited Trh expression (Vargas et al., 1987; Vargas et al.,
1992a; Heuer et al., 1998b; Lin and Wilk, 1998). In the adult rat
brain, the map of Trhde transcript distribution is generally
consistent with the proposal that it is expressed by neurons
(Heuer et al., 1998b). This is congruent with evidence that TRH-
DE activity is enriched in synaptosomes (Torres et al., 1986) and
that in primary culture of E17 hypothalamic cells, neurons are
the major cell type expressing TRH-DE activity (Cruz et al.,
1991). Furthermore, many rat cortical Trhde mRNA positive
cells are Slc17a7 mRNA positive (express vesicular glutamate
transporter 1), and some Gad mRNA positive (express glutamic
acid decarboxylase), which directly confirms that neurons
express Trhde (Rodrıǵuez-Molina et al., 2014). Finally, single
cell transcriptomic data of mouse CNS and peripheral nervous
system (Zeisel et al., 2018) (Table 1) indicate that apart from
A B

FIGURE 2 | Distribution of Trhde expression in multiple rat organs. Heatmaps show the heterogeneous Trhde expression, predominant in the brain. Other
differences can be observed along multiple developmental stages and between females (A) and males (B). Data were refined from a database obtained from a
transcriptomic profiling study in Fischer 344 rats (Yu et al., 2014; Hicks et al., 2018).
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many neuron types, the majority of non-neuronal cells have
undetectable levels of Trhde mRNA.

Many TRH neurons are glutamatergic (Zeisel et al., 2018).
Although Trhde is expressed by multiple types of glutamatergic
neurons, the regional distributions of Trh and Trhde mRNAs do
not match (Heuer et al., 2000); in contrast, destruction of
serotonin (5HT) neurons of the raphe nucleus, where TRH
colocalizes with 5HT, decreases TRH content, but not TRH-
DE activity, in their projections to the spinal cord (Joseph-Bravo
et al., 1994), suggesting Trhde is not co-expressed with Trh in this
pathway. However, the single cell transcriptomic map of the
mouse brain (Zeisel et al., 2018) shows that while many Trhde
neurons do not express Trh, most Trh cell types do express low
levels of Trhde, while two hypothalamic Trh cell types are clearly
positive for Trhde. An independent single-cell mouse
transcriptomic study showed that in the medial hypothalamus
there are 5 predominant clusters of Trh neurons, one being
clearly positive for Trhde (Campbell et al., 2017).

Some TRH-DE neurons may be TRH-R1 or TRH-R2 positive,
because the maps of the distribution of Trhde, Trhr and Trhr2
mRNAs in the brain reveal a partial co-expression of Trhde and
one of its receptors (Heuer et al., 2000). Data at single cell level
are consistent with coexpression in some neurons, but also
indicate many mismatches (Zeisel et al., 2018). An example of
a site of co-expression is the medial hypothalamus, where three
of the five clusters of Trhde neurons do express Trhr (Campbell
et al., 2017). Furthermore, in the medial septum a large fraction
of the Trhde cells does not express Trhr (Lazcano et al., 2012).
We have no clues about the relationship between the subcellular
localizations of TRH-DE and TRH-Rs in the cells that do express
both Trhde and Trhr or Trhr2, in part because of the lack of
TRH-DE antibodies suitable for immunocytochemistry. Existing
data thus suggest no systematic association of TRH-DE with
TRH receptors. What is thus the relevance of TRH-DE for
TRH communication?
TABLE 1 | Cells types along the mouse central and peripheral nervous system
with the highest expression of Trhde, and relative expression of Trhr and Trhr2.

Region Phenotype Trhde Trhr Trhr2

Hippocamposeptal projection,
cortex/hippocampus

GABA/Sst +++++ − ++

Nucleus of the solitary tract GABA/Gly/Ach +++++ + −

Myenteric plexus of small
intestine

Ach ++++ − −

Subiculum/Cortex Glu ++++ + ++++
Hippocampus CA3 Glu +++ + −

Lateral cortex layer 6:
gustatory, barrel field,
auditory

Glu +++ − −

Superior Coliculus Glu ++ − −

Cortical pyramidal layer 4 Glu ++ − −

Hippocampus interneurons GABA ++ − −

Interneuron-selective
interneurons, cortex/
hippocampus

GABA ++ − −

Cortical pyramidal layer 6b Glu ++ − −

Cortical pyramidal layer 6 Glu ++ − −

Entorhinal superficial layers Glu ++ − −

Spinal cord, Dorsal cord
lamina 2-5

Glu ++ − −

Inhibitory neurons, hindbrain GABA/Gly ++ + ++
Septal nucleus, Meissnert
and diagonal band

GABA/ACh + + −

Cerebral cortex Glu + − ++
Cortical pyramidal layer 6 Glu + ++
Paragigantocellular reticular
nucleus

GABA/Gly + ++ +++++

Neuroblasts, olfactory bulb Glu + − −

Striatum/Amygdala GABA/ACh + + −

Inhibitory neurons, midbrain GABA + − −

Spinal cord, Dorsal cord
lamina 2-5

Glu + − −

Lateral hypothalamus Glu/TRH + + −

Piriform cortex Glu + +++++ −

Septal nucleus Glu + − −

Inhibitory neurons, spinal cord GABA + ++ −

Basket and bistratified cells,
cortex/hippocampus

GABA + − ++

Cingulate/retrospenial area,
layer 5

Glu + − −

Dorsal root ganglion Glu + − −

Sleep-active interneurons,
cortex/hippocampus

GABA/Sst/NO/NPY + − −

Interneuron-selective
interneurons, cortex/
hippocampus

GABA/VIP + − −

Cortical pyramidal layer 5 Glu + − +
Cortical pyramidal layer 2/3 Glu + − ++
Piriform cortex, pyramidal
neurons

Glu + − −

Interneuron-selective
interneurons, hippocampus

GABA/VIP + − −

Nucleus of the solitary tract Glu + + −

Hippocampus CA1 Glu + − −

Cingulate/retrospenial area,
layer 2

Glu + − −

Arcuate nucleus of the
hypothalamus

GABA/AgRP/NPY + − −

Inner horizontal cell, olfactory
bulb

GABA + − +

Superior olivary complex GABA/Gly + − −

(Continued)
TABLE 1 | Continued

Region Phenotype Trhde Trhr Trhr2

Pons GABA/NO + − −

Ventromedial hypothalamus Glu + − −

Olfactory bulb GABA + − −

Anterior olfactory nucleus and
ventral striatum

Glu + − −

Superior Coliculus GABA + + −

Granule neurons, cerebellum Glu + − −

Interneuron-selective
interneurons, cortex/
hippocampus

GABA/VIP/CRH + − −

Pallidum GABA + − −

A1-2 Noradrenergic cell
groups

Glu/Nor/PrlRH + − −

Superior colliculus superficial
grey layer

GABA + + −
May 2020
 | Volume
 11 | Art
Data obtained from single cell transcriptomic analysis (Zeisel et al., 2018). Expression level:
- , undetected; + , very low; ++, low; +++, medium; ++++, high; +++++, very high. Ach,
acetylcholine; AgRP, Agouti related peptide; CRH, corticotropin releasing hormone; Glu,
Glutamate; Gly, glycine; NO, nitric oxide; Nor, norepinephrine; NPY, neuropeptide Y;
PrlRH, prolactin releasing hormone; Sst, somatostatin; VIP, vasoactive intestinal peptide.
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In brain slices, exogenous TRH is rapidly hydrolyzed, a major
product being His-Pro-NH2, one of the two catabolites of TRH
hydrolysis by TRH-DE in vitro, suggesting indeed that TRH-DE
hydrolyzes TRH in the brain extracellular fluid (Méndez et al.,
1999). In brain slices, inhibition of TRH-DE activity with
CPHNA increases TRH levels recovered in the extracellular
medium, with a stronger effect in regions with higher TRH-DE
activity (Charli et al., 1989). Glp-Asn-Pro-Tyr-Trp-Trp-AMC
also enhanced recovery of TRH released from rat brain slices
(Kelly et al., 2005). Furthermore, perfusion of cortical slices with
a TRH-DE inhibitor mimics the effect of TRH on the shape of
action potentials generated by pyramidal neurons, suggesting
that endogenous TRH released in the extracellular fluid is
hydrolyzed by TRH-DE (Rodrıǵuez-Molina et al., 2014). Thus,
extracellular turnover of TRH (either exogenous or endogenous)
in brain slices is relatively rapid and occurs at least in part
through hydrolysis by TRH-DE.

Besides these in vitro studies, there is indirect evidence that
TRH may be hydrolyzed through TRH-DE activity in brain in
vivo. If TRH is hydrolyzed by TRH-DE in the brain extracellular
space, the reaction product His-Pro-NH2 could be degraded to
His-Pro by dipeptidyl peptidase IV, a widely expressed
ectoenzyme (Mentlein, 1999), and/or cyclize spontaneously to
His-Pro-diketopiperazine (HPDKP), which may be
metabolically stable and accumulate in the brain (Prasad,
1989). HPDKP is indeed found in the brain and although diet
may be an external source, part of HPDKP most likely comes
from TRH hydrolysis since its concentration is reduced in the
hypothalamus and cortex of TRH knockout mice (Yamada
et al., 1999).

A more direct evidence for the importance of TRH-DE in
controlling the effects of TRH in the brain comes from a study on
the effect of TRH on ethanol-induced narcosis. One of the
pharmacological effects of TRH is its capacity to enhance
alertness, and reverse narcosis, and one of the brain regions
that mediate this last effect is the lateral septum. An intra-medial
septum injection of the TRH-DE inhibitors pGlu-Asn-Pro-
AMC, or Y-TRH which is not an agonist of TRH-R1,
enhances the effect of exogenous TRH on the duration of
ethanol-induced loss of righting reflex; the time of loss of the
reflex is also decreased by the injection ofY-TRH alone (Lazcano
et al., 2012). These data give further support to the proposal that
TRH-DE regulates TRH turnover in vivo.

Although the relevance of TRH-DE for TRH inactivation in
brain requires more extensive studies, it seems reasonable to
conclude that its activity may at least in some anatomical
contexts be present in neuron targets of TRH or adjacent
neurons, and control the turnover of TRH, and thus duration
and/or intensity of TRH effect. Although the primary products of
TRH-DE activity (Glp and His-Pro-NH2) are inactive against
TRH receptors, supporting an inactivation role, the product of
His-Pro-NH2 cyclization, HPDKP, may mimic or oppose some
TRH effects, making it possible to argue that TRH-DE bio-
transforms TRH (Prasad, 1995). At pharmacological doses
HPDKP may be neuroprotective and improve glucose
metabolism in obese and/or diabetic animals (Minelli et al.,
Frontiers in Pharmacology | www.frontiersin.org 824
2008). However, the physiological relevance of TRH
biotransformation to HPDKP in brain is currently unknown.
Thus, it seems pertinent to conclude that a major function of
TRH-DE is TRH inactivation in the brain. In contrast, it remains
to be determined whether Gln-Phe-Pro-NH2 and Gln-Tyr-Pro-
NH2 actions are indeed terminated by TRH-DE activity in vivo.
POTENTIAL THERAPEUTIC TARGETING
OF TRH-DE IN THE CNS

This section covers some of the major pharmacological
properties of TRH, and of the two TRH-like peptides that are
potential in vivo substrates of TRH-DE in the CNS, to illustrate
the contexts in which TRH-DE targeting may be considered
therapeutically beneficial.

Except for TRH neurons controlling the HPT axis, few
experimental studies have addressed the in vivo physiological
role of other TRH neurons. This is because of the absence of
useful TRH-R antagonists in vivo, of the difficulty to manipulate
the activity of specific TRH subtypes, and to limited information
about the projections of various TRH neuron types. Some studies
used strategies that correlate behavior with markers of TRH
neuron activity, such as evaluation of the expression of Trh or
cFOS, or region-specific manipulation of Trh expression. Along
with tracing experiments, this research laid the ground to insert
some TRH neurons in physiological contexts. Many studies have
rather evaluated the impact of TRH or analogues on behavior
and/or biochemical markers of neuronal activity. Peripheral or
central (intracerebroventricular or nucleus-specific)
administration of TRH or analogues produces in laboratory
animals multiple behavioral changes, besides activation of the
HPT axis. The mechanisms of TRH action are not fully
understood, although advances have been made to characterize
the electrophysiological/biochemical effects of TRH, and to
identify target cells and circuits involved. Initial results led to
early attempts to use TRH and analogues with improved
stability, agonist potency and/or brain accessibility for
experimental treatment of psychiatric or neurological diseases.
A comprehensive analysis of TRH effects is beyond the scope of
this review; the reader is referred to excellent reviews (Kelly,
1995; Horita, 1998; Gary et al., 2003; Daimon et al., 2013;
Fröhlich and Wahl, 2019). As for other receptors, TRH or
analogue action is not only limited by access and stability, but
also by ligand-induced desensitization and down regulation (Sun
et al., 2003; Hinkle et al., 2012). Reduced TRH receptor binding
and behavioral tolerance is observed after repeated
administration of TRH (Ogawa et al., 1983; Simasko and
Horita, 1985), a fact that stresses one of the limits of the
therapeutic use of any analogue. We will restrict the following
paragraphs to some well-established effects of TRH or analogues,
and whenever knowledge permits to discuss the targeting of
TRH-DE.

TRH administration acutely increases arousal and
locomotion; these effects are reproduced by direct injection of
TRH into nucleus accumbens and septum (Horita, 1998). Other
May 2020 | Volume 11 | Article 640

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Charli et al. Thyrotropin-Releasing Hormone-Degrading Ectoenzyme
central regions are likely involved; for example, TRH increases
the activity of lateral hypothalamus orexin neurons, which
project to several areas involved in arousal (González et al.,
2009; Hara et al., 2009). TRH-induced dopamine release has
been observed in different paradigms and was proposed to be
involved in TRH-induced motor activity (Kalivas et al., 1987;
Yamamura et al., 1991b). The effect of TRH on arousal is also
related with TRH-induced awakening from ethanol narcosis and
coincides with the stimulatory effect of acute ethanol administration
on Trh mRNA levels, accompanied with decreased Trhde mRNA
levels and TRH-DE activity, and TRH tissue content, suggesting
increased release of TRH in nucleus accumbens (de Gortari et al.,
2005). In the septum, there is evidence that inhibition of TRH-DE
activity promotes arousal from ethanol narcosis (Lazcano et al.,
2012). Contrary to TRH, Gln-Phe-Pro-NH2 andGln-Tyr-Pro-NH2
are not analeptic (Hinkle et al., 2002). Amplification of TRH action
on arousal by TRH-DE inhibition may be therapeutically useful in
niche applications.

TRH or analogue administration has generally a strong
anorexic effect. The anorexic effect of TRH is probably
mediated through multiple target regions; one of them is the
nucleus accumbens, where TRH may interact with dopaminergic
communication (Puga et al., 2016). Other regions potentially
involved in the anorexic effect of TRH are various hypothalamic
nuclei, such as the tuberomammillary nucleus, where TRH
containing axons innervate histamine neurons (Gotoh et al.,
2007; Sárvári et al., 2012), or the perifornical area/bed nucleus of
stria terminalis region, from where TRH neurons may control
the activity of proopiomelanocortin neurons of the arcuate
nucleus (Péterfi et al., 2018). However, it was also noted that
TRH injection into the brainstem promotes food intake through
TRH-R1 activation (Ao et al., 2006), suggesting that control of
food intake through TRH manipulation may require the
optimization of the access route. There is not yet any
experimental evidence showing that TRH-DE may regulate the
anorexic (or orexigenic) effect of TRH.

TRH improves cognitive function (Bennett et al., 1997). TRH
analogs administered to animals prevent the memory
impairment caused by chronic ethanol administration or brain
lesions (Bennett et al., 1997; Gary et al., 2003; Daimon et al.,
2013; Meena et al., 2015). In vivo, TRH, or some analogs, activate
the septo-hippocampal and basalis cortical cholinergic systems,
eliciting acetylcholine release onto the hippocampus and cortex
and restore cognitive deficits of animals with lesions in the
medial septum (Itoh et al., 1994; Bennett et al., 1997; Horita,
1998; Prokai-Tatrai and Prokai, 2009; Daimon et al., 2013). The
TRH analogue 2-Pyz-L-His (1-alkyl)-L-Pro-NH2, which exhibits
high selectivity towards TRH-R2, and is more stable in rat blood
plasma than TRH, possesses cognitive-enhancing activity when
administered intravenously in the scopolamine-induced
cognition impairment mice model, evaluated with the Morris
water maze and the passive avoidance tests (Meena et al., 2015).

The hippocampus is critical in learning and memory. TRH
immunoreactivity is detected in pyramidal and granular layers of
CA1 and CA3, and in ventral dentate gyrus coincident with TRH
binding (Hökfelt et al., 1989; Sharif et al., 1989) and with
Frontiers in Pharmacology | www.frontiersin.org 925
expression of Trhr (Calzá et al., 1992; Heuer et al., 2000). In
support of the relevance of hippocampal TRH communication in
learning, the status of TRH transmission is modified in the
hippocampus of rats trained for 5 days in the water maze. TRH
release is reduced, whereas expression of Trh and Trhr is
upregulated in CA3, supporting plastic changes induced by the
process of learning (Aguilar-Valles et al., 2007). TRH produces a
time-dependent biphasic effect on NMDA receptor responses
(Zarif et al., 2016), whereas it increases the excitability of GABA
interneurons (Deng et al., 2006) in the hippocampus.
Interestingly, pyramidal cells of the Ammon's horn express
Trhde mRNA in abundance (Heuer et al., 1998b); Trhde may
be expressed on the cell body and/or dendrites of the CA neurons.
Blockade of NMDA receptors by MK801 decreases relatively
rapidly TRH-DE activity in hippocampal slices, while blockade
of AMPA or GABA-A receptors does not (Rodrıǵuez-Molina
et al., 2009). Additional cognitive effects of TRH may be direct
onto cerebral cortex, where Trhde mRNA expression is also high
(Heuer et al., 1998b) and TRH-DE regulates TRH action on
pyramidal neurons action potential shape (Rodrıǵuez-Molina
et al., 2014). Thus, cognitive actions of TRH may be amplified
by inhibition of TRH-DE activity.

Several reports show that endogenous or exogenous TRH is
an anticonvulsant (Kubek et al., 1989; Sattin, 1999; Sah et al.,
2011). In man, TRH is efficient for treatment of West syndrome,
Lennox-Gastaut syndrome, and early infantile epileptic
encephalopathy (Takeuchi et al., 2001). The electrical
subthreshold stimulation produced during kindling in the
amygdala or the hippocampus increases Trh expression or
TRH content (Rosen et al., 1992; Kubek et al., 1993; de Gortari
et al., 1995). Amygdala kindling increases Trh expression, but
decreases that of Trhr, Trhr2, and Trhde in amygdala, and
hippocampus, while only that of Trhr2 and Trhde in frontal
cortex (de Gortari et al., 2006). TRH content increases as
kindling progresses whereas the activity of TRH-DE increases
in the initial stages and decreases once kindling is established (de
Gortari et al., 1995). Decreased Trhde expression may facilitate
the protective effects of TRH. These data suggest that inhibition
of TRH-DE may be protective in some forms of epilepsy.

The peripheral or central administration of TRH produces an
anxiolytic effect in several animal tests (Vogel et al., 1980;
Thompson and Rosen, 2000; Gutiérrez-Mariscal et al., 2008).
There is evidence that endogenous TRH can perform a similar
function. Thus, in animals subjected to the defensive burying
test, there is a specific inhibition of TRH release and Trh mRNA
levels in amygdala but not in other limbic areas (Gutiérrez-
Mariscal et al., 2008). Furthermore, amygdalar Trh expression
and anxiety behavior are inversely correlated in the elevated plus
maze and in the open field test (Gutiérrez-Mariscal et al., 2012).
In adult male rats, exposure to an open field test during the
inactive phase increases Trh expression in the cortical nucleus of
the amygdala, an area involved in processing fear stimuli
(Gutiérrez-Mariscal et al., 2008). Trhr KO mice are more
anxious than wild type relatives (Zeng et al., 2007) while those
deficient in Trhr2 exhibit reduced anxiety (Sun et al., 2009). It is
warranted to test the status of Trhde KO mice.
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Experimental evidence for an antidepressant effect of TRH in
animal models and humans is controversial, although Trhr2-
deficient mice are euthyroid and exhibit a depressive behavior
(Sun et al., 2009). As an example of controversy, the injection of
TRH into rats decreases the immobility time in the Porsolt test
(Drago et al., 1990) whereas the injection of Taltirelin into the
amygdala increases the immobility time in chronic-stress-
induced depressed mice. In the depressed mice, Trh and Trhr
expression in the basolateral amygdala is increased after 14 days
of 2 h of daily restraint (Choi et al., 2015). This result seems to
contradict the reported anxiolytic effect of TRH. Species and
strain differences in stress responses and the previous stress
history of the animal (Joseph-Bravo et al., 2015a) may explain
some of these discrepant results. Finally, Gln-Tyr-Pro-NH2 is
active in the Porsolt Swim Test (Pekary et al., 2005). Since mood
stabilizing valproate acutely enhances, among other TRH-like
peptides, Gln-Tyr-Pro-NH2 concentration in brain regions and
most notably in pyriform cortex (Pekary et al., 2004), it will be
relevant to take Gln-Tyr-Pro-NH2 into account if TRH-DE is
targeted for an anti-depressant effect.

Several neurologic disorders improve with treatment with
TRH and some of its stable analogs. This has been shown for
scopolamine-induced memory loss, prolonged impaired
consciousness (Horita, 1998; Meena et al., 2015), and neuronal
death occurring after a transient ischemic attack (TIA) (Shishido
et al., 1999). In rats, Trh expression increases in peri-ischemic
tissue, while that of Trhde drops drastically. The response is
independent of age of induction of TIA, and post-ischemia time.
This may be a TRH protective effect, amplified by Trhde down
regulation (Buga et al., 2012). Neuroprotective actions of TRH
analogs include protection against neuronal injury induced by
excitotoxicity and oxidative stress, and inflammation (Gary et al.,
2003; Daimon et al., 2013; Fröhlich and Wahl, 2019). In the
spinal cord, TRH may be involved in motor activity control and
pain modulation; its administration promotes the recovery from
acute spinal cord injury and has been used clinically with
promising results (Fehlings and Baptiste, 2005). Taltirelin,
which is degradation resistant, has been accepted in the
treatment of spinocerebellar degeneration (SCD) (Kinoshita
et al., 1994; Kinoshita et al., 1998). Taltirelin has anti-ataxic
and neuroprotective actions (Urayama et al., 2002; Nakamura
et al., 2005; Veronesi et al., 2007). Finally, JAK4D elicits large
neuroprotective effects in neurodegenerative animal models.
Systemic administration of JAK4D reduces cognitive deficits in
a kainate (KA)-induced rat model of neurodegeneration, protects
against free radical release and neuronal damage evoked by KA
in rat, and reduces motor decline and lumbar spinal cord
neuronal loss in a transgenic Amyotrophic Lateral Sclerosis
mice model (Kelly et al., 2015). These data point to the
importance of targeting TRH-DE to improve treatment of
neurodegenerative diseases with TRH derivatives.

TRH analogs resistant to degradation by TRH-DE are
promising for treating some neurological disorders. However,
autonomic effects of these analogs need to be considered. Central
TRH application has effects on the respiratory, cardiac and
gastric systems. Most of these actions are due to targets of the
Frontiers in Pharmacology | www.frontiersin.org 1026
TRH neurons present in brain stem. TRH is synthesized in raphé
pallidus, obscurus, and para-pyramidal neurons that project to
sympathetic preganglionic neurons of the intermediolateral
(IML) cell column of the spinal cord and to vagal motor
neurons located in the dorsal vagal complex (Taché et al.,
2006). Some of TRH neurons that project to the IML use
serotonin and substance P as co-transmitters; depending on
the complement of receptors in target neurons, TRH
participates in several aspects of respiratory network control
(Hodges and Richerson, 2008).

In the vagal complex TRH activates neurons of the dorsal
motor nucleus of the vagus that project to visceral organs such as
pancreas regulating insulin secretion (Yang et al., 2002), or as
stomach, stimulating gastric secretion (Tache, 2012). TRH-TRH-
R1 signaling in brain stem, or TRH administered in low doses,
have protective action against damaging agents in the gastric
mucosa, whereas this is not the case in high doses as injections
into the cisterna magna induce a dose-related activation of
gastric vagal efferent discharges in rats. TRH applied in the
hindbrain modulates gastric secretion and motility, blood
pressure, hepatic blood flow, stimulates brown adipose tissue
thermogenesis and respiratory output (Taché et al., 2006; Hou
et al., 2012; Yang et al., 2012; Pilowsky, 2014). Although TRH-
DE activity is lower in the brain stem than in other regions of the
brain (Vargas et al., 1992a), the potential to alter autonomic
functions if TRH-DE is affected cannot be underestimated.

In conclusion, at CNS level, many TRH effects, and some Gln-
Phe-Pro-NH2 and Gln-Tyr-Pro-NH2 actions, may have a
therapeutic potential (i.e. antiepilepsy, anxiolysis, improvement of
learning, neuroprotection). The presence of TRH-DE in many of the
sites of action of TRH suggests that inhibition of TRH-DE activity
should increase the action of endogenous TRH. This may produce
results that are better suited than those sought with TRH analogues.
TRH-DE AND THE THYROID AXIS

This topic has been recently reviewed (Rodrıǵuez-Rodrıǵuez
et al., 2019) and will only be briefly discussed here. Although a
large part of CNS Trhde is expressed in neurons, a few years ago
it was discovered that Trhde is expressed in tanycytes of the
hypothalamus, a glial cell type localized at the base and
ventrolateral walls of the third ventricle of the hypothalamus
(Sánchez et al., 2009). All sub-types of tanycytes express Trhde;
the b2 tanycytes, which send cytoplasmic extensions into the
external layer of the median eminence where they are close to
TRH terminals of the parvocellular TRHergic neurons of the
PVN, in proximity of the portal capillaries that transport TRH to
the anterior pituitary have the highest expression of Trhde
(Sánchez et al., 2009). In median eminence explants, TRH-DE
inhibition enhances TRH recovered from the incubation
medium, suggesting that the enzyme actively hydrolyses TRH
in the median eminence extracellular space (Sánchez et al., 2009).
Thus, after release TRHmay be partially hydrolyzed by TRH-DE
before entry into the portal vessels. A physiological consequence
would be that the amount of TRH reaching the anterior pituitary
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would not only depend on the activity of the TRH neurons, but
also on median eminence TRH-DE activity, which would
regulate the intensity of TRH-induced TSH secretion according
to clues detected at median eminence level. Consistent with this
idea, it was shown that although the intraperitoneal injection of
HcPI in control animals does not change serum concentration of
TSH, it does increase it in cold stressed animals (Sánchez et al.,
2009). Although HcPI inhibits TRH-DE activity inside the
blood–brain barrier, as well in the anterior pituitary and
serum, Trhde expression is not detected in thyrotropes, and
inhibition of TRH-DE expression or activity does not enhance
TRH-induced TSH release (Bauer et al., 1990; Cruz et al., 2008);
this evidence strongly suggests that anterior pituitary TRH-DE is
not critical for the control of TSH release. Finally, the role of the
serum enzyme, that is produced by the liver (Schmitmeier et al.,
2002) cannot be discarded, since this isoform likely circulates
through the portal vessels. Although a definitive demonstration
for control of TRH entry into the portal capillaries by tanycyte
TRH-DE is required, evidence about regulation of TRH-DE
activity is also consistent with this proposal.

A major mode of control of the activity of the HPT axis is
negative feedback at various levels, including inhibition of Trh
mRNA synthesis in the hypophysiotropic neurons of the PVN
(Fekete and Lechan, 2014). At the level of the tanycytes, Trhde
expression and activity are rapidly (in a few hours) stimulated by
peripheral injection of T4, thus putatively contributing to the
negative feedback (Sánchez et al., 2009). The effect of T4 on
Trhde depends on the local conversion of T4 to T3 by deiodinase
2 (Dio2) also expressed in tanycytes (Marsili et al., 2011). The
mechanism by which TH induces Trhde expression is not
known; thyroid hormone response elements have not been
detected in the vicinity of the putative transcription initiation
of Trhde (Figure 1), although many genes regulated by TH do
not contain them (Chatonnet et al., 2013).

TheHPT axis is regulated by energy balance (Fekete and Lechan,
2014; Joseph-Bravo et al., 2015b). Apart from down regulation of
TRH neurons activity, a prolonged fast enhances Dio2 and Trhde
expression and activity in the male rat median eminence (Diano
et al., 1998; Lazcano et al., 2015). The transient induction of Trhde
expression may contribute to prolong the downward adjustment of
the HPT axis, along with an increase in thyroliberinase activity, in
spite of a partial reactivation of Trh synthesis by the PVN at 72 h
fasting (Lazcano et al., 2015). Other data show that diet-induced
obesity (with unsaturated fat) enhances median eminence Trhde
expression in male rats (Jaimes-Hoy et al., 2019), suggesting that the
relationship between energy balance and activity of TRH-DE is
complex. Finally, Trhde expression in the median eminence is
programed by neonatal stress, along with other aspects of HPT
axis function (Jaimes-Hoy et al., 2016). It is thus evident that long-
term events shape median eminence TRH-DE activity.

In these models, there are few clues about the immediate
regulators of Trhde expression/activity, and it has not been
shown that Trhde adjustments are critical for HPT axis activity.
The local thyroid status is probably involved (Lazcano et al., 2015)
and besides hormonal signals, tanycytes are responsive to
neuronal inputs. Recently it was shown that the release of TRH
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in the median eminence activates the TRH-R1 receptor on the
surface of tanycytes, resulting in two rapid events: an increase of
the surface of tanycyte end-feets covering the portal capillaries,
and an increase in TRH-DE activity in the median eminence, both
of which may reduce TRH access to the capillary bed.
Furthermore, a long term (days) blockade of Gq transduction
decreased TRH-DE activity. Thus, the firing of TRH neurons
likely regulates TRH-DE activity and localization. This
coordinated mechanism may help to shape the pulses of TRH
that reach the anterior pituitary (Müller-Fielitz et al., 2017).

An intriguing question is the relevance of TRH-like peptides
sensitive to hydrolysis by TRH-DE in the control of the HPT
axis. Gln-Phe-Pro-NH2 is released from hypothalamic slices
(Méndez et al., 1999), Gln-Phe-Pro-NH2, as well as TRH, is
detected in rat thyroid (Rausell et al., 1999; Smyth et al., 1999)
and Gln-Phe-Pro-NH2 enhances serum T3 concentration
(Cremades et al., 1998). Thus, median eminence and thyroid
gland may be sites where the functional relationship between
Gln-Phe-Pro-NH2 and TRH-DE warrants further investigation.
TARGETING MEDIAN EMINENCE TRH-DE
TO CONTROL THYROID STATUS?

Thyroid diseases are very common and a major one is sub-clinical
or clinical hypothyroidism, which is mainly treated with T4 (and
T3). Although this therapeutic option is successful, it is not perfect
and there is room for improvement. Among the major problems of
the therapeutic use of TH is the risk of producing unattended
hyperthyroidism and thus cardiovascular or skeletal consequences.
These problems have led to significant avenues of research, to limit
unintended effects. One of these approaches has been the
development of specific agonists of TH receptor b (Runfola et al.,
2020). Another focus has been on the development of thyroid
hormone-peptide complexes, to direct TH to the tissues that express
the peptide receptor (Finan et al., 2016).

Peripheral inhibition of peptidase activity has been quite
successful in various contexts (hypertension, type 2 diabetes).
Although requiring confirmatory experiments, the weight of
evidence strongly suggests that in rats median eminence TRH-
DE activity controls the output of TRH and thus TSH secretion,
at least during bouts of TRH neurons activity. This suggests that
inhibition of this enzyme may transiently increase TRH-induced
TSH secretion, enhancing the hypothalamic signal that promotes
TSH secretion in conditions of insufficient drive. Because b2
tanycyte TRH-DE activity is outside the blood brain barrier, it
should be possible to target this compartment and enhance the
extracellular concentration of TRH in the portal vessels, without
affecting TRH communication in the rest of the CNS.
Furthermore, the narrow specificity of TRH-DE should
facilitate the development of agents that have no impact on
other peptides turnover. The final purpose of this manipulation
would be to enhance thyroid hormone secretion without
changing the natural pattern of control of the HPT axis and to
produce self-regulated and small effects on TH concentration,
May 2020 | Volume 11 | Article 640

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Charli et al. Thyrotropin-Releasing Hormone-Degrading Ectoenzyme
reducing cardiovascular and bone effects.
Various milestones should be reached to target peripheral

TRH-DE activity to improve thyroid status in hypothyroidism.
One is to characterize the long-term impact of TRH-DE
inhibition on HPT axis parameters, since the axis can self-
regulate efficiently; for example, the long-term ablation of
tanycytes does not change serum TSH concentration (Yoo
et al., 2019). Another consideration is that changes in serum
TSH concentration may have non thyroidal effects. Likewise,
prolactin secretion would have to be monitored, to exclude
alteration of this critical hormone. Finally, the distribution and
role of TRH-DE activity in the periphery requires clarification.
TRH-DE AND PROLACTIN SECRETION

In mammals, apart from the negative control of prolactin
secretion by hypothalamic tuberoinfundibular dopamine
neurons, hypothalamic prolactin releasing factors are also
important (Grattan, 2015). TRH is not only a thyrotropin
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releasing factor but also a prolactin releasing factor. TRH is
necessary to maintain maximal prolactin output in lactating mice
(Yamada et al., 2006). In primary cultures of female rat anterior
pituitary cells, Trhde expression is detected in some lactotropes,
and inhibition of TRH-DE expression or activity enhances TRH-
induced prolactin secretion (Bauer et al., 1990; Cruz et al., 2008).
If the importance of Trhde for the control of prolactin secretion,
which is contingent on many factors, is confirmed in relevant in
vivo models, inhibition of anterior pituitary TRH-DE activity
might increase prolactin secretion.
TRH-DE IN PERIPHERAL TISSUES

Although targeting of CNS and/or median eminence/pituitary
TRH-DE activity has experimental support, a much less
understood aspect is the function of Trhde expressed in the
periphery. This must be fully assessed for establishing the safety
profile of the peripheral inhibition of TRH-DE activity or
expression. Figures 2 and 3 illustrate that although the brain is
A B

FIGURE 3 | Potential sites of targeting of TRH-DE in rats and humans. Trhde is mainly expressed in a few major organs; in rats, gene expression is higher in brain
followed by lung, liver and uterus; in humans, major sites of expression are cerebellum and pancreas. Panel (A) illustrates tissue Trhde expression distribution in rat
(log2 FPKM, fragments per kilobase of transcript per million mapped reads) based on the database of the rat body map available from http://pgx.fudan.edu.cn/
ratbodymap/index.html (Yu et al., 2014); some of the brain regions which express medium (i.e. hypothalamus) to high mRNA levels are also indicated (Heuer et al.,
1998b). Panel (B) illustrates tissue Trhde expression distribution in humans based on the Human Protein Atlas available from http://www.proteinatlas.org (Uhlén
et al., 2015). Colors on organ/tissue names represent expression levels of Trhde. Information regarding sex and age of the donor, can be found at http://www.
proteinatlas.org/about/cellines. Figure was created with Biorender.com.
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a major source of Trhde expression, developmentally regulated
expression of Trhde is also detected in multiple rat tissues, of
both sexes. However, it should be noted that in rats and rabbits,
the peripheral tissues have low levels of TRH-DE activity (Vargas
et al., 1992a). Human transcriptomic data indicate baseline
expression of Trhde in various peripheral organs, being more
abundant in kidney, spleen, ovaries, uterus, adipose tissue, small
intestine Peyer's patch, duodenum, pancreas, and lung, and
lower in colon, prostate, stomach and testis. In these tissues,
Trhde expression is detected in adults. For kidney, lung, stomach
and testis, Trhde expression has also been reported at early stages
of embryonic development (“ensembl.org: TRHDE—
ENSG00000072657,” n.d. and “bgee.org: TRH-DE—
ENSG00000072657”) (Figure 3). We review below the state of
knowledge about TRH-DE in the best-studied tissues.

Thyroliberinase is a liver specific isoform of TRH-DE
(Schmitmeier et al., 2002) that is secreted into the general
circulation. It is the only enzyme that degrades TRH in rat
serum (Friedman and Wilk, 1985). Its role is puzzling; it
probably reaches the hypothalamic-pituitary portal vessels, but
its specific relevance for anterior pituitary control is untested.
Thyroliberinase may also reduce the buildup of TRH
concentration in the peripheral tissues where TRH may act as
a paracrine effector (Morley, 1979). Finally, it should contribute
significantly to the limited efficiency of the parenteral injection of
TRH, being an interesting target to enhance the efficacy of
parenteral TRH analogues.

One of the peripheral tissues in which TRH presence was
noticed early is the rat pancreas, where it is concentrated in the
islets of Langerhans (Martino et al., 1978). A transient prenatal
expression of Trh is detected in pancreatic b-cells, which
coincides with development of insulin secretory activity
(Yamaoka and Itakura, 1999; Basmaciogullari et al., 2000;
Štrbák, 2018). In rodents, Trhr is expressed in the pancreas,
including in b-cells (Yamada et al., 2000; Luo and Yano, 2004); a
potential effect of TRH-TRH-R1 is the promotion of
programmed cell death during development (Mulla et al.,
2009). Trh KO mice have an increased glycemia, which may be
the result of reduced secretion of insulin in response to high
glucose concentration (Yamada et al., 1997). On the other hand,
Trhr KO mice are hypothyroid and hyperglycemic (Zeng et al.,
2007), while Trhr2 KO mice are euthyroid and normoglycemic
(Sun et al., 2009). Gln-Phe-Pro-NH2 is detected in pancreas,
where it attenuates TRH effect on insulin secretion in perifused
islets (Kulkarni et al., 1995). Although pancreatic Trhde
expression is significant in human (Figure 3), there is no
evidence for TRH-DE activity in developing or adult rat
(Vargas et al., 1992b). Trhde KO mice are normoglycemic
(Tang et al., 2010). The relevance of TRH-DE in human
pancreatic function requires an urgent investigation; is
expression leading to TRH-DE activity, or to non-
active isoforms?

Trh, and Trhr are expressed in the heart, in fibroblasts and in
cardiomyocytes (Carnell et al., 1992; Shi et al., 1996); TRH, as
well as Gln-Phe-Pro-NH2 and Gln-Tyr-Pro-NH2, are detected in
heart tissue, where values vary along the circadian cycle (Pekary
Frontiers in Pharmacology | www.frontiersin.org 1329
and Sattin, 2017). Various evidences suggest that heart TRH
might be relevant in cardiovascular disease. TRH induces
hypertrophic and fibrotic markers in heart cells (Schuman
et al., 2014). Overexpression of Trh in left ventricular cells
promotes heart hypertrophy in rats (Jin et al., 2004).
Spontaneously hypertensive rats overexpress Trh in the left
ventricle, and reduction of Trh expression inhibits fibrosis and
cardiomyocyte enlargement (Schuman et al . , 2011).
Furthermore, angiotensin II–induced heart hypertrophy
depends on Trh expression (Peres Diaz et al., 2018). Thus,
TRH may have a substantial role in cardiac hypertrophy.
Trhde is expressed in the heart of Fischer-344 male and female
rats, with noticeable developmental increases (Figure 2)
(Yu et al., 2014). In the human heart, Trhde transcripts can be
detected at 10 weeks (Szabo et al., 2015). It will be important to
clarify whether TRH-DE activity is present in heart and controls
local TRH and/or Gln-Phe-Pro-NH2 and Gln-Tyr-Pro-
NH2 actions.

TRH-like immunoreactivity is detected in various organs of
the digestive system (Leppäluoto et al., 1978). TRH levels are
high in gastric juice and mucosa (Nishio et al., 1999). In the
digestive system, while TRH-R1 presence in the stomach is
scarce (Nishio et al., 1990), TRH-R1 has been detected by
immunohistochemistry in the small intestine (Mitsuma et al.,
1995), where TRH excites submucus neurons and enhances heat
shock protein 60 expression (Zafirov et al., 1991; Sasahara et al.,
1998). One subtype of cholinergic neuron, in the myenteric
plexus of the mouse small intestine, is characterized by a very
high expression of Trhde (Zeisel et al., 2018) (Table 1), but these
neurons, which may receive vagal afferents, do not express Trhr
or Trhr2. In this system, TRH-DE may inactivate TRH produced
and released locally. However, as for the heart, there is yet no
evidence that TRH-DE activity is present in the intestinal
mucosa. Because of the high relative expression of Trhde in
neurons of the enteric system, potential adverse effects of TRH-
DE manipulation should be considered. In humans, intestinal
Trhde expression initiates around 10–20 weeks of age (Szabo
et al., 2015), being significant in adults. An accumulation of
neuropeptides, including TRH, in the lumen of the colon of
patients with inflammatory bowel disease (Yamamoto et al.,
1996) is noticeable; animal models of the disease might shed
light about TRH-DE role in this pathology, if any.

TRH has significant effects over the function of immune
system, some of which dependent on pituitary control
(Kamath et al., 2009). Hypophysiotropic TRH neurons are
involved in inflammation responses dependent and
independent of T-cell activation. LPS administration doesn't
induce T-cell activation and is linked with an initial reduction
of Trh expression in the PVN (Kamath et al., 2009). However, T-
cell dependent inflammation induces the opposite, with the
response dependent on hypophysiotropic TRH neurons and
prolactin secretion from the pituitary (Perez Castro et al.,
1999). Although the site of TRH production acting directly on
immune cells is unknown, TRH-R1 can be detected in lymphoid
tissues, including the thymus (Montagne et al., 1999) and bone
marrow (Matre et al., 2003). Administration of TRH in rats
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increases the proliferation of cells of the thymus (Pawlikowski
et al., 1992) and protects against its involution and reduction of
the count of lymphocytes in peripheral blood, induced by lateral
hypothalamus lesion (Lesnikov et al., 1992). TRH may thus be of
therapeutic value in diseases dependent on immune system
activation. Administration of TRH protects against pathogens
such as encephalomyelitis virus (Pierpaoli and Yi, 1990), and
candidiasis (Blaszkowska et al., 2004). Transcriptomic analysis
reveals that Trhde is expressed in thymus, with a significant drop
of expression in aging rats (Figure 2) (Yu et al., 2014). Although
TRH-DE activity and function have not been determined in
lymphoid organs, TRH-DE inhibitors could be interesting
alternatives to TRH treatment in inflammatory diseases.

In the reproductive system, Leydig cells express both Trh and
Trhr (Pekary and Sattin, 2017). Repeated administration of TRH
counters aging-induced alteration of rat testicular structure and
function (Pierpaoli, 2013). Gln-Phe-Pro-NH2 is also expressed by
the prostate and detected in seminal fluid (Bilek et al., 1992; Khan
et al., 1992; Gkonos et al., 1994); however, its local effect is unknown.
In females, TRH increases the contractility of urethral and vaginal
muscle (Zacur et al., 1985) and Gln-Phe-Pro-NH2 is detected in the
mammary gland (Ghilchik et al., 2000). Since low levels of
expression of Trhde occur in various reproductive organs (Figure
3), its relevance for TRH or Gln-Phe-Pro-NH2 actions may not be
important but should nevertheless be investigated.

In conclusion, there is little evidence that, apart from pituitary
and liver, other peripheral tissues which express Trhde give rise
to significant TRH-DE activity. It remains possible that in some
tissues expression might be mainly attributed to the mRNA
coding for the truncated version of TRH-DE (Chavez-Gutierrez
et al., 2005) and that TRH-DE* is not only a dominant negative
isoform of TRH-DE but is also a non-catalytic protein. However,
Trhde KO mice do not show any obvious problem in standard
conditions, except for a small decrease of body weight (Tang
et al., 2010). Finally, it will be critical to clarify the extent of TRH-
DE activity in human tissues.
CONCLUSIONS AND CHALLENGES

With the available information of the wide distribution of TRH
receptors, and the multiple functions TRH displays, the
pharmacological use of agonists of the TRH-R1 receptors that
resist degradation by TRH-DE might impact on many functions.

Albeit alternatives are not completely excluded yet, it appears
that hydrolysis by the TRH degrading ectoenzyme in the serum
and the extracellular space of the brain, including the median
eminence, is a critical pathway for TRH inactivation. The
relevance of this enzyme for Gln-Phe-Pro-NH2 and Gln-Tyr-
Pro-NH2 inactivation remains to be investigated. Since most
central pharmacological effects of peptidase resistant analogues
of TRH are beneficial in rodents, and there is some consistent
evidence in humans, targeting central TRH-DE with specific
inhibitors may have significant advantages over TRH agonists in
some central diseases, in particular to produce more focused
effects according to the natural activity of the TRH neurons. On
Frontiers in Pharmacology | www.frontiersin.org 1430
the other hand, the limited span of the distribution of TRH-DE
activity in the periphery opens the possibility that inhibition of
median eminence TRH-DE activity may be an interesting target
for treatment of hypothyroidism and may have few non-
intended targets, if a compound that does not pass the blood-
brain barrier is chosen. However, it will be necessary to
understand the full extent of the distribution of peripheral
TRH-DE activity and function in humans before this idea
proceeds further.

Targeting the inactivation process in the brain will increase
ligand concentration in the synaptic space and increase TRH
effect, alike the mechanism of action of drugs that inhibit
neurotransmitter uptake. However, an intrinsic problem lies on
the stringent specificity of TRH-DE for the TRH structure. Thus,
it is not surprising that some of the TRH-DE inhibitors function
also as TRH-R agonists (Scalabrino et al., 2007) and may thus
promote receptor down regulation or, undesirable side effects.
For example, even for a more stable analog of TRH as Taltirelin,
hyperprolactinemia is induced (Kanasaki et al., 2011). Even if the
analog does not produce endocrine effects in humans, other
peripheral effects such as induction of gastric erosion and
hypermotility of the intestine may occur. The challenge to
design a specific inhibitor to TRH-DE not recognized by TRH-
R1 has been overcome with Y-TRH design, although better
chemistries and affinities are required. In theory, this should be
possible, as has been done for other proteases (Patchett and
Cordes, 1985; Traube et al., 2014; Lai et al., 2015).

Even if better inhibitors are found, unknowns remain. Are
Gln-Phe-Pro-NH2 and Gln-Tyr-Pro-NH2 physiologically
relevant substrates of TRH-DE? Does inhibition of TRH-DE
activity has concrete effects in preclinical models? These, and
other milestones, need to be passed to determine if manipulation
of TRH-DE expression or activity has therapeutic potential.
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Derivatives as Ectonucleoside
Triphosphate Diphosphohydrolase
(NTPDase) Inhibitors With Selectivity
for NTPDase2 and NTPDase3
Younis Baqi1*, Mahmoud Rashed2†, Laura Schäkel2, Enas M. Malik2, Julie Pelletier3,
Jean Sévigny3,4, Amelie Fiene2 and Christa E. Müller2*

1 Department of Chemistry, Faculty of Science, Sultan Qaboos University, Muscat, Oman, 2 PharmaCenter Bonn,
Pharmaceutical Institute, Pharmaceutical & Medicinal Chemistry, University of Bonn, Bonn, Germany, 3 Centre de Recherche
du CHU de Québec–Université Laval, Québec, QC, Canada, 4 Département de Microbiologie-Infectiologie et d’Immunologie,
Faculté de Médecine, Université Laval, Québec, QC, Canada

Ectonucleoside triphosphate diphosphohydrolases (NTPDases) catalyze the hydrolysis of
nucleoside tri- and di-phosphates to mono-phosphates. The products are subsequently
hydrolyzed by ecto-5′-nucleotidase (ecto-5′-NT) to nucleosides. NTPDase inhibitors have
potential as novel drugs, e.g., for the treatment of inflammation, neurodegenerative
diseases, and cancer. In this context, a series of anthraquinone derivatives structurally
related to the anthraquinone dye reactive blue-2 (RB-2) was synthesized and evaluated as
inhibitors of human NTPDases utilizing amalachite green assay.We identified several potent
and selective inhibitors of human NTPDase2 and -3. Among the most potent NTPDase2
inhibitors were 1-amino-4-(9-phenanthrylamino)-9,10-dioxo-9,10-dihydroanthracene-2-
sulfonate (20, PSB-16131, IC50 of 539 nM) and 1-amino-4-(3-chloro-4-phenylsulfanyl)
phenylamino-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (48, PSB-2020, IC50 of 551
nM). The most potent NTPDase3 inhibitors were 1-amino-4-[3-(4,6-dichlorotriazin-2-
ylamino)-4-sulfophenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (42, PSB-
1011, IC50 of 390 nM) and 1-amino-4-(3-carboxy-4-hydroxyphenylamino)-9,10-dioxo-
9,10-dihydroanthracene-2-sulfonate (33, PSB-2046, IC50 of 723 nM). The best
NTPDase2 inhibitor 20 showed a non-competitive inhibition type, while the NTPDase3
inhibitor 42 behaved as a mixed-type inhibitor. These potent compounds were found to be
selective vs. other NTPDases. They will be useful tools for studying the roles of NTPDase2
and -3 in physiology and under pathological conditions.
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INTRODUCTION

Ectonucleotidases are membrane-bound metalloenzymes that
affect extracellular nucleotide and nucleoside levels by
catalyzing the hydrolysis of nucleotides to the corresponding
nucleosides releasing inorganic phosphate or diphosphate (Dou
et al., 2018; Le et al., 2019; Vuerich et al., 2019). There are four
major subfamilies of ectonucleotidases: the ecto-nucleoside
triphosphate diphosphohydrolases (NTPDases), the ecto-
nucleotide pyrophosphatases/phosphodiesterases (NPPs), the
alkaline phosphatases (APs), and the ecto-5′-nucleotidase
(ecto-5′-NT, CD73) (Bonan, 2012; Al-Rashida and Iqbal, 2015;
Baqi, 2015; Fiene et al., 2016; Le et al., 2019). In inflammatory
processes, there may be a massive increase in extracellular ATP
concentrations causing proinflammatory immune responses via
P2X and P2Y receptors. ATP can be hydrolyzed by NTPDases,
or at very high concentrations also by APs, via ADP to AMP.
Alternatively, ATP can be cleaved directly to AMP and
diphosphate (pyrophosphate) by NPPs (Lee and Müller, 2017).
The resulting AMP can eventually be hydrolyzed by ecto-5’-NT
yielding adenosine, which induces antiinflammatory effects
via activation of P1 (adenosine) receptors (King et al., 2006;
Burnstock, 2018; Antonioli et al., 2019; Müller et al., 2020).

Several studies reported that NTPDase2 is localized in
specialized astrocytes in rodent brain, such as laminar astrocytes
associated with fiber tracts in the brain stem and cerebrum (Braun
et al., 2003; Braun et al., 2004), tanycytes, non-stellate astrocytes in
Frontiers in Pharmacology | www.frontiersin.org 239
the gray matter of discrete regions, like habenula (Gampe et al.,
2012), satellite astrocytes in the dorsal root ganglion (Braun et al.,
2003), and astrocyte-like progenitor cells of the subventricular zone
(SVZ) of the lateral ventricle (Shukla et al., 2005; Mishra et al., 2006;
Gampe et al., 2015). NTPDase3 is localized in the midline regions:
in the thalamus, hypothalamus, and the medulla oblongata (Belcher
et al., 2006; Grković et al., 2016). Both enzymes, NTPDase2, and to a
lesser extent also NTPDase3, preferentially catalyze the
dephosphorylation of ATP to ADP, generating the physiological
ligand for P2Y1, P2Y12, and P2Y13 receptors (Kukulski et al., 2005;
Zimmermann et al., 2012; Burnstock, 2020; Müller et al., 2020).
Therefore, NTPDase2 and -3maymodulate inflammatory reactions
within the CNS and could represent useful therapeutic targets in
neuroinflammatory and neurodegenerative diseases.

So far only few, moderately potent, NTPDase inhibitors have
been described (Figure 1), which can be divided into nucleotide
derivatives and non-nucleotides. ARL67156 (1, Figure 1) is a
weak, competitive inhibitor of human NTPDase1 (Ki = 11 mM)
and -3 (Ki = 18 mM) but does not inhibit human NTPDase2 and
-8 (Lévesque et al., 2007). 8-BuS-ATP (2, Figure 1) was shown to
inhibit NTPDase1 (Ki = 0.8 mM) but being a substrate of
NTPDase2, -3, and -8 it is of limited use (Lecka et al., 2013).
The corresponding 8-BuS-ADP and especially 8-BuS-AMP also
inhibited NTPDase1 but appeared to be more stable towards
hydrolysis (Lévesque et al., 2007). PSB-6426 (3, Figure 1) is a
metabolically stable, uncharged compound derived from
uridine-5′-carboxylate. It was identified as a moderately potent,
FIGURE 1 | Structures of selected NTPDase inhibitors (Iqbal et al., 2005; Müller et al., 2006; Brunschweiger et al., 2008; Baqi et al., 2009b; Zebisch et al., 2014;
Kanwal et al., 2019).
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selective competitive inhibitor of human NTPDase2 (Ki = 8.2
mM) (Brunschweiger et al., 2008). Non-nucleotide–derived
compounds have also been developed as NTPDase inhibitors
(compounds 4–7, Figure 1). These include suramin (4), reactive
blue-2 (RB-2, 5), and its derivative PSB-071 (6), PPADS (7), and
tryptamine-derived imine 8 (Iqbal et al., 2005; Baqi et al., 2009b;
Zebisch et al., 2014; Kanwal et al., 2019). However, these
compounds are non-selective and showed only moderate
inhibitory activity in the low micromolar range and/or limited
stability (Iqbal et al., 2005; Baqi et al., 2009b; Zebisch et al., 2014;
Kanwal et al., 2019). Another class of NTPDase inhibitors are
the polyoxometalates (POMs) such as [TiW11CoO40]

8- (9),
which are inorganic, negatively charged metal complexes.
POM derivative 9 inhibited rat NTPDase1, -2, and -3 in the
submicromolar concentration range, but this highly negatively
charged compound displays limited stability (Müller et al.,
2006). Moreover, specific antibodies have been reported that
inhibit NTPDase2 and -3 activities; however, the inhibition is
not complete (Munkonda et al., 2009; Pelletier et al., 2017).
Previously, we evaluated anthraquinone derivatives at rat
NTPDase1, -2, and -3, and one of the most potent but non-
selective compounds was PSB-071 (6) (Baqi et al., 2009b). In the
present study, we investigated the structure-activity relationships
(SARs) of this class of NTPDase inhibitors with the goal to improve
their inhibitory potency and subtype-selectivity, in particular with
the aim to obtain potent NTPDase2- (and NTPDase3-) selective
inhibitors. Such compounds are required for biological studies
since they are expected to lead to an accumulation of ADP thereby
acting as indirect P2Y1, P2Y12 and P2Y13 receptor agonists.
EXPERIMENTAL SECTION

Chemistry
Material and Methods
All materials were used as purchased (Acros, Alfa Aesar, Merck,
or Sigma-Aldrich, Germany). Thin-layer chromatography was
performed using TLC aluminum sheets silica gel 60 F254 or TLC
aluminum sheets reversed phase (RP) silica gel 18 F254 (Merck,
Darmstadt, Germany). Colored compounds were visible at
daylight; other compounds were visualized under UV light
(254 nm). Flash chromatography was performed on a Büchi
system using silica gel RP-18 (Merck, Darmstadt, Germany). 1H
and 13C NMR data were collected on either a Bruker Avance 500
MHz NMR spectrometer at 500 MHz (1H) or 126 MHz (13C),
respectively or a 600 MHz NMR spectrometer at 600 MHz (1H)
or 151 MHz (13C), respectively. Deuterated dimethyl sulfoxide
(DMSO-d6) or chloroform-d (CDCl3) were used as a solvent.
Chemical shifts are reported in parts per million (ppm) relative
to the deuterated solvent, i.e., DMSO, d 1H 2.49 ppm; 13C
39.7 ppm, coupling constants J are given in Hertz, and spin
multiplicities are given as s (singlet), d (doublet), t (triplet), q
(quartet), sext (sextet), m (multiplet), and br (broad).

The purities of isolated products were determined by high
performance liquid chromatography (HPLC) coupled with
Frontiers in Pharmacology | www.frontiersin.org 340
electrospray ionization mass spectrometry (ESI-MS) and
ultraviolet (UV) detector using the following procedure: the
compounds were dissolved at a concentration of 0.5 mg/mL in
H2O/MeOH = 1:1, containing 2 mMNH4CH3COO. Then, 10 mL
of the sample was injected into an HPLC column (Phenomenex
Luna 3 m C18, 50 mm × 2.00 mm). Elution was performed with a
gradient of water:methanol (containing 2 mM NH4CH3COO)
from 90:10 to 0:100 starting the gradient immediately at a flow
rate of 250 mL/min for 15 min, followed by washing with 100%
methanol for another 15 min. The purity of the compounds
proved to be ≥95%. For microwave reactions, a CEM Focused
Microwave Synthesis Type Discover apparatus was employed.
A freeze-dryer (CHRIST ALPHA 1-4 LSC) was used
for lyophilization.

The synthesis and analysis of compounds 11−22, 24−26, 31
−33, 36, 38−40, 42−44, 46, 49−52, 54−56, and 58 was previously
described (Baqi and Müller, 2007; Weyler et al., 2008; Baqi et al.,
2009b; Baqi et al., 2010; Baqi and Müller, 2010; Baqi et al., 2011;
Baqi and Müller, 2012; Fiene et al., 2016; Malik et al., 2016). All
other compounds (23, 27−30, 34, 35, 37, 41, 45, 47, 48, 53, and
57) were newly prepared in analogy to described methods (Baqi
and Müller, 2010; Baqi and Müller, 2012; Malik et al., 2016;
Pelletier et al., 2017) with modifications as described below.

General Procedure A: Preparation of 4-Substituted
1-Aminoanthraquinone-2-sulfonate Derivatives (11-51)
To a 5 mL microwave reaction vial, equipped with a magnetic
stirring bar, were added 1-amino-4-bromo substituted
anthraquinone compounds [bromaminic acid sodium salt
(10a) or 1-amino-2,4-dibromoanthraquinone (10b)] (0.1−0.3
mmol) and the appropriate aniline or amine derivative
(1.5−9.0 equiv), followed by a buffer solution of Na2HPO4 (pH
9.6) (5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL) and a finely
powdered elemental copper (0.002−0.003 g, 5−10 mol%). The
mixture was capped and irradiated in the microwave oven
(80−100 W) for 5−24 min at 100−120°C. The reaction mixture
was cooled down to room temperature (rt), and the product was
purified using the following procedure. The contents of the vial
were filtered to remove the elemental copper. Then, ca. 200 mL
of water was added to the filtrate, and the aqueous solution was
extracted with dichloromethane (200 mL). The extraction
procedure was repeated until the dichloromethane layer
became colorless (two to three times). The aqueous layer was
reduced by rotary evaporation to a volume of 10−20 mL, which
was subsequently submitted to flash column chromatography
using RP-18 silica gel and water as an eluent. The polarity of the
eluent was then gradually decreased by the addition of acetone in
the following steps: 5, 10, 20, 40, and 60%. Fractions containing
blue product were collected. For some compounds the last step of
purification (RP-18 flash chromatography) had to be repeated
two to three times to obtain pure product (≥95% purity as
determined by HPLC-UV-MS). The pooled product-containing
fractions were evaporated under vacuum to remove the acetone
and reduce the water volume. The remaining water was
subsequently removed by lyophilization to yield up to 80% of
the product as blue powder (Scheme 1 and Table 1).
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General Procedure B: Preparation of 2-Substituted
1-Amino-4-anilinoanthraquinone Derivatives (52-56)
A round bottom flask (25 mL) equipped with a magnetic stirring
bar was charged with one equivalent of starting material (10b or
1-amino-4-bromo-2-methylanthraquinone (10c)), an excess of
appropriate aniline derivative (15 equiv.) and copper(I) acetate
(10 mol%) in the presence of 2.25 equiv. of potassium acetate
(Scheme 1). The resulting mixture was heated at 110°C under an
argon atmosphere for 2−15 h, and the progress of the reaction
was monitored by TLC using 10% dichloromethane/cyclohexane
as eluent. The reaction mixture was then let to cool down to
room temperature, followed by the addition of ethanol (5 mL),
and the blue-colored precipitate was filtered off and washed
successively with ethanol, 0.1 MHCl, and water (ca. 15 mL each),
and then the solid material was dried at 70°C in the oven for
16 h. The product was then purified by silica gel column
chromatography using dichloromethane/cyclohexane (9:1) as
eluent. The desired products (52−56) were obtained in high
yields (Scheme 1 and Table 1).

General Procedure C: Preparation of 4-Substituted
Anthraquinone-2-sulfonate Derivatives (57 and 58)
To a 50 mL round bottom flask equipped with a magnetic
stirring bar, 0.1 mmol of 1-aminoanthraquinone derivative (21
or 33) was added, followed by 5 mL of 1 M hydrochloric acid.
The solution was cooled to 0−5°C in an ice bath, and a previously
cooled solution of NaNO2 (13.8 mg, 0.2 mmol, 2 equiv) in 0.5 mL
of distilled water was added dropwise. After 5 min, the mixture
was allowed to warm up to rt, followed by addition of 30 mg of
zinc powder (1.0 mmol, 10 equiv) and 5 mL of ethanol. The
resulting mixture was then allowed to stir at rt for ca. 30 s. The
mixture was filtered off, and the purple-colored filtrate was then
Frontiers in Pharmacology | www.frontiersin.org 441
purified by flash column chromatography on a reversed phase
silica gel (RP-18) using a gradient of acetone in water (5 and
20%) as the eluent. Fractions containing the purple product were
collected and evaporated in vacuum to remove acetone and
decrease the volume of water to ca. 10-20 mL. Complete
drying was achieved with a freeze-dryer, affording purple-
colored products in excellent yields (Scheme 2 and Table 1).

Sodium 1-amino-4-(3-iodophenylamino)-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonate (23)
Reaction conditions according to general procedure A:
Compound 10a (0.1213 g, 0.3 mmol), 3-iodoaniline (0.1314 g,
0.6 mmol), a buffer solution of Na2HPO4 (pH 9.6) (5.0 mL) and
NaH2PO4 (pH 4.2) (1.0 mL), and copper metal (0.003–0.005 g,
0.05–0.08 mmol). MW conditions: 100 W, 120°C, 10 min.
Analytical data: blue powder (34% yield), mp >300°C. 1H
NMR (500 MHz, DMSO-d6): d 7.20 (t, J = 7.9 Hz, 1H, 2′-H),
7.29 (m, 1H, 5′-H or 6′-H), 7.51 (m, 1H, 5′-H or 6′-H), 7.65 (t, J =
1.9 Hz, 1H, 4′-H), 7.85 (m, 2H, 6-H, 7-H), 7.98 (s, 1H, 3-H), 8.25
(m, 2H, 5-H, 8-H), 11.79 (s, 1H, 4-NH). 13C NMR (126 MHz,
DMSO-d6): d 95.55, 109.51, 112.66, 121.91, 122.99, 126.12, 126.20,
130.91, 131.53, 132.70, 133.00, 133.51, 133.58, 134.26, 139.56,
141.38, 142.66, 144.66, 182.12, 183.07. LC-MS (m/z): 519.2 [M –
Na]–, 521.4 [M – Na]+. Purity by HPLC-UV (254 nm)-ESI-
MS: 100%.

Sodium 1-amino-4-(2-(hydroxymethyl)phenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (27)
Reaction conditions according to general procedure A:
Compound 10a (0.1213 g, 0.3 mmol), 2-aminobenzyl alcohol
(0.0738 g, 0.6 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
SCHEME 1 | General synthesis of 4-substituted anthraquinone derivatives 11−56a. aReagents and conditions: (i) R2-NH2, phosphate buffer (pH 6−7), Cu0,
microwave, 80−120°C, 5−24 min; (ii) m-substituted aniline, CuOAc, KOAc, 110°C, argon, 2–15 h; for R1 and R2, see Table 1.
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TABLE 1 | Inhibitory activity of anthraquinone derivatives at human ecto-NTPDases.

IC50 ± SEM (mM)a (or % inhibition at 2 mM concentration)

NTPDase1 NTPDase2 NTPDase3 NTPDase8
Compd. R1 R2 R3

5 RB-2 For structure see Figure 1 (17) (42) 0.942 ± 0.024 (-8)
6 PSB-071 For structure see Figure 1 (-4)

51.5 (rat)b
(22)

12.8 (rat)b
(1)

19.1 (rat)b
(-21)

Structure A
11 – – (-3) (0) (6) (-4)

12 – – (-10) (11) (6) (3)

13 – – (-12) (12) (-3) (-3)

14 – – (-13) (15) (-10) (-15)

15

 

– – (-19)
>100 (rat)b

(31)
>100 (rat)b

(-4)
1.5 (rat)b

(9)

16 – – (3) 5.62 ± 0.72 (-21) (3)

17 – – (-1) (15) 1.64 ± 0.26 (-11)

18 – – (-8)
0.328 (rat)b

(34)
19.1 (rat)b

(-9)
2.22 (rat)b

(3)

19 – – (0) (13) 4.72 ± 0.40 (-35)

20
PSB-16131

– – (-7) 0.539 ± 0.290 (-5) (6)

Structure B
21 H F H (-8) (15) (0) (-1)
22 H Br H (-4) (12) 8.96 ± 1.08 (-26)
23 H I H (0) (21) (2) (4)
24 H NO2 H (-32) (19) 15.3 ± 2.5 (3)
25 H H NH2 (-19) (17) (-25) (-12)
26 H CO2H H (-17) (2) 3.10 ± 0.45 (-17)
27 H H (-1) (12) (11) (4)

28 H H (-2) (7) (-9) (1)

29 H H (-4) (5) (-3) (-4)

(Continued)
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TABLE 1 | Continued

IC50 ± SEM (mM)a (or % inhibition at 2 mM concentration)

NTPDase1 NTPDase2 NTPDase3 NTPDase8
Compd. R1 R2 R3

30 H H (-6) (7) 1.52 ± 0.28 (-11)

31 H NH2 SO3H (-15) (1) 4.26 ± 0.54 (-19)
32 H SO3H NH2 (10) (5) 1.73 ± 0.55 (-20)
33
PSB-2046

H CO2H OH (-12) (12) 0.723 ± 0.032 (-9)

34 Cl Cl H (1) (16) (-2) (7)
35 CO2H F H (-21) (-3) (32) (-10)
36 CO2H H Cl (-20) (-2) 4.04 ± 0.47 (-17)
37 F H OH (-8) (5) (-12) (-6)
38 CH3 H Cl (2) 5.45 ± 0.70 (9) (-1)
39 H

 

H (36) 3.59 ± 0.85 13.1 ± 1.65 (28)

40 H H (12) 1.11 ± 0.06 (18) (9)

41 H H (1) 0.984 ± 0.327 (10) (6)

42
PSB-1011

H SO3H (-2) (10) 0.390 ± 0.041 (-7)

43 H H (7) 1.32 ± 0.05 (3) (3)

44 H H (15) 0.934 ± 0.136 (7) (6)

45 H H (52) 1.08 ± 0.08 (42) (21)

46 H H (33) 1.73 ± 0.29 (21) (10)

47 H H (34) 0.951 ± 0.225 (16) (4)

48
PSB-2020

H Cl (29) 0.551 ± 0.195 (20) (14)

49 H H (46) 1.28 ± 0.34 (36) (27)

50 H H (38) 1.13 ± 0.27 (34) (17)

(Continued)
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(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W,
120°C, 10 min. Analytical data: blue powder (44.3% yield), mp
>300°C. 1H NMR (500 MHz, DMSO-d6): d 4.52 (d, J = 4.1 Hz,
2H, -CH2OH), 5.30 (t, J = 5.0 Hz, 1H, -CH2OH), 7.23 (m, 3H, 3′-
H, 5′-H, 6′-H), 7.34 (td, J = 7.7, 1.6 Hz, 1H, 4′-H), 7.50 (dd, J =
7.6, 1.5 Hz, 1H, 3-H), 7.84 (m, 2H, 6-H, 7-H), 8.26 (m, 2H, 5-H,
8-H), 11.94 (s, 1H, 4-NH). 13C NMR (126 MHz, DMSO-d6): d
60.59, 109.31, 111.72, 123.37, 123.96, 124.69, 126.07, 126.15,
128.10, 129.15, 132.85, 133.19, 133.80, 134.31, 135.79, 137.78,
141.26, 142.65, 144.41, 181.95, 182.34. LCMS (m/z): 423.1 [M –
Na]–. Purity by HPLC-UV(220–700 nm)-ESI-MS 100%.
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Sodium 1-amino-4-(3-(hydroxymethyl)phenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (28)
Reaction conditions according to general procedure A: Compound
10a (0.1213 g, 0.3 mmol), 3-aminobenzyl alcohol (0.0738 g, 0.6
mmol), a buffer solution of Na2HPO4 (pH 9.6) (5.0 mL) and
NaH2PO4 (pH 4.2) (1.0 mL), and copper metal (0.003–0.005 g,
0.05–0.08 mmol). MW conditions: 100 W, 120°C, 10 min.
Analytical data: blue powder (67.7% yield), mp >300°C. 1H
NMR (500 MHz, DMSO-d6): d 4.52 (d, J = 3.7 Hz, 2H, –
CH2OH), 5.24 (t, J = 5.7 Hz, 1H, –CH2OH), 7.15 (m, 2H, 5′-H,
6′-H), 7.21 (s, 1H, 2′-H), 7.39 (t, J = 7.7 Hz, 1H, 3′-H), 7.85 (m,
TABLE 1 | Continued

IC50 ± SEM (mM)a (or % inhibition at 2 mM concentration)

NTPDase1 NTPDase2 NTPDase3 NTPDase8
Compd. R1 R2 R3

51 H H (51) 0.832 ± 0.053 (44) (27)

Structure C
52 Br CO2H – (-2) (-5) (1) (3)
53 Br C2H5 – (-4) (5) (-2) (-4)
54 CH3 F – (-4) (7) (-2) (-2)
55 CH3 OCH3 – (-6) (3) (0) (-2)
56 CH3 C2H5 – (-3) (6) (-1) (-3)
Structure D
57 SO3H F H (14) (-6) (9) (-1)
58 SO3H CO2H OH (1) (5) (32) (5)
Anthraquinones as Selective Inh
Augu
bitors for NTPDase2 and NTPDase3
st 2020 | Volume 11
aIC50 values for potent inhibitors are highlighted in bold. bBaqi et al., 2009b. Data are from at least three separate experiments.
SCHEME 2 | Synthesis of deaminated anilinoanthraquinone derivatives 57 and 58a. aReagents and conditions: (i) NaNO2, HCl (1 M), 0−5°C, 5 min; (ii) Zn (10 equiv.),
ethanol, rt, 30 s; for R1, R2, and R3, see Table 1.
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2H, 6-H, 7-H), 7.99 (s, 1H, 3-H), 8.27 (m, 2H, 5-H, 8-H), 12.06 (s,
1H, 4-NH). 13C NMR (126 MHz, DMSO-d6): d 62.73, 109.23,
111.39, 121.37, 121.55, 122.74, 122.92, 126.08, 126.16, 129.46,
132.88, 133.27, 133.73, 134.29, 139.19, 141.21, 142.97, 144.46,
144.71, 181.90, 182.53. LCMS (m/z): 423.1 [M – Na]–. Purity by
HPLC-UV(220–700 nm)-ESI-MS 100%.

Sodium 1-amino-4-(4-(hydroxymethyl)phenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (29)
Reaction conditions according to general procedure A:
Compound 10a (0.1213 g, 0.3 mmol), 4-aminobenzyl alcohol
(0.0738 g, 0.6 mmol), a buffer solution of Na2HPO4 (pH 9.6) (5.0
mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal (0.003–
0.005 g, 0.05–0.08 mmol). MW conditions: 100 W, 120°C,
10 min. Analytical data: blue powder (50.9% yield), mp >300°C.
1H NMR (500 MHz, DMSO-d6): d 4.51 (d, J = 5.2 Hz, 2H, –
CH2OH), 5.19 (t, J = 5.8 Hz, 1H, –CH2OH), 7.24 (m, 2H, 3′-H, 5′-
H), 7.39 (m, 2H, 2′-H, 6′-H), 7.84 (m, 2H, 6-H, 7-H), 7.98 (s, 1H, 3-
H), 8.27 (m, 2H, 5-H, 8-H), 12.06 (s, 1H, 4-NH). 13C NMR (126
MHz, DMSO-d6): d 62.73, 109.21, 111.20, 122.78, 123.34, 126.06,
126.16, 128.03, 132.87, 133.23, 133.75, 134.29, 137.77, 139.24,
141.43, 143.00, 144.43, 181.87, 182.40. LCMS (m/z): 423.1 [M –
Na]–. Purity by HPLC-UV(220–900 nm)-ESI-MS 98%.

Sodium 1-amino-4-(3-(carboxymethyl)phenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (30)
Reaction conditions according to general procedure A: Compound
10a (0.1213 g, 0.3 mmol), 3-aminophenylacetic acid (0.0906 g, 0.6
mmol), a buffer solution of Na2HPO4 (pH 9.6) (5.0 mL) and
NaH2PO4 (pH 4.2) (1.0 mL), copper metal (0.003–0.005 g, and
0.05–0.08 mmol). MW conditions: 100 W, 120°C, 10 min.
Analytical data: blue powder (73% yield), mp >300°C. 1H NMR
(500MHz, DMSO-d6): d 3.40 (s, 2H, -CH2CO2H), 7.07 (m, 2H, 4′-
H, 6′-H), 7.18 (s, 1H, 2′-H), 7.31 (t, J = 7.8 Hz, 1H, 5′-H), 7.83 (m,
2H, 6-H, 7-H), 8.02 (s, 1H, 3-H), 8.27 (m, 2H, 5-H, 8-H), 10.11 (s,
1H, -CH2CO2H), 12.08 (s, 1H, 4-NH). 13C NMR (126 MHz,
DMSO-d6): d 43.74, 109.23, 111.29, 120.49, 122.96, 124.25, 125.76,
126.09, 126.16, 129.11, 132.87, 133.24, 133.76, 134.28, 138.84,
141.24, 142.93, 144.44, 150.43, 173.43, 181.89, 182.46. LCMS (m/
z): 451.4 [M – Na]–, 453.3 [M – Na]+. Purity by HPLC-UV(220–
700 nm)-ESI-MS 100%.

Sodium 1-amino-4-(2,3-dichlorophenylamino)-9,10-dioxo-
9,10-dihydroanthracene-2-sulfonate (34)
Reaction conditions according to general procedure A:
Compound 10a (0.3639 g, 0.9 mmol), 2,3-dichloroaniline
(0.4374 g, 2.7 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W,
120°C, 10 min. Analytical data: blue powder (20% yield), mp
>300°C. 1H NMR (500 MHz, DMSO-d6): d 7.40 (m, 3H, 4′-H, 5′-
H, 6′-H), 7.86 (m, 2H, 6-H, 7-H), 7.93 (s, 1H, 3-H), 8.27 (m, 2H,
5-H, 8-H), 11.90 (s, 1H, 4-NH). 13C NMR (126 MHz, DMSO-
d6): d 109.75, 113.86, 121.13, 123.01, 124.14, 125.11, 126.22,
126.25, 128.64, 132.84, 133.10, 133.40, 133.79, 134.26, 138.08,
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139.08, 142.39, 144.85, 182.30, 183.86. LCMS (m/z): 461.1 [M –
Na]–, 463.1 [M – Na]+. Purity by HPLC-UV(220–700 nm)-ESI-
MS 100%.

Sodium 1-amino-4-(2-carboxy-3-fluorophenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (35)
Reaction conditions according to general procedure A:
Compound 10a (0.1213 g, 0.3 mmol), 2-amino-6-fluorobenzoic
acid (0.0930 g, 0.6 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W,
120°C, 10 min. Analytical data: blue powder (40.1% yield),
mp >300°C. 1H NMR (500 MHz, DMSO-d6): d 6.78 (t, J =
8.6 Hz, 1H, 6′-H), 6.94 (d, J = 8.0 Hz, 1H, 4′-H), 7.15 (m, 1H, 5′-
H), 7.81 (m, 2H, 6-H, 7-H), 8.10 (s, 1H, 3-H), 8.26 (m, 2H, 5-H,
8-H), 12.07 (s, 1H, 4-NH). 13C NMR (126 MHz, DMSO-d6): d
109.66, 109.89, 110.08, 113.17, 116.81, 124.44, 126.03, 126.25,
127.21, 132.80, 133.11, 133.84, 134.20, 138.60, 139.02, 141.95,
144.57, 158.56, 160.49, 166.00, 181.84, 182.19. LCMS (m/z):
455.2 [M – Na]–, 457.3 [M – Na]+. Purity by HPLC-UV(220–
700 nm)-ESI-MS 98%.

Sodium 1-amino-4-(2-fluoro-4-hydroxyphenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (37)
Reaction conditions according to general procedure A:
Compound 10a (0.1213 g, 0.3 mmol), 4-amino-3-fluorophenol
(0.0762 g, 0.6 mmol), a buffer solution of Na2HPO4 (pH 9.6) (5.0
mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal (0.003–
0.005 g, 0.05–0.08 mmol). MW conditions: 100 W, 120°C,
10 min. Analytical data: blue powder (38.4% yield), mp >300°C.
1H NMR (500 MHz, DMSO-d6): d 6.72 (m, 2H, 4′-H, 5′-H), 7.23
(s, 1H, 3′-H), 7.58 (d, J = 1.7 Hz, 1H, 3-H), 7.84 (m, 2H, 6-H, 7-H),
8.27 (m, 2H, 5-H, 8-H), 11.68 (s, 1H, 4-NH). 13C NMR (126MHz,
DMSO-d6): d 103.65, 103.82, 110.51, 112.18, 117.38, 122.18, 126.06,
126.16, 128.64, 132.85, 133.21, 133.71, 134.30, 142.94, 143.25,
144.12, 157.03, 158.34, 181.86, 182.50. LCMS (m/z): 427.3 [M –
Na]–, 429.2 [M – Na]+. Purity by HPLC-UV(220–900 nm)-ESI-
MS 97%.

Sodium 1-amino-4-(3-(phenylsulfanyl)phenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (41)
Reaction conditions according to general procedure A:
Compound 10a (0.1213 g, 0.3 mmol), 3-(phenylsulfanyl)aniline
(0.0664 g, 0.33 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W,
120°C, 7 min. Analytical data: blue powder (14.7% yield), mp
>300°C. 1H NMR (500 MHz, DMSO-d6): d 7.07 (m, 1H, 6′-H),
7.12 (t, J = 1.9 Hz, 1H, 2′-H), 7.18 (dd, J = 7.8, 1.9 Hz, 1H, 4′-H),
7.34 (m, 1H, 5′-H), 7.45 (m, 5H, 2″-H, 3″-H, 4″-H, 5″-H, 6″-H),
7.85 (m, 2H, 6-H, 7- H), 8.01 (s, 1H, 3-H), 8.25 (m, 2H, 5-H, 8-
H), 11.84 (s, 1H, 4-NH). 13C NMR (126 MHz, DMSO-d6): d
109.24, 112.04, 121.11, 122.70, 123.10, 125.00, 125.92, 126.00,
127.94, 129.79, 130.59, 131.82, 132.78, 133.13, 133.25, 133.43,
134.08, 137.12, 139.86, 140.44, 142.58, 144.41, 181.88, 182.72.
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LCMS (m/z): 501.0 [M – Na]–, 503.2 [M – Na]+. Purity by
HPLC-UV(220–700 nm)-ESI-MS 99.4%.

Sodium 1-amino-4-[4-(4-chlorophenylthio)phenylamino]-
9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (45)
Reaction conditions according to general procedure A: Compound
10a (0.1213 g, 0.3 mmol), 4-(4-chlorophenylsulfanyl)aniline
(0.0778 g, 0.33 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W, 120°C,
8 min. Analytical data: blue powder (6% yield), mp >300°C. 1H
NMR (500 MHz, DMSO-d6): d 7.30 (m, 2H, 2′-H, 6′-H), 7.32 (m,
2H, 3″-H, 5″-H), 7.42 (m, 2H, 3′-H, 5′-H), 7.46 (m, 2H, 2″-H, 6″-
H), 7.86 (m, 2H, 6-H, 7-H), 8.07 (s, 1H, 3-H), 8.27 (m, 2H, 5-H, 8-
H), 11.91 (s, 1H, 4-NH). 13C NMR (126MHz, DMSO-d6): d 109.40,
112.62, 123.00, 125.96, 126.03, 127.22, 129.36, 130.82, 131.44,
132.84, 133.34, 133.42, 133.83, 134.08, 135.46, 139.19, 139.95,
142.45, 144.55, 181.96, 182.92. LCMS (m/z): 535.0 [M – Na]–,
536.1 [M – Na]+. Purity by HPLC-UV(220–400 nm)-ESI-MS 99%.

Sodium 1-amino-4-[4-(4-methoxyphenylthio)phenylamino]-
9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (47)
Reaction conditions according to general procedure A: Compound
10a (0.1213 g, 0.3 mmol), 4-(4-methoxyphenylsulfanyl)aniline
(0.0763 g, 0.33 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W, 120°C,
10 min. Analytical data: blue powder (14.2% yield), mp >300°C. 1H
NMR (500 MHz, DMSO-d6): d 3.79 (s, 3H, –OCH3), 7.01 (m, 2H,
2′-H, 6′-H), 7.23 (s, 4H, 2″-H, 3″-H, 5″-H, 6″-H), 7.44 (m, 2H, 3′-H,
5′-H), 7.85 (m, 2H, 6-H, 7-H), 7.99 (s, 1H, 3-H), 8.26 (m, 2H, 5-H,
8-H), 11.95 (s, 1H, 4-NH). 13C NMR (126 MHz, DMSO-d6): d
55.26, 109.21, 111.78, 115.36, 122.71, 123.54, 123.77, 125.92, 126.01,
129.91, 132.43, 132.77, 133.20, 133.48, 134.08, 134.70, 137.83,
140.16, 142.62, 144.39, 159.55, 181.82, 182.55. LCMS (m/z): 531.1
[M – Na]–, 532.2 [M – Na]+. Purity by HPLC-UV(220–400 nm)-
ESI-MS 98.9%.

Sodium 1-amino-4-(3-chloro-4-phenylsulfanyl)-
phenylamino-9,10-dioxo-9,10-dihydroanthracene-2-
sulfonate (48)
Reaction conditions according to general procedure A: Compound
10a (0.1213 g, 0.3 mmol), 3-chloro-4-(phenylsulfanyl)aniline
(0.0778 g, 0.33 mmol), a buffer solution of Na2HPO4 (pH 9.6)
(5.0 mL) and NaH2PO4 (pH 4.2) (1.0 mL), and copper metal
(0.003–0.005 g, 0.05–0.08 mmol). MW conditions: 100 W, 120°C,
8 min. Analytical data: blue powder (6.5% yield), mp >300°C. 1H
NMR (500 MHz, DMSO-d6): d 7.21 (dd, J = 8.5, 2.3 Hz, 1H, 6′-H),
7.25 (d, J = 8.5 Hz, 1H, 5′-H), 7.34 (m, 3H, 3″-H, 4″-H, 5″-H), 7.42
(m, 2H, 2″-H, 6″-H), 7.51 (d, J = 2.2 Hz, 1H, 2′-H), 7.86 (m, 2H, 6-
H, 7-H), 8.03 (s, 1H, 3-H), 8.25 (m, 2H, 5-H, 8-H), 11.68 (s, 1H, 4-
NH). 13C NMR (126 MHz, DMSO-d6): d 109.60, 113.55, 121.02,
122.52, 123.29, 125.99, 126.05, 126.99, 127.60, 129.71, 130.51, 132.92,
133.33, 133.49, 133.64, 133.69, 134.06, 135.28, 138.17, 140.95,
142.21, 144.71, 182.12, 183.21. LCMS (m/z): 535.0 [M – Na]–,
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536.1 [M – Na]+. Purity by HPLC-UV(220–700 nm)-ESI-
MS 97.7%.

1-Amino-2-bromo-4-(3-ethylphenylamino)anthracene-9,10-
dione (53)
Reaction conditions according to general procedure B:
Compound 10b (0.1143 mg, 0.3 mmol, 1 equiv.), 3-ethylaniline
(0.5453 mg, 4.5 mmol, 15 equiv.), copper(I) acetate (0.0037 mg,
10 mol%) and potassium acetate (0.066 mg, 0.68 mmol) at 110°C
for 2 h. Analytical data: dark blue powder (57.6% yield), mp =
229–230°C. 1H NMR (500 MHz, Chloroform-d): d 1.29 (t, J = 7.6
Hz, 3H, –CH2-CH3), 2.68 (q, J = 7.6 Hz, 2H, –CH2-CH3), 7.05 (d,
1H, 4′-H), 7.10 (m, 2H, 2′-H, 6′-H), 7.33 (m, 1H, 5′-H), 7.76 (m,
2H, 6-H 7-H), 7.88 (s, 1H, 3-H), 8.35 (m, 2H, 5-H, 8-H), 11.90 (s,
1H, 4-NH). 13C NMR (126 MHz, Chloroform-d): d 15.65, 28.94,
111.50, 111.73, 121.23, 122.93, 123.61, 124.79, 126.51, 126.76,
127.74, 129.68, 133.09, 133.15, 133.90, 134.45, 139.47, 142.81,
143.07, 146.32, 183.77, 183.88. LC-MS (m/z): 419.2 [M – H]–,
421.2 [M + H]+. Purity by HPLC-UV(254 nm)-ESI-MS 95%.

4-(3-Fluorophenylamino)-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonic acid (57)
Reaction conditions according to general procedure C:
Compound 21 (0.0434, 0.1 mmol) was dissolved in 5 mL of 1
M HCl then cooled down to 0–5°C in an ice bath. Subsequently
NaNO2 (14 mg, 0.2 mmol) dissolved in water (0.5 mL) was
added portion-wise, and the mixture was stirred for 5 min. It was
then warmed up to rt followed by the addition of ethanol (5 mL)
and zinc (65 mg, 1 mmol, 10 equiv.) and left stirring at rt for 30 s.
Analytical data: dark violet powder (75% yield), mp >300°C. 1H
NMR (600 MHz, DMSO-d6): d 7.06 (td, J = 8.6, 2.5 Hz, 1H, 5′-
H), 7.22 (m, 2H, 4′-H, 6′-H), 7.50 (m, 1H, 2′-H), 7.79, 7.85 (2 d,
J = 1.5 Hz, each 1H, 1-H, 3-H), 7.89, 7.93 (2 td, J = 7.5, 1.5 Hz,
each 1H, 6-H, 7-H), 8.19, 8.24 (2 dd, J = 7.7, 1.3 Hz, 1H, each 1H,
5-H, 8-H), 11.20 (s, 1H, 4-NH). 13C NMR (151 MHz, DMSO-
d6): d 110.34, 110.50, 111.64, 111.78, 114.12, 115.71, 116.23,
119.36, 119.38, 126.69, 126.84, 131.44, 131.51, 132.67, 134.16,
134.35, 134.47, 134.86, 141.12, 141.19, 147.90, 154.52, 162.16,
163.78, 182.48, 184.68. LCMS (m/z): 396.0 [M – H]–, 398.1 [M +
H]+. Purity by HPLC-UV(220–800 nm)-ESI-MS 99%.
Malachite Green Assay to Investigate
NTPDase Inhibitors
Membrane preparations expressing human NTPDase1, -2, -3, or
-8, respectively, were obtained as previously described (Sévigny
et al., 1997; Cogan et al., 1999; Kukulski et al., 2005; Lecka et al.,
2013; Lee et al., 2018). Enzyme inhibition assays were performed
using the malachite green assay in analogy to published
procedures with some modifications (Dou et al., 2018). The
reaction buffer contained 10 mM HEPES, 2 mM CaCl2, and 1
mMMgCl2 (pH 7.4) in a final volume of 50 mL in transparent 96-
well half-area plates. The compounds were initially tested at a
final concentration of 2 µM using a COS-7-cell membrane
preparation expressing the appropriate NTPDase isoenzyme
(protein amount: 143 ng for NTPDase1, 175 ng for NTPDase2,
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152 ng for NTPDase3, and 175 ng for NTPDase8). Preincubated
of the enzyme preparations was perfomred at 37°C in the presence
or absence of test compounds with gentle shaking (Eppendorf
Thermomixer comfort at 500 rpm) for 5 min. The reaction was
initiated by the addition of 50 µM ATP [Km (CD39) = 17 µM] for
NTPDase1 or 100 µM ATP for NTPDase2, -3, and -8 [Km

(NTPDase2) = 70 µM; Km (NTPDase3) = 75 µM; Km

(NTPDase8) = 46 µM] (Kukulski et al., 2005). After 15 min of
incubation at 37°Cwith gentle shaking, the reactionwas stopped by
the addition of the detection reagents (20 µL malachite green
solution, 0.6 mM, and 30 µL of ammonium molybdate solution,
20 mM, in 1.5 M sulfuric acid). The released inorganic phosphate
was quantified after 20 min of gentle shaking at 25°C bymeasuring
the absorption of the malachite green-phosphomolybdate complex
at 600 nm using a BMG PheraStar FS plate reader (BMG Labtech
GmbH, Ortenberg, Germany). The corrected absorption was
calculated by subtracting the absorption of the negative control
samples, which were incubated with previously denatured enzyme
(90°C, 15 min). Full concentration-inhibition curves were
determined with inhibitor concentrations ranging from 0.03 to 30
µM in the presence of 2% DMSO. Inhibition-type experiments
were performedwith 25, 50, 100, 150 and 200 µMATP as substrate
for NTPDase2 in the presence of inhibitor 20 (0, 0.25, 0.5, and
1µM)and25, 50, 100and150µMATPsubstrate forNTPDase3and
compound 42 (0.25, 0.5, and 1 µM). For all of the presented data, at
least three independent experiments were performed, and IC50

values were calculated by GraphPad Prism 8 software.
RESULTS AND DISCUSSION

A library of 48 anthraquinone derivatives was synthesized and
tested at human NTPDase1, -2, -3, and -8, which are ecto-
enzymes hydrolyzing extracellular nucleotides, using the
malachite green assay. Subsequently, inhibition curves for
compounds showing above 50% inhibition at 2 µM test
concentration were determined.
Chemistry
The target compounds (11–58) were synthesized as depicted in
Schemes 1 and 2. The syntheses of compounds 11–22, 24–26,
31–33, 36, 38–40, 42–44, 46, 49–52, 54–56, and 58 had been
previously described (Baqi and Müller, 2007; Weyler et al., 2008;
Baqi et al., 2009b; Baqi et al., 2010; Baqi and Müller, 2010; Baqi
et al., 2011; Baqi and Müller, 2012; Fiene et al., 2016; Malik et al.,
2016). In addition to previously reported AQ derivatives, a series
of 14 new compounds (23, 27–30, 34, 35, 37, 41, 45, 47, 48, 53,
and 57) was prepared. Condensation of sodium 1-amino-4-
bromo-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (R1 =
SO3Na, 10a, Scheme 1), 1-amino-2,4-dibromo-9,10-dioxo-
9,10-dihydroanthracene (R1 = Br, 10b, Scheme 1), or 1-amino-
4-bromo-2-methyl-9,10-dioxo-9,10-dihydroanthracene (R1 =
CH3, 10c, Scheme 1) with the appropriate (ar)alkylamine or
aniline derivatives yielded the target compounds in satisfactory
Frontiers in Pharmacology | www.frontiersin.org 1047
to excellent isolated yields. Anthraquinones 11–51 bearing a
sulfonate substitution at the 2-position were synthesized starting
from compound 10a in sodium phosphate buffer (pH 6−7) in the
presence of a catalytic amount of elemental copper (Cu0) under
microwave reaction conditions at 80−120°C for 5–24 min (Baqi
and Müller, 2007; Baqi and Müller, 2010).

Compounds 52–56, bearing a bromo or methyl residue at
the 2-position, were synthesized starting from 10b or 10c,
respectively, with excess of the appropriate aniline derivatives
(15 eq.) under argon in the presence of potassium acetate and
copper(I) acetate (CuOAc) as a catalyst, upon heating at 110°C
for 2–15 h (Scheme 1).

In order to investigate the role of the amino group at the 1-
position of the anthraquinone moiety, two anilinoanthraquinone
derivatives (21 and 33) were treated with sodium nitrite in
hydrochloric acid solution (1 M) at 0–5°C for 5 min, then
allowed to warm up to room temperature, followed by the
addition of ethanol and an excess of zinc powder (10 equiv.) to
achieve deamination within 30 seconds (Baqi and Müller, 2012),
affording the desired products 57 and 58 in excellent yields
(Scheme 2).
Biological Studies
Inhibition of human NTPDases was performed using the
malachite green assay, which was established on a robotic
system (Z’ factors > 0.70) (Baykov et al., 1988; Fiene et al.,
2015). The malachite green assay enables the detection of the
phosphate produced by the enzymatic hydrolysis of nucleotides.
A fixed substrate concentration of 50 µM ATP for NTPDase1
and 100 µM for NTPDase2, -3, and -8 was employed. Test
compounds were initially screened at a concentration of 2 mM.
For compounds that showed about 50% inhibition or more,
concentration-dependent inhibition curves were determined,
and IC50 values were calculated. A total of 48 synthesized
anthraquinone derivatives including 14 new compounds not
previously described in the literature were evaluated for their
inhibitory activity at human NTPDase1, -2, -3, and -8 (for results
see Table 1).
Structure-Activity Relationships (SARs)
The anthraquinone derivative reactive blue-2 (RB-2 (5), Figure 1
and Table 1) showed the highest potency at NTPDase3 (IC50 of
0.942 µM) followed by NTPDase2 and was inactive at NTPDase8
(Table 1). RB-2 is a relatively large molecule (molecular weight
of >800 g/mol) with high polarity bearing three negatively
charged sulfonate (SO3Na) groups. Therefore, smaller and less
polar anthraquinone derivatives were designed, synthesized, and
evaluated as NTPDases inhibitors (seeTable S1 in Supplementary
Materials for clogD values of all anthraquinone derivatives
discussed in the present study).

In our previous study, we had investigated a smaller series of
anthraquinone derivatives at ecto-NTPDases of rat, which had
led to the identification of PSB-071 (6) bearing a m-methyl
substituent on the 4-anilino group. This inhibitor was slightly
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selective for rat NTPDase2 (12.8 mM) (Baqi et al., 2009b; Zebisch
et al., 2014) vs. rat NTPDase1 and -3, while in the present study,
it showed no significant inhibitory activity on all tested human
NTPDases (compound 6, Table 1), except for NTPDase2, at
which it displayed very moderate potency.

Introducing of an (ar)alkyl group, such as propyl (11), benzyl
(12) and phenethyl (13) at the 4-amino group of 1-amino-2-
sulfoanthraquinone abolished the inhibitory activity on all tested
NTPDases (entry 3–5, Table 1). Moreover, unsubstituted
aromatic rings, such as phenyl, 1-naphthyl and 2-naphthyl, 14,
15, and 18 (Table 1), all showed no inhibitory activity as well.
The naphthylamino-substituted anthraquinone derivatives 15
and 18 had shown good potency in our previous study at rat
NTPDase3 (both) and at rat NTPDase1 (compound 18)
indicating considerable species differences between rat and
human NTPDases.

Interestingly, a combination between structures of 1-naphthyl
and 2-naphthyl resulting in phenanthryl derivative 20, yielded a
potent inhibitor of NTPDase2 which displayed no activity vs.
NTPDase1, -3, and -8 at the tested concentration. This is
probably due to the presence of a large lipophilic pocket present
in human NTPDase2. This presence of a lipophilic pocket in
NTPDase2 was confirmed with compound 16 (IC50 of 5.62 µM,
Table 1), which is bearing an extra lipophilicmethyl group in the 2-
position of the 1-naphthylmoiety; again, this compoundwas found
to be selective vs. the other investigated human NTPDases (-1, -3,
and -8). Introduction of polar and negatively charged groups,
SO3H (17) or CO2H (19) on the naphthyl moiety shifted the
inhibitory activity towards human NTPDase3.

In the next step, we introduced different substituents on phenyl
ring D (compounds 21–38, Table 1). Mono-substitution of the
aromatic ring D with Br (22), NO2 (24), CO2H (26), or CH2CO2H
(30) in the meta-position led to selective inhibition of NTPDase3,
while other mono-substitutions includingm-F, p-NH2, o-CH2OH,
m-CH2OH, and p-CH2OH resulted in no inhibition at all tested
NTPDases. On the other hand, di-substitution with polar
functions, e.g., NH2, SO3H, and OH, on the meta- and
Frontiers in Pharmacology | www.frontiersin.org 1148
para-position of the phenyl ring restored the inhibitory potency
towards NTPDase2, especially compound 33 showing inhibitory
potency at submicromolar concentration. Any polar substituent in
the ortho-position and in combination with a substituent in the
meta- or para-position led to inactive derivatives. The
introduction of lipophilic substituents in the ortho- and para-
position shifted the inhibitory potency towards NTPDase2, see
compound 38 (Table 1).

Next, we introduced an additional aromatic residue, ring E.
Lipophilic substitution in themeta- and para-position resulted in
moderate to good potency at NTPDase2 (39–41 and 43–51,
Table 1), with potencies reaching the submicromolar range (IC50

of 0.551 mM, 48), while a m-dichlorotriazinyl moiety in
combination with a p-SO3H group furnished the most potent
compound of the present anthraquinone series at NTPDase3 (42,
IC50 of 0.390 mM, Table 1).

Any modification on the anthraquinone moiety, such as
removal of the amino group in position 1 or replacement of
the sulfonate function in position 2 of the anthraquinone core by
bromo or methyl abolished the inhibitory activity (see
compounds 52–58, Table 1).

Concentration−response curves for selected potent
anthraquinone derivatives 20, 44, 48, and 51 on NTPDase2 and
for 17, 30, 33, and 42 on NTPDase3 are depicted in Figure 2.

The most potent inhibitors were found to be selective vs.
other tested human NTPDases. For examples, the NTPDase2
inhibitors 20 and 44 were found to be selective vs. NTPDase1, -3,
and -8, while the other two most potent NTPDase2 inhibitors 48
and 51 showed lower selectivity (Figure 3). The identified
NTPDase3 inhibitors 17, 30, 33 and 42 were selective vs.
NTPDase1, -2, and -8 (Figure 3).

The SARs for human NTPDase2 and -3 are summarized in
Figure 4. Large and lipophilic substituents have led to selectivity
for NTPDase2 (Figure 4A), while smaller and polar substituent
have provided selectivity for NTPDase3 (Figure 4B).

We previously published articles highlighting the fact that the
anthraquinone scaffold represents a privileged scaffold in
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FIGURE 2 | Concentration-inhibition curves of selected anthraquinone derivatives (A) determined using the malachite green assay on recombinant human
NTPDase2 expressed in COS7 cell membrane preparations. ATP at a concentration of 100 µM (Km = 70 µM) was used as substrate and (B) determined using the
malachite green assay on recombinant human NTPDase3 expressed in COS7 cell membrane preparations. ATP at a concentration of 100 µM (Km = 75 µM) was
used as substrate. Data points shown are mean values of at least three independent experiments. IC50 values are collected in Table 1.
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FIGURE 3 | Selectivity of selected anthraquinone derivatives on different human NTPDase ecto-enzymes determined using the malachite green assay. Shown are
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FIGURE 4 | Summary of SARs of anthraquinone derivatives (A) at human NTPDase2 and (B) at human NTPDase3.
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medicinal chemistry targeting different nucleotide-binding
proteins including ecto-5’-nucleotidase, P2Y12 and P2X2
receptors (Baqi, 2016; Malik and Müller, 2016). However, this
does not mean that potent compounds are non-selective. In fact,
selectivity for specific targets has been achievable (Baqi et al.,
2009a; Baqi, 2016; Malik and Müller, 2016; Rafehi et al., 2017a;
Rafehi et al., 2017b). Compounds that are highly potent at a
specific target typically also have shown selectivity. In a study
published in 2010, we reported the first SARs of anthraquinone
derivatives as inhibitors of rat ecto-5’-nucleotidase (CD73) (Baqi
et al., 2010). The observed SARs were clearly different from the
SARs of anthraquinone derivatives as NTPDase inhibitors. For
example, compound 15 displayed an IC50 of 0.53 µM at rat
CD73 but was virtually inactive at NTPDases, while compound
20, found to be a potent inhibitor of human NTPDase2 in the
present study, was shown to be only weakly active against CD73
(58% inhibition at 1 mM concentration) (Baqi et al., 2010). The
compounds have not yet been tested at alkaline phosphatase, but
this enzyme has a very high Km value for adenine nucleotides,
and its significance in the context of extracellular nucleotide
metabolism and signaling in inflammation is therefore
questionable. Nevertheless, ancillary activities of NTPDase
inhibitors as blockers of CD73 or alkaline phosphatase would
not be detrimental, but might even enhance their over-all effects
leading to an accumulation of immunostimulatory, pro-
inflammatory nucleotides while inhibiting the final production
of immunosuppressive adenosine. Future studies might therefore
be directed at multi-target drugs inhibiting more than one
single ectonucleotidase.

Mechanism of Enzyme Inhibition
In previous studies at rat NTPDase2 and -3, selected small 1-
amino-4-anilino-2-sulfoanthraquinone derivatives were found
to display a competitive inhibition mechanism (Baqi et al.,
2009b; Zebisch et al., 2014). In the present study at human
NTPDases, the most potent inhibitors at NTPDase2, compound
Frontiers in Pharmacology | www.frontiersin.org 1350
20, and at NTPDase3, compound 42, were investigated with
regard to their inhibition mechanism (see Figure 5).

NTPDase2 inhibitor 20 displayed non-competitive inhibition,
while the larger NTPDase3 inhibitor 42 showed a mixed
inhibition type. Together with previous results (Baqi et al.,
2009b; Zebisch et al., 2014), these data show that anthraquinone
derivatives may inhibit NTPDase isoenzymes with different
inhibition mechanisms depending on the compound’s
substitution pattern and perhaps also the NTPDase subtype and
the species.
CONCLUSIONS

Ectonucleoside triphosphate diphosphohydrolase (E-NTPDase)
plays a major role in controlling extracellular nucleotide levels.
NTPDase inhibitors have potential as novel drugs, for example,
for the treatment of inflammation, neurodegenerative diseases
and cancer. In the present study, we synthesized and investigated
a series of 48 anthraquinone derivatives as potential inhibitors of
NTPDases, 14 of which are novel compounds. The synthesized
compounds showed no inhibitory activity on NTPDase1 (CD39)
or NTPDase8, while potent inhibitors for NTPDase2 or -3 were
identified. The most potent inhibitors exhibited selectivity
for either NTPDase2 or -3. It was noticed that human
NTPDase2 features a lipophilic pocket that accommodates
polynuclear-aromatic rings such as phenanthryl or naphthyl
bearing lipophilic substituents such as chloro or methyl. In
contrast, NTPDase3 was found to accommodate smaller
hydrophilic functions such as hydroxyl, carboxyl or sulfonate.
These NTPDase3-inhibitors were selective (>10-fold) vs. other
NTPDases. Although inhibitors bearing polar sulfonate
functions cannot be expected to be brain-penetrant, they will
be useful tools for studying peripheral effects, or maybe even
used to study central effects after direct application to the brain.
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FIGURE 5 | (A) Hanes-Woolf plot for NTPDase2 inhibition by 20, determined using the malachite green assay and recombinant human NTPDase2 expressed in
COS7 cell membranes. ATP at concentrations of 25, 50, 100, 150 and 200 µM (Km = 70 µM) was used as a substrate. Data points shown are the mean values
± SEM of at least three independent experiments, each performed in triplicates (n = 3). (B) Hanes-Woolf plot for NTPDase3 inhibition by 42, determined using the
malachite green assay and recombinant human NTPDase3 expressed in COS7 cell membranes. ATP at concentrations of 25, 50, 100, and 150 µM (Km = 75 µM)
was used as a substrate. Data points shown are the mean values ± SEM of at least three independent experiments, each performed in triplicates (n = 3).
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Nucleotide Analog ARL67156 as a
Lead Structure for the Development
of CD39 and Dual CD39/CD73
Ectonucleotidase Inhibitors
Laura Schäkel1†, Constanze C. Schmies1†, Riham M. Idris1, Xihuan Luo1,
Sang-Yong Lee1, Vittoria Lopez1, Salahuddin Mirza1, The Hung Vu1, Julie Pelletier2,
Jean Sévigny2,3, Vigneshwaran Namasivayam1 and Christa E. Müller1*

1 PharmaCenter Bonn, Pharmaceutical Institute, Pharmaceutical Sciences Bonn (PSB), Pharmaceutical & Medicinal
Chemistry, University of Bonn, Bonn, Germany, 2 Centre de Recherche du CHU de Québec – Université Laval, Québec City,
QC, Canada, 3 Départment de Microbiologie-Infectiologie et d’Immunologie, Faculté de Médecine, Université Laval, Quebec
City, QC, Canada

Nucleoside triphosphate diphosphohydrolase1 (NTPDase1, CD39) inhibitors have
potential as novel drugs for the (immuno)therapy of cancer. They increase the
extracellular concentration of immunostimulatory ATP and reduce the formation of AMP,
which can be further hydrolyzed by ecto-5’-nucleotidase (CD73) to immunosuppressive,
cancer-promoting adenosine. In the present study, we synthesized analogs and derivatives
of the standard CD39 inhibitor ARL67156, a nucleotide analogwhich displays a competitive
mechanism of inhibition. Structure-activity relationships were analyzed at the human
enzyme with respect to substituents in the N6- and C8-position of the adenine core, and
modifications of the triphosph(on)ate chain. Capillary electrophoresis coupled to laser-
induced fluorescence detection employing a fluorescent-labeled ATP derivative was
employed to determine the compounds’ potency. Selected inhibitors were additionally
evaluated in an orthogonal, malachite green assay versus the natural substrate ATP. The
most potent CD39 inhibitors of the present series were ARL67156 and its derivatives 31
and 33 with Ki values of around 1 µM. Selectivity studies showed that all three nucleotide
analogs additionally blocked CD73 acting as dual-target inhibitors. Docking studies
provided plausible binding modes to both targets. The present study provides a full
characterization of the frequently applied CD39 inhibitor ARL67156, presents structure-
activity relationships, and provides a basis for future optimization towards selective CD39
and dual CD39/CD73 inhibitors.

Keywords: ARL67156, CD39, CD73, docking, dual-target inhibitors, ecto-5’-nucleotidase, nucleoside triphosphate
diphosphohydrolase1 (NTPDase1), nucleotides
in.org September 2020 | Volume 11 | Article 1294153

https://www.frontiersin.org/articles/10.3389/fphar.2020.01294/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01294/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01294/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01294/full
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:christa.mueller@uni-bonn.de
https://doi.org/10.3389/fphar.2020.01294
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.01294
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.01294&domain=pdf&date_stamp=2020-09-08


Schäkel et al. Nucleotide Analogs Inhibiting CD39
INTRODUCTION

Nucleoside triphosphate diphosphohydrolase1 (NTPDase1,
CD39, EC 3.6.1.5) catalyzes the hydrolysis of extracellular
nucleoside tri- and diphosphates producing the corresponding
monophosphates (Zimmermann et al., 2012). CD39 is
membrane-bound and often co-localized with ecto-5’-
nucleotidase (CD73), another ectonucleotidase that further
hydrolyzes the nucleoside monophosphates to the
corresponding nucleosides (Flögel et al., 2012; Augusto et al.,
2013; Bastid et al., 2015). The main substrate of CD39 is ATP
which is cleaved via ADP to AMP, while AMP acts as the main
substrate of CD73 which catalyzes its hydrolysis to adenosine
(see Figure 1).

Many tumor cells overexpress ectonucleotidases (De Marchi
et al., 2019; Horenstein et al., 2019) which metabolize
proinflammatory ATP to immunosuppressive, angiogenic, pro-
metastatic, and tumor growth-promoting adenosine (Vitiello
et al., 2012). Inhibition of CD39 could reduce the production
of cancer-promoting adenosine, e.g. in the tumor micro-
environment, and increase the concentration of immuno-
stimulatory ATP. Due to its pathophysiological role, CD39
represents a promising potential drug target that requires,
however, further validation. For this purpose, potent, selective,
and metabolically stable inhibitors need to be identified. Besides
selective CD39 inhibitors, dual inhibition of CD39 and CD73 is
of interest and may be synergistic since the substrate of CD73,
extracellular AMP, may additionally be formed by alternative
ectonucleotidases, such as nucleotide pyrophosphatase/
phosphodiesterase1 (NPP1) (Lee and Müller, 2017; Lee
et al., 2017a).

Up to now, only moderately potent and/or non-selective
CD39 inhibitors are available. These can be divided into (i)
nucleotide derivatives and analogs, e.g. N6-diethyl-b,g-
dibromomethylene-ATP (ARL67156, I) and 8-butylthio-AMP
(8-BuS-AMP, II), and (ii) non-nucleotides, including the
sulfonate dyes reactive blue 2 (RB-2) and related
anthraquinone derivatives (e.g. III), polyoxometalates (e.g.
PSB-POM-142, IV), and tryptamine-derived imines (e.g. V)
(Crack et al., 1995; Müller et al., 2006; Lévesque et al., 2007;
Baqi et al., 2009; Lecka et al., 2013; Lee et al., 2015; Kanwal et al.,
2019). A selection of the most potent CD39 inhibitors described
so far is depicted in Figure 2.

The nucleotide-based competitive CD39 inhibitor N6-diethyl-
b,g-dibromomethylene-ATP (ARL67156) was developed by
Fisons Laboratories (now AstraZeneca, Loughborough, UK) as
Abbreviations: ADT, AutoDockTools; CE, capillary electrophoresis; DCM,
dichloromethane; DMSO, dimethyl sulfoxide; DAD, diode array detector; CD39,
nucleoside triphosphate diphosphohydrolase1; CD73, ecto-5’-nucleotidase; ESI,
electrospray ionization; FPLC, fast protein liquid chromatography; HEPES, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid; HPLC, high performance liquid
chromatography; LIF, laser-induced fluorescence; MS, mass spectrometry; MGL,
Molecular Graphics Laboratory; DMF, N,N-dimethylformamide; NMR, nuclear
magnetic resonance; NTPDase1, nucleoside triphosphate diphosphohydrolase1;
NPP1, nucleotide pyrophosphatase/phosphodiesterase1; SAR(s), structure-activity
relationship(s); TEAC, triethylammonium hydrogencarbonate; TLC, thin
layer chromatography.
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a probe to study ecto-nucleotidases and purinoceptors (Crack
et al., 1995). The nucleotide analog was proposed to be relatively
stable towards hydrolysis by ectonucleotidases (CD39;
NTPDase2,-3,-8; CD73; NPP1; NPP3) because the cleavage site
is blocked by replacement of the b,g-oxygen atom of the ATP
triphosphate chain by a dibromomethylene moiety yielding a
phosphonate linkage (Lévesque et al., 2007). ARL67156 (I) was
shown to competitively inhibit the mouse and human forms of
CD39 [Ki (human) 11 mM], NTPDase3 [Ki (human) 18 mM], and
NPP1 [Ki (human) 12 mM], but was reported to have a weaker
effect on NTPDase2, NTPDase8, NPP3, and CD73 (Lévesque
et al., 2007). Furthermore, in contrast to other NTPDase
inhibitors, ARL67156 had no significant effect on P2 receptors
due to di-substitution of the exocyclic amino group (Robson
et al., 2006). ARL67156 is currently the only commercially
available CD39 inhibitor, claimed to be metabolically stable
and CD39-selective, and it is therefore frequently used for in
vitro as well as in vivo studies despite its moderate potency
(Mandapathil et al., 2010; Zhou et al., 2014; Li et al., 2015).
Metabolic stability of ARL67156 has not been sufficiently studied
to date, and structure-activity relationships (SARs) are
largely unknown.

In this study, we characterized the CD39 inhibitor ARL67156
(I) and used it as a lead structure for studying the SARs of ATP
analogs and derivatives as inhibitors of CD39 and other ecto-
nucleotidases. Derivatization in the N6- and 8-position of the
adenine ring, as well as replacement of the di-bromomethylene
bridge were performed. Selectivity versus a broad range of ecto-
nucleotidases and metabolic stability were determined for
ARL67156 and selected potent inhibitors. Finally, we performed
docking studies to facilitate future drug design efforts.
MATERIALS AND METHODS

Syntheses
Materials and Instruments
All reagents were commercially obtained from various producers
(Acros, Fluorochem, Merck, Carbosynth, Santa Cruz, Sigma
Aldrich, and TCI) and used without further purification, unless
otherwise stated. Commercial solvents of reagent grade were used
without additional purification or drying. 8-Bromoadenosine was
synthesized according to a published procedure (Bhattarai et al.,
2015). Reactions were monitored by thin layer chromatography
(TLC) using Merck silica gel 60 F254 aluminum sheets and
dichloromethane (DCM)/methanol (9:1 or 3:1) as the mobile
phase. The TLC plates were analyzed by ultraviolet (UV) light at
a wavelength (l) of 254 nm. Column chromatography was carried
out on silica gel 0.040–0.060 mm, pore diameter ca. 6 nm. Anion
exchange chromatography was performed on a fast protein liquid
chromatography (FPLC) instrument (ÄKTA FPLC, from
Amersham Biosciences) with a HiPrep Q Fast Flow sepharose
column, 16 x 100 mm (GE Healthcare Life Sciences). Elution of
the nucleoside triphosphate analogs was achieved with a linear
gradient (5–100%, 0.5 M aqueous ammonium bicarbonate buffer
in water, 8 column volumes, flow 1 ml/min). The neutral
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impurities (e.g. nucleosides) eluted first, followed by charged
species (mono-, and finally triphosphate analogs). Semi-
preparative high performance liquid chromatography (HPLC)
was performed on a Knauer Smartline 1050 HPLC system
equipped with a Eurospher-100 C18 column, 250 x 20 mm,
particle size 10 mm. The UV absorption was detected at 254 nm.
Fractions were collected, and appropriate fractions were pooled,
diluted with water, and lyophilized several times, using a CHRIST
Frontiers in Pharmacology | www.frontiersin.org 355
ALPHA 1-4 LSC freeze dryer, to remove the NH4HCO3 buffer,
yielding the nucleotides as white powders. Mass spectra were
recorded on an API 2000 mass spectrometer (Applied Biosystems,
Darmstadt, Germany) with a turbo ion spray ion source coupled
with an Agilent 1100 HPLC system (Agilent, Böblingen,
Germany) using an EC50/2 Nucleodur C18 Gravity 3 mm
column (Macherey-Nagel, Düren, Germany), or on a
micrOTOF-Q mass spectrometer (Bruker, Köln, Germany) with
FIGURE 2 | Chemical structures and reported potencies of selected CD39 inhibitors.
FIGURE 1 | Consecutive hydrolysis of ATP to adenosine by cleaving the terminal phosphate group and releasing inorganic phosphate (Pi), catalyzed by the enzymes
CD39 and CD73.
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an ESI-source coupled with an HPLC Dionex Ultimate 3000
(Thermo Scientific, Braunschweig, Germany) using an EC50/2
Nucleodur C18 Gravity 3 mm column (Macherey-Nagel, Düren,
Germany). All compounds containing Br atoms (14–16 and 24–
38) showed the expected typical isotope distribution pattern (see
Figures S6 and S7). UV absorption was detected from 220 to 400
nm using a diode array detector (DAD). Nuclear magnetic
resonance (NMR) spectra were recorded on Bruker Avance 500
and Ascend 600 MHz spectrometers. DMSO-d6, CD3OD, or D2O
were used as solvents. 31P-NMR spectra were recorded at 25°C,
and phosphoric acid was used as an external standard. For spectra
recorded in D2O, 3-(trimethylsilyl)propionic acid sodium salt-d4
was used as an external standard. When DMSO-d6 was used,
spectra were recorded at 30°C. Shifts are given in ppm relative to
the external standard (in 31P-NMR) or relative to the remaining
protons of the deuterated solvent used as internal standard (1H-,
13C-NMR). Coupling constants are given in Hertz (Hz). The
designation used to assign the peaks in the spectra is as follows:
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad
(br). Melting points were determined on a Büchi 530melting point
apparatus and are uncorrected.

Synthetic Procedures
General Procedure for the Synthesis of Compounds 2–7
To 6-chloro-9-(b-D-ribofuranosyl)purine (1, 0.5 g, 1.7 mmol, 1.0
eq) in absolute ethanol (15 ml) the appropriate alkylamine and
Et3N (0.1 ml, 1.6 mmol, 0.9 eq) were added. The reaction
mixture was refluxed for 6–36 h followed by evaporation of the
solvent. Yields for intermediate products 3–6 were estimated to
be above 70%; however exact yields were not determined because
they were used without drying and desalting for the subsequent
step; only a small amount was purified for analytical purposes.

(2R,3R,4S,5R)-2-(6-(Diethylamino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol (2)
The compound was synthesized using N,N-diethylamine (0.3 ml,
3.4 mmol, 2.0 eq) and purified by silica gel column
chromatography (CH3OH/DCM 2:23) yielding a white powder
(0.50 g, 100%). 1H-NMR (500 MHz, DMSO-d6) d 8.34 (s, 1H,
NCH=N) 8.19 (s, 1H, NCH=N) 5.89 (d, 1H, J = 6.04 Hz, CHN)
5.39 (d, 1H, J = 6.19 Hz, CHOH) 5.33 (dd, 1H, J = 4.59, 7.02 Hz,
CH2OH) 5.13 (d, 1H, J = 4.61 Hz, CHOH) 4.58 (q 1H, J =
6.04 Hz, CHOH) 4.14 (td, 1H, J = 3.36, 4.82 Hz, CHOH) 4.03 [br
s, 4H, N(CH2CH3)2] 3.95 (q, 1H, J = 3.54 Hz, CHCH2) 3.66–3.54
(d m, 2H, CHCH2) 1.19 [t, 6H, J = 6.95 Hz, N(CH2CH3)2].

13C-
NMR (125 MHz, DMSO-d6) d 153.27, 151.95, 150.06, 138.96,
119.47,87.94, 85.91, 73.57, 70.70, 61.73, 42.56, 13.48. LC/ESI-MS
(m/z): positive mode 324.1 [M+H]+. Purity determined by
HPLC-UV (254 nm)-ESI-MS: 99.2%. mp: 180°C.

(2R,3R,4S,5R)-2-(6-(Dimethylamino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol (3)
The compound was synthesized using N,N-dimethylamine
(0.1 ml, 1.75 mmol, 1.0 eq) and purified by silica gel column
chromatography (CH3OH/DCM 1:49) yielding a white powder
(0.52 g). 1H-NMR (500 MHz, DMSO-d6) d 8.35 (s, 1H, N=CHN)
8.20 (s, 1H, N=CHN) 5.90 (d, 1H, J = 5.97 Hz, CHN) 5.39 (d, 1H,
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J = 6.17 Hz, CHOH) 5.32 (dd, 1H, J = 4.62, 6.95 Hz, CH2OH)
5.13 (d, 1H, J = 4.78 Hz, CHOH) 4.56 (q, 1H, J = 5.99 Hz,
CHOH) 4.14 (m, 1H, CHCH2) 3.95 (q, 1H, J = 3.55 Hz, CHOH)
3.66–3.55 (d m, 2H, CHCH2) 3.45 [br s, 6H, N(CH3)2].

13C-
NMR (125 MHz, DMSO-d6) d 154.46, 151.82, 150.05, 138.69,
119.94, 87.94, 85.88, 73.64, 70.65, 61.68, 11.57. LC/ESI-MS (m/z):
positive mode 296.0 [M+H]+. Purity determined by HPLC-UV
(254 nm)-ESIMS: 98%. mp: 186°C (lit. 184°C) (Čechová
et al., 2011).

(2R,3R,4S,5R)-2-(6-(Ethyl(methyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol (4)
The compound was synthesized using N-ethylmethylamine
(0.2 ml, 1.75 mmol, 1.0 eq) yielding a white powder (0.93 g).
1H-NMR (500 MHz, DMSO-d6) d 8.35 (s, 1H, N=CHN) 8.20 (s,
1H, N=CHN) 5.90 (d, 1H, J = 6.00 Hz, CHN) 5.39 (d, 1H, J =
6.19 Hz, CHOH) 5.32 (dd, 1H, J = 4.61, 6.96 Hz, CH2OH) 5.13
(d, 1H, J = 4.76 Hz, CHOH) 4.57 (q, 1H, J =5.99 Hz, CHOH) 4.14
(m, 1H, CHCH2) 4.04 (br s, 2H, NCH2) 3.95 (q, 1H, J = 3.51 Hz,
CHOH) 3.66–3.54 (d m, 2H, CHCH2) 3.39 (br s, 3H, NCH3) 1.17
(t, 3H, J = 7.00 Hz, CH3).

13C-NMR (125 MHz, DMSO-d6) d
153.82, 151.89, 150.02, 138.82, 119.69, 87.91, 85.88, 73.59, 70.66,
61.69, 44.78, 35.47, 12.56. LC/ESI-MS (m/z): positive mode 310.0
[M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS:
98.0%. mp: 101°C.

2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-(methyl(propyl)
amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (5)
The compound was synthesized using N-methylpropylamine
(0.18 ml, 1.75 mmol, 1.0 eq) and purified by silica gel column
chromatography (CH3OH/DCM 1:9) yielding a white powder
(0.66 g). 1H-NMR (500 MHz, DMSO-d6) d 8.35 (s, 1H, N=CHN)
8.19 (s, 1H, N=CHN) 5.89 (d, 1H, J = 5.97 Hz, CHN) 5.41 (d, 1H,
J = 6.16 Hz, CHOH) 5.33 (m, 1H, CH2OH) 5.14 (d, 1H, J =
4.64 Hz, CHOH) 4.57 (q, 1H, J = 5.76 Hz, CHOH) 4.14 (d, 1H,
J =3.62 Hz, CHOH) 3.95 (d, 1H, J = 3.13 Hz, CHCH2) 3.66–3.54
(d m, 2H, CHCH2) 3.16 (br s, 2H, NCH2) [signals underneath
previous peaks: (NCH3)] 1.64 (q, 2H, J = 7.30 Hz, CH2) 0.87 (t,
3H, J = 7.34 Hz, CH3).

13C-NMR (125 MHz, DMSO-d6) d
154.16, 151.88, 150.10, 138.79, 119.71, 87.92, 85.92, 73.62,
70.71, 61.74, 51.32, 48.75, 21.58, 11.06. LC/ESI-MS (m/z):
positive mode 324.1 [M+H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 97.7%. mp: 178°C.

(2R,3R,4S,5R)-2-(6-(Dipropylamino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol (6)
The compound was synthesized using N,N-dipropylamine
(0.25 ml, 1.75 mmol, 1.0 eq) and purified by silica gel column
chromatography (CH3OH/DCM 1:19) yielding a white powder
(0.65 g). 1H-NMR (500 MHz, DMSO-d6) d 8.35 (s, 1H, N=CHN)
8.18 (br s, 1H, N=CHN) 5.89 (d, 1H, J = 6.05 Hz, CHN) 5.40 (d,
1H, J = 5.91 Hz, CHOH) 5.33 (dd, 1H, J = 4.63, 6.97 Hz, CH2OH)
5.14 (d, 1H, J = 4.60 Hz, CHOH) 4.58 (q, 1H, J = 5.66 Hz,
CHOH) 4.13 (q, 1H, J = 4.53 Hz, CHOH) 4.06 [m, 4H, N(CH2)2]
3.95 (q, 1H, J = 3.50 Hz, CHCH2) 3.65–3.54 (d m, 2H, CHCH2)
1.64 [m, 4H, (CH2)2] 0.89 [t, 6H, J = 7.37 Hz, (CH3)2].

13C-NMR
(125 MHz, DMSO-d6) d 153.80, 151.88, 150.10, 138.89, 119.50,
87.92, 85.92, 73.56, 70.73, 61.92, 56.17, 48.74, 18.70, 11.18. LC/
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ESI-MS (m/z): positive mode 352.1 [M+H]+. Purity determined
by HPLC-UV (254 nm)-ESI-MS: 98.3%. mp: 145°C.

(2R,3R,4S,5R)-2-(6-(Ethyl(propyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol (7)
The compound was synthesized using N-ethylpropylamine
(0.2 ml, 1.75 mmol, 1.0 eq) and purified by silica gel column
chromatography (CH3OH/DCM 1:9) yielding a white powder
(0.38 g, 65%). 1H-NMR (500 MHz, CD3OD) d 8.15 (d, 2H, J =
2.01 Hz, 2x N=CHN) 5.93 (d, 1H, J = 6.55 Hz, CHN) 4.74 (dd,
1H, J = 5.15, 6.48 Hz, CHOH) 4.30 (dd, 1H, J = 2.45, 5.09 Hz,
CHCH2) 4.16 (q, 1H, J = 2.40 Hz, CHOH) 3.88–3.72 (d m, 2H,
CHCH2) overlapping with 4.10–3.72 (br s, 4H, 2x NCH2) 1.73
(m, 2H, CH2CH2CH3) 1.25 (t, 3H, J = 7.04 Hz, CH2CH3) 0.95 [t,
3H, J = 7.39 Hz, (CH2)2CH3].

13C-NMR (151 MHz, CD3OD) d
155.40, 152.72, 150.70, 140.17, 121.60, 91.21, 88.17, 75.17, 72.77,
63.58, 51.25, 44.72, 22.52, 13.90, 11.36. LC/ESI-MS (m/z):
positive mode 310.0 [M+H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 97.2%. mp: 160°C.

(2R,3R,4S,5R)-2-(6-(Benzylamino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol (8)
The compound was synthesized according to a published
procedure (Shimazaki et al., 1987) and purified by silica gel
column chromatography (CH3OH/DCM 1:9) yielding a white
powder (3.45 g, 96%). 1H-NMR (500 MHz, DMSO-d6) d: 8.36 (s,
1H, H-8), 8.19 (s, 1H, H-2), 7.33–7.17 (m, 5H, Harom.), 5.88 (d,
J = 6.1 Hz, 1H, H-1’), 5.39 (d, J = 6.2 Hz, 1H, OH-2’), 5.33 (dd, J =
7.1, 4.6 Hz, 1H, OH-5’), 5.13 (d, J = 4.7 Hz, 1H, OH-3’), 4.71 [s
(br), 2H, N-CH2], 4.61 (dd, J = 11.3, 6.0 Hz, 1H, H-2’), 4.14 (dd,
J = 8.2, 4.8 Hz, 1H, H-3’), 3.96 (dd, J = 3.5 Hz, 1H, H-4’), 3.68–
3.64 (m, 1H, H-5’a), 3.57–3.52 (m, 1H, H-5’b), (1H, NH not
visible). 13C-NMR (125 MHz, DMSO-d6) d: 154.7 (C-6, Cquat.),
152.5 (C-2, CH), 148.6 (C-4, Cquat.), 140.1 (Carom., Cquat.), 140.0
(C-8, CH), 128.3 (2 x Carom., CH), 127.2 (2 x Carom., CH), 126.7
(Carom., CH), 119.9 (C-5, Cquat.), 88.1 (C-1’, CH), 86.0 (C-4’, CH),
73.6 (C-2’, CH), 70.8 (C-3’, CH), 61.8 (C-5’, CH2), 43.0 (Cbenzyl,
CH2). LC-ESI-MS (m/z): positive mode 358 [M+H]+. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 98%. mp: 178–180°C.
(Lit. 184–186°C) (Shimazaki et al., 1987).

Synthesis of (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-
phenethylamino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol
(9)
The compound was synthesized according to a published
procedure (Shimazaki et al., 1987) and purified by silica gel
column chromatography (CH3OH/DCM 1:9) yielding a white
powder (3.21 g, 86%). 1H-NMR (500 MHz, DMSO-d6) d: 8.33 (s,
1H, H-8), 8.23 (s, 1H, H-2), 7.87 [s (br), 1H, NH], 7.29–7.16 (m,
5H, Harom.), 5.88 (d, J = 6.1 Hz, 1H, H-1’), 5.40 (d, J = 6.2 Hz, 1H,
OH-2’), 5.36 (dd, J = 7.2, 4.5 Hz, 1H, OH-5’), 5.14 (d, J = 4.6 Hz,
1H, OH-3’), 4.61 (dd, J = 6.2, 4.9 Hz, 1H, H-2’), 4.15 (dd, J = 4.8,
3.0 Hz, 1H, H-3’), 3.96 (dd, J = 3.5 Hz, 1H, H-4’), 3.71 [s (br), 2H,
N-CH2], 3.69–3.65 (m, 1H, H-5’a), 3.57–3.53 (m, 1H, H-5’b),
2.92 (t, J = 9.0 Hz, 2H, CH2-Ph).

13C-NMR (125 MHz, DMSO-
d6) d: 154.7 (C-6, Cquat.), 152.5 (C-2, CH), 148.5 (C-4, Cquat.),
139.9 (C-8, CH), 139.6 (Carom., Cquat.), 128.8 (2 x Carom., CH),
128.4 (2 x Carom., CH), 126.2 (Carom., CH), 119.9 (C-5, Cquat.),
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88.1 (C-1’, CH), 86.0 (C-4’, CH), 73.6 (C-2’, CH), 70.8 (C-3’,
CH), 61.8 (C-5’, CH2), 41.4 (N-CH2), 35.1 (CH2-Ph). LC-ESI-
MS (m/z): positive mode 372 [M+H]+. Purity determined by
HPLC-UV (254 nm)-ESI-MS: 96%. mp: 183–185°C. (Lit. 166–
168°C) (Shimazaki et al., 1987).

Synthesis of (2R,3R,4S,5R)-2-(6-amino-8-(butylthio)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydro-furan-3,4-diol
(12)
To a solution of 8-bromoadenosine (10, 0.5 g, 1.44 mmol, 1.0 eq) in
absolute ethanol, thiourea (0.2 g, 2.63 mmol, 1.8 eq) was added.
After 7 h of refluxing the solution was allowed to cool down and the
resulting precipitate was filtered off. The remaining filtrate was
evaporated yielding a yellow oil that was resuspended in a mixture
of H2O/EtOH 1:1. The solution was adjusted to basic pH with 2 M
NaOH. Butyl iodide (0.5 mL, 4.32 mmol, 3.0 eq) was added and the
reaction was stirred at rt for 2 h. After extraction with ethylacetate (3
x 100ml), the organic phase was evaporated. Purification by column
chromatography (8% MeOH in DCM) afforded the product as a
white solid (0.39 g, 76%) 1H-NMR (500 MHz, DMSO-d6) d 8.04 (s,
1H, NCH=N) 7.23 (s, 2H, NH2) 5.77 (d, 1H, J = 7.21 Hz, CHN) 5.59
(dd, 1H, J = 3.47, 8.81 Hz, CHOH) 5.36 (d, 1H, J = 6.14 Hz, CHOH)
5.14 (d, 1H, J = 4.54 Hz, CH2OH) 4.98 (dd, 1H, J = 6.14, 11.88 Hz,
CHCH2) 4.16 (m, 1H, CHOH) 3.96 (m, 1H, CHOH) 3.68–3.50 (d
m, 2H, CHCH2) 3.32–3.27 (d m, 2H overlapping with H2O peak,
SCH2) 1.68 (m, 2H, CH2) 1.41 (m, 2H, CH2) 0.90 (t, 3H, J = 7.27Hz,
CH2CH3).

13C-NMR (126 MHz, DMSO-d6) d 184.05, 154.67,
151.39, 150.56, 148.83, 119.74, 89.01, 86.72, 71.40, 71.12, 62.36,
32.22, 31.03, 21.32, 13.56. LC/ESI-MS (m/z): positive mode 356.2
[M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS:
99.0%. mp: 105°C (lit. 171.5°C) (Halbfinger et al., 1999).

Synthesis of (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-
(methylamino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (13)
To 6-chloro-9-(b-D-ribofuranosyl)purine (1, 2.0 g, 7.0 mmol) in
absolute ethanol (40 ml), 33 wt % methylamine in absolute ethanol
(0.9 ml, 21 mmol, 3 eq) and Et3N (2 ml, 14 mmol, 2 eq) were added.
After 4 h of refluxing, the solvent was evaporated. Column
chromatography (CH3OH/DCM 1:9) yielded the product as a
white powder (2.0 g, 100%). 1H-NMR (500 MHz, DMSO-d6) d
8.32 (s, 1H, NCH=N) 8.21 (br s, 1H, NCH=N) 7.77 (br s, 1H,
NHCH3) 5.87 (d, 1H, J = 6.17 Hz, CHN) 5.40 (br s, 1H, CHOH)
5.14 (br s, 1H, CHOH) 4.59 (t, 1H, J = 5.33 Hz, CHOH) 4.14 (dd,
1H, J = 3.21, 4.75 Hz, CHOH) 3.95 (q, 1H, J = 3.51 Hz, CHCH2)
3.66–3.54 (d m, 2H, CHCH2) 3.05 (m, 3H, NHCH3).

13C-NMR
(125 MHz, DMSO-d6) d 156.52, 152.46, 148.22, 139.74, 119.98,
88.05, 86.02, 73.65, 70.77, 61.79, 24.44. LC/ESI-MS (m/z): positive
mode 282.3 [M+H]+. Purity determined by HPLC-UV (254 nm)-
ESI-MS: 99.3%. mp: 132°C (lit. 130-132°C) (Čechová et al., 2011).

General Procedure for the Synthesis of 14–16
To a solution of N6-substituted adenosine (2, 3, or 13, 1.0 eq) in
0.1 M sodium acetate buffer pH 4.0 (15 ml) bromine (5.0 eq) was
added. The reaction was stirred at rt overnight and monitored by
TLC. The solution was decolorized by the addition of a 40%
solution of NaHSO3, and the pH of the solution was then
adjusted to 7 with 4-N aq. NaOH. The precipitate was filtered
off and washed with water.
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(2R,3R,4S,5R)-2-(8-Bromo-6-(methylamino)-9H-purin-9-
yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (14)
The compound was synthesized starting from 13 (1.96 g, 7.0 mmol,
1.0 eq) and afforded a white solid (0.60 g, 25%). 1H-NMR (500
MHz, DMSO-d6) d 8.20 (s, 1H, NCH=N) 8.02 (s, 1H, NH) 5.84 (d,
1H, J =7.08 Hz, CHN) 5.45 (q, 1H, J = 4.07 Hz, CHOH) 5.41 (d, 1H,
J = 6.77 Hz, CHOH) 5.19 (d, 1H, J = 4.60 Hz, CH2OH) 5.07 (dd, 1H,
J = 6.55, 11.33 Hz, CHCH2) 4.20 (m, 1H, CHOH) 3.97 (dd, 1H, J =
4.07, 5.66 Hz, CHOH) 3.69–3.49 (d m, 2H, CHCH2) 2.94 (s, 3H,
NHCH3).

13C-NMR (125 MHz, DMSO-d6) d 154.12, 152.58,
149.04, 126.87, 120.40, 90.57, 86.84, 71.34, 70.99, 62.24, 27.10. LC/
ESI-MS (m/z): positive mode 346.1 [M+H]+. Purity determined by
HPLC-UV (254 nm)-ESI-MS: 95.6%. mp: 228°C.

(2R,3R,4S,5R)-2-(8-Bromo-6-(dimethylamino)-9H-purin-9-
yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (15)
The compound was synthesized starting from 3 (2.0 g, 7.0 mmol,
1.0 eq) and afforded a white solid (0.60 g, 21%). 1H-NMR (500
MHz, DMSO-d6) d 8.18 (s, 1H, NCH=N) 5.84 (d, 1H, J =
6.47 Hz, CHN) 5.41 (overlapping q and d, 2H, 2x CHOH) 5.19
(d, 1H, J = 4.68 Hz, CH2OH) 5.08 (dd, 1H, J = 6.48, 11.80 Hz,
CHCH2) 4.21 (m, 1H, CHOH) 3.97 (m, 1H, CHOH) 3.70–3.49
(d m, 2H, CHCH2) 3.41 [br s, 6H, N(CH3)2].

13C-NMR (125
MHz, DMSO-d6) d 153.29, 151.72, 150.88, 126.06, 120.37, 90.68,
86.80, 71.12, 70.96, 62.25, 56.16, 18.68. LC/ESI-MS (m/z):
positive mode 374.2 [M+H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 96.6%. mp: 152°C.

(2R,3R,4S,5R)-2-(8-Bromo-6-(diethylamino)-9H-purin-9-
yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (16)
The compound was synthesized starting from 2 (1.919 g, 5.9
mmol, 1.0 eq) and afforded a white solid (0.52 g, 23%). 1H-NMR
(500 MHz, DMSO-d6) d 8.17 (s, 1H, N=CHN) 5.84 (d, 1H, J =
6.75 Hz, CHN) 5.45 (dd, 1H, J = 3.87, 8.57 Hz, CHOH) 5.42 (d,
1H, J = 5.89 Hz, CHOH) 5.20 (d, 1H, J = 4.40 Hz, CH2OH) 5.09
(q, 1H, J = 5.92 Hz, CHCH2) 4.19 (td, 1H, J = 2.45, 4.76 Hz,
CHOH) 3.97 (td, 1H, J = 2.97, 4.04 Hz, CHOH) 4.19–3.7 [br s,
4H, overlapping with previous peaks N(CH2CH3)2] 3.67–3.51 (d
m, 2H, CHCH2) 1.18 [t, 6H, J = 6.89 Hz, N(CH2CH3)2].

13C-
NMR (125 MHz, DMSO-d6) d 152.14, 151.88, 150.94, 126.35,
119.92, 90.70, 86.85, 71.08, 62.29, 56.19, 42.87, 18.70, 13.65. LC/
ESI-MS (m/z): positive mode 402.0 [M+H]+. Purity determined
by HPLCU-V (254 nm)-ESI-MS: 97.6%.

General Procedure for the Synthesis of Compounds 17–20
To the 8-bromo-N6-substituted adenosine derivatives 14–16 in
absolute ethanol (15 ml) the corresponding alkylamine and Et3N
(0.1 ml, 1.6 mmol, 0.9 eq) were added. The reaction mixture was
refluxed for 6–36 h followed by evaporation of the solvent.

(2R,3R,4S,5R)-2-(8-(Cyclopropylamino)-6-(methylamino)-
9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol
(17)
The compound was synthesized starting from 14 (0.5 g, 1.4
mmol, 1.0 eq), using cyclopropylamine (0.3 ml, 4.2 mmol, 3.0
eq). Purification by column chromatography (CH3OH/DCM
1:49) afforded the desired product as a yellow waxy residue
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(0.18 g, 37%). 1H-NMR (500 MHz, DMSO-d6) d 7.98 (s, 1H,
N=CHN) 7.05 (d, 1H, J = 2.63 Hz, NHCH3) 6.86 (q, 1H, J =
4.66 Hz, NHCH) 5.87 (d, 1H, J = 7.29 Hz, CHN) 5.82 (dd, 1H, J =
4.35, 6.07 Hz, NHCH) 5.15 (d, 1H, J = 6.68 Hz, CHOH) 5.08 (d,
1H, J = 4.35 Hz, CHOH) 4.58 (q, 1H, J = 6.98, 12.55 Hz, CH2OH)
4.32 (t, 1H, J = 4.96 Hz, CHCH2) 4.09 (m. 1H, CHOH) 3.94 (q,
1H, J =2.52 Hz, CHOH) 3.61 (m, 2H, CHCH2) 2.93 (d, 3H, J =
4.66 Hz, NHCH3) 0.66 (m, 2H, CH2) 0.45 (m, 2H, CH2).

13C-
NMR (125 MHz, DMSO-d6) d 152.26, 151.58, 148.87, 137.05,
117.62, 86.49, 85.75, 71.03, 70.84, 61.75, 25.01, 18.67, 6.83, 6.19.
LC-MS (m/z): positive mode 337.1 [M+H]+. Purity determined
by HPLC-UV (254 nm)-ESI-MS: 89.4%. mp: 219°C.

(2R,3R,4S,5R)-2-(8-(Butylamino)-6-(methylamino)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (18)
The compound was synthesized starting from 14 (0.4 g, 1.1
mmol, 1.0 eq) using N-butylamine (0.3 ml, 4.2 mmol, 3.0 eq).
Purification by column chromatography (CH3OH/DCM 1:9)
afforded the desired product as a slightly yellow solid (0.36 g,
93%). 1H-NMR (500 MHz, DMSO-d6) d 7.95 (s, 1H, N=CHN)
6.83 (t, 1H, J = 5.51 Hz, NHCH2) 6.77 (q, 1H, J = 4.74 Hz,
NHCH3) 5.89 (d, 1H, J = 7.69 Hz, CHN) 5.84 (br s, 1H, CH2OH)
5.19 (br s, 1H, CHOH) 5.11 (br s, 1H, CHOH) 4.62 (br s, 1H,
CHCH2) 4.11 (br s, 1H, CHOH) 3.95 (br d, 1H, J = 1.98 Hz,
CHOH) 3.62 (br s, 2H, CHCH2) 3.36 (m overlapping with H2O,
2H, NHCH2) 2.92 (d, 3H, J = 4.78 Hz, NHCH3) 1.56 (m, 2H,
CH2) 1.33 (m, 2H, CH2) 0.89 (t, 3H, J = 7.38 Hz, CH2CH3).

13C-
NMR (125 MHz, DMSO-d6) d 152.01, 151.35, 148.86, 148.59,
117.62, 86.45, 85.78, 71.09, 70.87, 61.79, 42.17, 31.00, 29.44,
27.44, 19.78, 13.19. LC/ESI-MS (m/z): positive mode 353.0
[M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS:
91.4%. mp: 202°C.

(2R,3R,4S,5R)-2-(8-(Butylamino)-6-(dimethylamino)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (19)
The compound was synthesized starting from 15 (0.5 g, 1.3
mmol, 1.0 eg) using butylamine (0.4 ml, 4.3 mmol, 3.2 eq).
Purification by column chromatography (CH3OH/DCM 1:24)
afforded the desired product as a slightly yellow solid (0.16 g,
33%). 1H-NMR (500 MHz, CD3OD) d 8.00 (s, 1H, NCH=N) 6.04
(d, 1H, J = 8.08 Hz, CHN) 4.76 (dd, 1H, J = 5.57, 7.43 Hz,
CHCH2) 4.32 (dd, 1H, J = 1.80, 5.60 Hz, CHOH) 4.16 (br d, 1H,
J = 1.80 Hz, CHOH) 3.88–3.81 (m, 2H, CHCH2) 3.47 [s, 6H,
N(CH3)2] 2.97 (t, 2H, J = 7.47 Hz, NHCH2) 1.71 (m, 2H, CH2)
1.46 (m, 2H, CH2) 1.02 (m, 3H, CH3).

13C-NMR (125 MHz,
CD3OD) d 152.09, 150.65, 150.06, 147.41, 118.20, 87.05, 86.16,
71.42, 71.36, 61.69, 42.00, 37.40, 31.16, 19.78, 12.79. LC-MS (m/z):
positive mode 235.2, 366.9 [M+H]+. Purity determined by
HPLC-UV (254 nm)-ESI-MS: 85.9%. mp: 119°C.

(2R,3R,4S,5R)-2-(6-(Diethylamino)-8-(methylamino)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (20)
The compound was synthesized starting from 16 (0.52 g, 1.30
mmol, 1.0 eq) using methylamine (8 M, 33% (w/w) in ethanol,
0.06 ml, 1.31 mmol, 1.0 eq). Purification by column
chromatography (CH3OH/DCM 2:23) afforded the desired
product as a white powder (0.30 g, 67%). 1H-NMR (500 MHz,
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DMSO-d6) d 7.94 (d, 1H, J = 0.97 Hz, N=CHN) 6.81 (q, 1H, J =
4.38 Hz, NHCH3) 5.87 (d, 1H, J = 7.23 Hz, CHN) 5.85 (m, 1H,
CH2OH) 5.17 (d, 1H, J = 6.63 Hz, CHOH) 5.05 (m, 1H, CHOH)
4.65 (q, 1H, J = 6.71 Hz, CHCH2) 4.11 (br s, 1H, CHOH) 3.95 (d,
1H, J = 1.96 Hz, CHOH) 3.87 [q, 4H, J = 6.09 Hz, N(CH2)2] 3.62
(m, 2H, CHCH2) 3.08 (q, 3H, J = 7.26 Hz, NCH3) 1.16 [m, 6H, N
(CH2CH3)2].

13C-NMR (125 MHz, DMSO-d6) d 151.00, 150.62,
150.51, 148.30, 117.27, 86.55, 85.77, 71.08, 70.81, 61.78, 45.90,
42.07, 28.98,14.04, 8.74. LC/ESI-MS (m/z): positive mode 352.9
[M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS:
98%. mp: 115°C.

Synthesis of (2R,3R,4S,5R)-2-(8-(Butylthio)-6-
(methylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetra-
hydrofuran-3,4-diol (21)
To a solution of 14 (0.5 g, 1.4 mmol, 1.0 eq) in absolute ethanol,
thiourea (0.2 g, 2.49 mmol, 1.8 eq) was added. After 7 h of
refluxing the solution was evaporated yielding a yellow oil that
was resuspended in a mixture of H2O/EtOH 1:1. The solution
was brought to basic pH with 2 M NaOH. 1-Iodobutane (0.5 ml,
4.32 mmol, 3.0 eq) was added and the reaction was stirred at rt
for 5 h. After extraction with ethyl acetate (3 x 100 ml), the
organic phase was evaporated. Purification by column
chromatography (CH3OH/DCM 1:24) afforded a white solid.
(0.21 g, 42%). 1H-NMR (500 MHz, DMSO-d6) d 8.13 (br s, 1H,
NCH=N) 7.63 (br s, 1H, NHCH3) 5.77 (d, 1H, J = 6.89 Hz, CHN)
5.62 (dd, 1H, J = 3.61, 8.93 Hz, CH2OH) 5.37 (d, 1H, J = 6.42 Hz,
CHOH) 5.16 (d, 1H, J = 4.29 Hz, CHOH) 4.98 (q, 1H, J =
6.50 Hz, CHCH2) 4.15 (m, 1H, CHOH) 3.96 (q, 1H, J = 3.70 Hz,
CHOH) 3.68–3.49 (d m, 2H, CHCH2) 3.26 (m, 2H, SCH2) 2.96
(br s, 3H, NHCH3) 1.67 (m, 2H, CH2) 1.40 (m, 2H, CH2) 0.89 (t,
3H, J = 7.38 Hz, CH2CH3).

13C-NMR (125 MHz, DMSO-d6) d
153.80, 151.47, 148.49, 128.29, 127.32, 89.04, 86.79, 71.54, 71.17,
62.41, 32.27, 31.11, 27.17, 21.37, 13.59. LC/ESI-MS (m/z):
positive mode 370.1 [M+H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 90.1%. mp: 144°C.

Synthesis of (2R,3R,4S,5R)-2-(8-(Butylthio)-6-
(diethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetra-
hydrofuran-3,4-diol (22)
Compound 16 (0.74 g, 1.83 mmol, 1.0 eq) was suspended in
absolute ethanol (5 ml) and the solution was alkalized with 2 M
NaOH. Butanethiol (0.4 ml, 3.7 mmol, 2.0 eq) was added and the
reaction mixture was stirred at rt for 5 days. After evaporation,
the crude product was subjected to silica gel chromatography.
However, separation of starting material and product was not
possible. Therefore, the mixture was purified by RP-HPLC (20–
100% CH3OH in H2O in 15 min, 20 ml/min) yielding the desired
product as a white powder (0.09 g, 12%). 1H-NMR (500 MHz,
DMSO-d6) d 8.10 (s, 1H, N=CHN) 5.72 (t, 1H, J = 6.89 Hz,
CHN) 5.60 (dd, 1H, J = 3.43, 8.71 Hz, CH2OH) 5.36 (d, 1H, J =
5.22 Hz, CHOH) 5.16 (m, 1H, CHOH) 4.98 (d, 1H, J = 5.24 Hz,
CHCH2) 4.15 (s, 1H, CHOH) 3.95 (m, 1H, CHOH) 4.15–3.65
[large bulb, 4H, underneath other peaks, N(CH2)2] 3.65–3.51 (d
m, 2H, CHCH2) 3.25 (m, 2H, SCH2) 1.72 (m, 2H, CH2) 1.40 (m,
2H, CH2) 1.19 [t, 6H, J = 6.69 Hz, N(CH2CH3)2] 0.89 [t, 3H, J =
Frontiers in Pharmacology | www.frontiersin.org 759
7.39 Hz, S(CH2)3CH3].
13C-NMR (125 MHz, DMSO-d6) d

151.78, 151.54, 150.81, 147.96, 119.80, 88.99, 86.78, 71.31,
71.16, 62.44, 42.61, 31.88, 31.39, 21.56, 13.60 [missing: N
(CH2CH3)2]. LC/ESI-MS (m/z): positive mode 412.0 [M+H]+.
Purity determined by HPLC-UV (254 nm)-ESI-MS: 98.5%. mp:
147°C.

Preparation of Triethylammonium Hydrogencarbonate
(TEAC) Buffer
A 1 M solution of TEAC was prepared by adding dry ice slowly
to a 1 M triethylamine solution in water for several hours until a
pH of approximately 7.4−7.6 was indicated using a pH meter.

General Procedure for the Synthesis of I and 24–38
Lyophilized adenosine derivatives and proton sponge (1.5 eq)
were dissolved in 5 ml of trimethyl phosphate under an argon
atmosphere at room temperature. The mixture was cooled to 0°C,
and phosphoryl chloride (0.1 ml, 1.3 mmol) was added dropwise.
After 5 h of stirring at 0°C, tributylamine (4 eq) and 0.5 M tri-N-
butylammonium dibromomethylenebisphosphonate solution in
DMF (2.5 eq) were added to the mixture simultaneously. After
30 min, a cold 0.5 M aqueous TEAC solution (20 ml, pH 7.4-7.6)
was added to the mixture and stirring was continued at room
temperature for 1 h. Trimethyl phosphate was extracted with tert-
butylmethylether (3 x 200 ml) and the aqueous solution was
lyophilized. The crude nucleoside triphosphate analogs were
purified by fast protein liquid chromatography (FPLC). After
equilibration of the column with deionized water, the crude
product was dissolved in deionized water and injected into
the column. The column was first washed with 5% 0.5 M
NH4HCO3 buffer to remove unbound components. Elution
started with a solvent gradient of 5-80% 0.5 M NH4HCO3

buffer over 8 column volumes followed by an isocratic phase
at 80% of 0.5 M NH4HCO3 buffer. Fractions were collected,
and appropriate fractions were pooled and lyophilized several
times. The monophosphate and the triphosphate analogs
were each purified by preparative HPLC (0–30% acetonitrile
in 50 mM NH4HCO3 buffer within 15 min, 20 ml/min).
Fractions were collected and appropriate fractions pooled
and lyophilized.

(Dibromo((((((2R,3S,4R,5R)-5-(6-(diethylamino)-9H-purin-
9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-
(hydroxy)-phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-
phosphonic Acid (I)
The compound was synthesized starting from 2 (0.32 g, 1.0
mmol, 1.0 eq) affording a white solid (0.03 g, 4%). 1H-NMR (500
MHz, D2O) d 8.43 (s, 1H, N=CHN) 8.14 (s, 1H, N=CHN) 6.11
(d, 1H, J = 5.83 Hz, CHN) 4.76 (d, 1H, J = 5.53 Hz, CHOH) 4.63
(m, 1H, CHOH) 4.40 (m, 1H, CHCH2) 4.33 (m, 2H, CHCH2)
3.85 [br s, 4H, N(CH2CH3)2] 1.24 [t, 6H, J = 7.07 Hz, N(CH3)2].
13C-NMR (125 MHz, D2O) d 156.09, 155.13, 152.30, 140.63,
121.34, 89.38, 86.70, 77.05, 73.12, 68.09, 57.61, 46.64, 15.47. 31P-
NMR (202 MHz, D2O) d 7.61 (d, 1P, J =13.94 Hz, Pg) 0.40 (dd,
1P, J = 13.66, 29.09 Hz, Pb) -10.61 (d, 1P, J = 29.33 Hz, Pa). LC/
ESI-MS (m/z): positive mode 719.9052 [M+H]+ (calcd.
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719.9054), and negative mode 717.8904 [M-H]-. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 97.5%. mp: 127°C.

(Dibromo((((((2R,3S,4R,5R)-5-(6-(dimethylamino)-9H-
purin-9-yl)-3,4-dihydroxytetrahydro-furan-2-yl)methoxy)-
(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-
phosphonic Acid (24)
The compound was synthesized starting from 3 (0.29 g, 1.0
mmol, 1.0 eq) affording a white solid (0.01 g, 1%). 1H-NMR (500
MHz, D2O) d 8.45 (s, 1H, N=CHN) 8.17 (s, 1H, N=CHN) 6.12
(d, 1H, J = 5.92 Hz, CHN) 4.78 (m, 1H overlapping with H2O,
CHCH2) 4.61 (dd, 1H, J = 3.60, 4.99 Hz, CHOH) 4.41 (m, 1H,
CHOH) 4.31 (m, 2H, CHCH2) 3.42 (br s, 6H, N(CH3)2).

13C-
NMR (125 MHz, D2O) d 156.66, 154.25, 152.05, 140.97, 121.92,
89.56, 86.89, 77.12, 73.26, 68.16, 51.04, 48.52, 41.92. 31P-NMR
(202 MHz, D2O) d 7.48 (d, 1P, J = 14.23 Hz, Pg) -0.73 (dd, 1P, J =
14.24, 27.90 Hz, Pb) -10.65 (d, 1P, J = 28.38 Hz, Pa). LC/ESI-MS
(m/z): positive mode 691.8745 [M+H]+ (calcd. 691.8742), and
negative mode 689.8587 [M-H]-. Purity determined by HPLC-
UV (254 nm)-ESI-MS: 99.7%. mp: 184°C.

(Dibromo((((((2R,3S,4R,5R)-5-(6-(ethyl(methyl)amino)-9H-
purin-9-yl)-3,4-dihydroxytetra-hydrofuran-2-yl)methoxy)-
(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-
phosphonic Acid (25)
The compound was synthesized starting from 4 (0.3 g, 1.0 mmol,
1.0 eq) affording a white solid (0.08 g, 12%). 1H-NMR (500 MHz,
D2O) d 8.41 (s, 1H, N=CHN) 8.11 (s, 1H, N=CHN) 6.10 (d, 1H,
J = 5.79 Hz, CHN) 4.76 (t, 1H, J = 4.99 Hz, CHOH) 4.61 (t, 1H, J =
3.49 Hz, CHOH) 4.40 (br s, 1H, CHCH2) 4.31 (m, 2H, CHCH2)
3.88 (br s, 2H, NCH2) 3.30 (br s, 3H, NCH3) 1.20 (t, 3H, J =
7.10 Hz, NCH2CH3).

13C-NMR (125MHz, D2O) d 156.57, 155.00,
152.16, 140.60, 121.57, 89.49, 86.73, 77.08, 73.13, 68.11, 59.78,
48.81, 39.25, 14.75. 31P-NMR (202 MHz, D2O) d 7.58 (d, 1P, J =
14.50 Hz, Pg) 0.22 (q, 1P, J = 14.29, 29.14 Hz, Pb) -10.62 (d, 1P, J =
29.27 Hz, Pa). LC/ESI-MS (m/z): positive mode 705.8896 [M+H]+

(calcd. 705.8898), and negative mode 703.8737 [M-H]-. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 100%. mp: 199°C.

(Dibromo((((((2R,3S,4R,5R)-3,4-dihydroxy-5-(6-(methyl-
(propyl)amino)-9H-purin-9-yl)tetra-hydrofuran-2-yl)-
methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)-
methyl)phosphonic Acid (26)
The compound was synthesized starting from 5 (0.32 g, 1.0
mmol, 1.0 eq) affording a white solid (0.06 g, 9%). 1H-NMR (500
MHz, D2O) d 8.43 (s, 1H, N=CHN) 8.15 (s, 1H, N=CHN) 6.12
(d, 1H, J = 5.96 Hz, CHN) 4.77 (d, 1H, J = 5.58 Hz, CHOH) 4.63
(t, 1H, J = 4.23 Hz, CHOH) 4.41 (br s, 1H, CHCH2) 4.36–4.24 (d
m, 2H, CHCH2) 3.90 (br s, 2H, NCH2) 3.55 (br s, 3H, NCH3)
1.69 (m, 2H, NCH2CH2) 0.89 (t, 3H, J = 7.40 Hz, CH2CH3).

13C-
NMR (125 MHz, D2O) d 157.07, 155.07, 152.33, 140.55, 121.69,
89.60, 86.82, 77.06, 73.22, 68.19, 58.70, 55.17, 39.98, 23.18, 12.99.
31PNMR (202 MHz, D2O) d 7.56 (d, 1P, J = 13.84 Hz, Pg) -0.23
(dd, 1P, J = 14.43, 29.03 Hz, Pb) -10.62 (d, 1P, J = 28.61 Hz, Pa).
LC/ESI-MS (m/z): positive mode 719.9050 [M+H]+ (calcd.
719.9055), and negative mode 717.8896 [M-H]-. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 95.6%. mp: 101°C.
Frontiers in Pharmacology | www.frontiersin.org 860
(Dibromo((((((2R,3S,4R,5R)-5-(6-(dipropylamino)-9H-
purin-9-yl)-3,4-dihydroxytetrahydro-furan-2-yl)methoxy)-
(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-
phosphonic Acid (27)
The compound was synthesized starting from 6 (0.35 g, 1.0
mmol, 1.0 eq) affording a white solid (0.06 g, 8%). 1H-NMR (500
MHz, D2O) d 8.43 (s, 1H, N=CHN) 8.15 (s, 1H, N=CHN) 6.12
(d, 1H, J = 5.88 Hz, CHN) 4.76 (d, 1H, J = 5.53 Hz, CHOH) 4.64
(m, 1H, CHOH) 4.40 (m, 1H, CHCH2) 4.36-4.26 (d m, 2H,
CHCH2) 3.81 [br s, 4H, N(CH2CH2CH3)2] 1.68 [m, 4H, N
(CH2CH2CH3)2] 0.91 [t, 6H, J = 7.40 Hz, N(CH2CH2CH3)2].
13C-NMR (125 MHz, D2O) d 156.76, 155.12, 152.44, 140.49,
121.54, 89.36, 86.77, 77.06, 73.10, 68.12, 53.51, 50.89, 23.47,
13.12. 31P-NMR (202 MHz, D2O) d 7.64 (d, 1P, J = 13.87 Hz, Pg)
0.78 (q, 1P, J = 13.82, 29.45 Hz, Pb) -10.59 (d, 1P, J = 29.59 Hz,
Pa). LC/ESI-MS (m/z): positive mode 747.9349 [M+H]+ (calcd.
747.9368), and negative mode 745.9222 [M-H]-. Purity
determined by HPLC-UV(254 nm)-ESI-MS: 97%. mp: 189°C.

(Dibromo((((((2R,3S,4R,5R)-5-(6-(ethyl(propyl)amino)-9H-
purin-9-yl)-3,4-dihydroxytetra-hydrofuran-2-yl)methoxy)-
(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-
phosphonic Acid (28)
The compound was synthesized starting from 7 (0.33 g, 1.0
mmol, 1.0 eq) affording a white solid (0.05 g, 6%). 1H-NMR (500
MHz, D2O) d 8.42 (s, 1H, N=CHN) 8.14 (s, 1H, N=CHN) 6.10
(d, 1H, J = 5.70 Hz, CHN) 4.75 (t, 1H, J = 5.41 Hz, CHOH) 4.63
(m, 1H, CHOH) 4.39 (s, 1H, CHCH2) 4.33 (m, 2H, CHCH2) 3.78
(br d, 4H, J = 56.7 Hz, N(CH2)2) 1.68 (m, 2H, NCH2CH2CH3)
1.20 (t, 3H, J = 7.05 Hz, CH3) 0.91 (t, 3 H, J =7.39 Hz, CH3).

13C-
NMR (125 MHz, D2O) d 156.41, 155.11, 152.37, 140.54, 121.41,
89.36, 86.32, 77.05, 73.16, 68.13, 61.65, 53.08, 47.05, 23.53, 15.39,
13.13. 31P-NMR (202 MHz, D2O) d 7.68 (d, 1P, J = 7.68 Hz, Pg)
1.10 (dd, 1P, J = 13.61, 29.77 Hz, Pb) -10.59 (d, 1P, J = 29.75 Hz,
Pa). LC/ESI-MS (m/z): positive mode 734.1371 [M+H]+ (calcd.
734.1373), and negative mode 731.9086 [M-H]-. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 97.1%. mp: 128°C.

(((((((2R,3S,4R,5R)-5-(6-(Benzylamino)-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)dibromomethyl)-
phosphonic Acid (29)
The compound was synthesized starting from 8 (0.36 g, 1.0 mmol,
1.0 eq) affording a white solid (0.001 g, recovered fromNMR). 1H-
NMR (600 MHz, D2O) d: 8.52 (s, 1H, H-8), 8.24 (s, 1H, H-2),
7.44–7.33 (m, 5H, Harom.), 6.15 (d, J = 6.6 Hz, 1H, H-1’), 4.84 (s
(br), 2H, N-CH2), 4.81 (t, J = 5.4 Hz, 1H, H-2’), 4.63 (dd, J = 5.4,
3.6 Hz, 1H, H-3’), 4.42 (m, 1H, H-4’), 4.36–4.32 (m, 1H, H-5’a),
4.28 – 4.24 (m, 1H, H-5’b), (OHs and NH are not visible). 13C-
NMR (125 MHz, D2O) d: 157.5 (C-6, Cquat.), 155.7 (C-2, CH),
142.3 (C-8, CH), 141.3 (C-4, Cquat.), 131.6 (2 x Carom., CH), 130.2
(Carom., CH), 129.7 (2 x Carom., CH), 124.7 (Carom., Cquat.), 121.8
(C-5, Cquat.), 117.8 (Br-C-Br), 89.5 (C-1’, CH), 87.0 (C-4’, CH),
77.2 (C-2’, CH), 73.3 (C-3’, CH), 68.2 (C-5’, CH2), 46.8 (Cbenzyl,
CH2).

31P-NMR (243 MHz, D2O) d: 7.67 (d, J = 14.34 Hz, 1P, Pg),
-0.45 (dd, J = 14.34, 28.43 Hz, 1P, Pb), -10.52 (d, J = 28.43 Hz, 1P,
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Pa). LC-ESI-MS (m/z): positive mode 753.7 [M+H]+. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 99.9%.

(Dibromo((((((2R,3S,4R,5R)-3,4-dihydroxy-5-(6-
(phenethylamino)-9H-purin-9-yl)tetrahydrofuran-2-yl)-
methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)-
methyl)phosphonic Acid (30)
The compound was synthesized starting from 9 (0.37 g, 1.0 mmol,
1.0 eq) affording a white solid (0.018 g, 4.8%). 1H NMR (600 MHz,
D2O) d 8.51 (s, 1H, C8-H), 8.22 (s, 1H, C2-H), 7.28 (s, 5H, aryl),
7.21 (s, 1H, NH), 6.09 (d, J = 5.7 Hz, 1H, C1′-H), 4.59 (t, J = 4.1 Hz,
1H, C3′-H), 4.41 (t, 1H, C4′-H), 4.35–4.28 (m, 2H, C5′-H), 3.87 (s,
2H, CH2), 3.01 (s, 2H, CH2),

13C NMR (151 MHz, D2O) d 143.24
(1C, Cq-aryl), 131.95 (2C, CH-aryl), 131.41 (1C, CH-aryl), 129.48
(1C, CH-aryl), 90.06 (1C, C1′), 86.95 (1C, C2′), 77.35 (1C, C3′),
73.18 (1C, C4′), 68.08 (1C, C5′). 31P NMR (243 MHz, D2O) d 7.59
(d, J = 14.7 Hz, Pg), -0.60 (dd, J = 28.7, 14.8 Hz, Pb), -10.50 (d, J =
28.2 Hz, Pa). LC-ESI-MS (m/z): positive mode 766.9 [M+H]+.
Purity determined by HPLC-UV (254 nm)-ESI-MS: 99.9%.

(((((((2R,3S,4R,5R)-5-(6-Amino-8-(butylthio)-9H-purin-9-
yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)dibromomethyl)-
phosphonic Acid (31)
The compound was synthesized starting from 12 (0.27 g, 0.76
mmol, 1.0 eq) affording a white solid (0.014 g, 2.5%). 1H-NMR
(500 MHz, D2O) d 8.17 (s, 1H, N=CHN) 6.10 (d, 1H, J = 6.23 Hz,
CHN) 5.19 (t, 1H, J = 6.19 Hz, CHOH) 4.61 (m, 1H, CHOH) 4.39
(dd, 1H, J = 6.34, 10.22 Hz, CHCH2) 4.33 (m, 2H, CHCH2) 3.29
(m, 2H, SCH2) 1.73 (m, 2H, CH2) 1.44 (m, 2H, CH2) 0.90 (t, 3H,
J = 7.39 Hz, CH3).

13C-NMR (125 MHz, D2O) d 155.14, 154.91,
153.42, 152.48, 121.74, 90.88, 86.35, 79.70, 72.54, 68.28, 57.53,
35.40, 33.48, 24.09, 15.69. 31P-NMR (202 MHz, D2O) d 7.46 (d,
1P, J =14.53 Hz, Pg) -0.69 (dd, 1P, J = 14.69, 29.01 Hz, Pb) -10.62
(d, 1P, J = 28.16 Hz, Pa). LC/ESI-MS (m/z): positive mode
751.8752 [M+H]+ (calcd. 751.8775), and negative mode
749.8619 [M-H]-. Purity determined by HPLC-UV (254 nm)-
ESI-MS: 100%. mp: 167°C.

(Dibromo((((((2R,3S,4R,5R)-5-(8-(cyclopropylamino)-6-
(methylamino)-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic-
Acid (32)
The compound was synthesized starting from 17 (0.14 g, 0.41
mmol, 1.0 eq) affording a white solid (7.0 mg, 2%). 1H-NMR
(500 MHz, D2O) d 8.16 (s, 1H, N=CHN) 5.96 (d, 1H, J = 7.36 Hz,
CHN) 4.63 (dd, 1H, J = 2.7, 5.7 Hz, CHCH2) 4.41 (m, 1H,
CHOH) 4.35 (br s, 1H, CHOH) 4.24 (d, 2H, J = 11.92 Hz,
CHCH2) 3.10 (s, 3H, NHCH3) 2.76 (m, 1H, NHCH) 0.88 (m, 2H,
CHCH2) 0.8–0.72 (d m, 2H, CHCH2).

13C-NMR (125 MHz,
D2O) d 155.34, 152.79, 150.67, 150.23, 117.66, 89.45, 87.11,
73.81, 72.65, 63.36, 50.90, 30.49, 27.18, 9.67. 31P-NMR (202
MHz, D2O) d 7.51 (d, 1P, J = 14.60 Hz, Pg) -0.84 (dd, 1P, J =
14.74, 27.48 Hz, Pb) -11.16 (d, 1P, J = 27.67 Hz, Pa). LC/ESI-MS
(m/z): positive mode 732.8970 [M+H]+ (calcd. 732.9007), and
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negative mode 730.8852 [M-H]-. Purity determined by HPLC-
UV (254 nm)-ESI-MS: 100%. mp: 232°C.

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylamino)-6-
(methylamino)-9H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)-
(hydroxy)phosphoryl)methyl)-phosphonic Acid (33)
The compound was synthesized starting from 18 (0.32 g, 1.0
mmol, 1.0 eq) affording a white solid (0.017 g, 2.3%). 1H-NMR
(500 MHz, D2O) d 8.13 (s, 1H, N=CHN) 6.04 (d, 1H, J = 7.76 Hz,
CHN) 4.78 (t, 1H, J = 7.82 Hz, CHOH) 4.66 (dd, 1H, J = 2.16,
5.70 Hz, CHOH) 4.45 (m, 1H, 1x CHCH2) 4.38 (br s, 1H,
CHCH2) 4.24 (m, 1H, 1x CHCH2) 3.50 (m, 2H, NHCH2) 3.04
(s, 3H, NHCH3) 1.67 (m, 2H, CH2) 1.39 (q, 2H, J = 7.48 Hz, CH2)
0.93 (t, 3H, J = 7.40 Hz, CH3).

13C-NMR (125 MHz, D2O) d
154.90, 152.87, 150.47, 150.25, 118.58, 89.15, 87.28, 73.33, 72.84,
68.44, 57.70, 45.31, 33.43, 30.46, 22.31, 16.07. 31P-NMR (202
MHz, D2O) d 7.48 (d, 1P, J = 16.02 Hz, Pg) -0.87 (dd, 1P, J =
14.47, 26.89 Hz, Pb) -11.26 (d, 1P, J = 27.48 Hz, Pa). LC/ESI-MS
(m/z): positive mode 748.9324 [M+H]+ (calcd. 748.9320), and
negative mode 746.9163 [M-H]-. Purity determined by HPLC-
UV (254 nm)-ESI-MS: 99.0%. mp: 178°C.

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylamino)-6-
(dimethylamino)-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-phosphonic
Acid (34)
The compound was synthesized starting from 19 (0.1 g, 0.27
mmol, 1.0 eq) affording a white solid (6.0 mg, 1.8%). 1H-NMR
(500 MHz, D2O) d 8.07 (s, 1H, N=CHN) 6.06 (d, 1H, J = 7.83 Hz,
CHN) 4.71 (m, 2H, NCH2) 4.45 (m, 1H, CHOH) 4.38 (br s, 1H,
CHOH) 4.24 (d, 1H, J = 11.78 Hz, CHCH2) 3.54 (d m, 2H,
CHCH2) 3.42 (s, 6H, N(CH3)2) 1.68 (m, 2H, CH2) 1.38 (m, 2H,
CH2) 0.93 (t, 3H, J = 7.40 Hz, CH3).

13C-NMR (125 MHz, D2O) d
163.50, 154.52, 152.23, 149.19, 119.98, 89.00, 87.24, 73.35, 72.84,
68.47, 56.93, 45.12, 41.61, 33.75, 22.88, 16.03. 31P-NMR (202
MHz, D2O) d 6.15 (d, 1P, J = 14.67 Hz, Pg) -2.22 (dd, 1P, J =
14.72, 27.57 Hz, Pb) -12.61 (d, 1P, J = 27.71 Hz, Pa). LC/ESI-MS
(m/z): positive mode 762.9478 [M+H]+ (calcd. 762.9477), and
negative mode 760.9331 [M+H]-. Purity determined by HPLC-
UV (254 nm)-ESI-MS: 98%. mp: 193°C.

(Dibromo((((((2R,3S,4R,5R)-5-(6-(diethylamino)-8-
(methylamino)-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)-
oxy)(hydroxy)phosphoryl)methyl)phosphonic Acid (35)
The compound was synthesized starting from 20 (0.08 g, 0.23
mmol, 1.0 eq) affording a white solid (9.0 mg, 4%). 1H-NMR
(500 MHz, D2O) d 8.04 (s, 1H, N=CHN) 6.06 (d, 1H, J = 7.82 Hz,
CHN) 4.72 (m, 1H, CHOH) 4.60 (dd, 1H, J = 1.99, 5.68 Hz,
CHOH) 4.45 (dd, 1H, J = 6.43, 10.55 Hz, CHCH2) 4.33 (d m, 2H,
CHCH2) 3.88 (m, 4H, N(CH2CH3)2) 3.09 (s, 3H, NHCH3) 1.24
(t, 6H, J = 7.06 Hz, N(CH2CH3)2).

13C-NMR (125 MHz, D2O) d
155.08, 152.57, 151.93, 149.89, 119.72, 89.05, 87.04, 73.36, 72.91,
68.66, 57.89, 46.34, 31.89, 15.61. 31P-NMR (202 MHz, D2O) d
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7.14 (s, 1P, Pg) 0.27 (br s, 1P, Pb) -10.77 (d, 1P, J = 26.2 Hz, Pa).
LC/ESI-MS (m/z): positive mode 748.9295 [M+H]+ (calcd.
748.9320), and negative mode 746.9181 [M+H]-. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 93.7%. mp: 249°C.

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylthio)-6-
(methylamino)-9H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)-
(hydroxy)phosphoryl)methyl)phosphonic Acid (36)
The compound was synthesized starting from 21 (0.2 g, 0.54
mmol, 1.0 eq) affording a white solid (13.0 mg, 3%). 1H-NMR
(500 MHz, D2O) d 8.19 (s, 1H, N=CHN) 6.11 (d, 1H, J = 6.70 Hz,
CHN) 5.20 (q, 1H, J = 6.30 Hz, CHOH) 4.62 (dd, 1H, J = 4.10,
6.09 Hz, CHOH) 4.37 (m, 1 H, CHCH2) 4.32 (d m, 2H, CHCH2)
3.26 (m, 2H, SCH2) 3.08 (s, 3H, NCH3) 1.71 (m, 2H, CH2) 1.44
(m, 2H, CH2) 0.91 (t, 3H, J = 7.40 Hz, CH3).

13CNMR (125 MHz,
D2O) d 156.01, 154.39, 153.99, 152.30, 122.21, 90.78, 86.17,
73.53, 72.52, 68.30, 50.37, 35.76, 33.60, 30.30, 24.06, 15.69. 31P-
NMR (202 MHz, D2O) d 7.49 (d, 1P, J = 14.51 Hz, Pg) 0.70 (dd,
1P, J = 14.28, 27.73 Hz, Pb) -10.64 (d, 1P, J = 28.37 Hz, Pa). LC/
ESI-MS (m/z): positive mode 765.8919 [M+H]+ (calcd.
765.8931), and negative mode 763.8787 [M-H]-. Purity
determined by HPLC-UV (254 nm)-ESIMS: 95.4%. mp: 172°C.

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylthio)-6-
(diethylamino)-9H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)-
(hydroxy)phosphoryl)methyl)phosphonic Acid (37)
The compound was synthesized starting from 22 (0.1 g, 0.24
mmol, 1.0 eq) affording a white solid (7.0 mg, 4%). 1H-NMR
(500 MHz, D2O) d 8.18 (s, 1H, N=CHN) 6.13 (d, 1H, J = 6.41 Hz,
CHN) 5.16 (t, 1H, J = 6.26 Hz, CHCH2) 4.63 (m, 1H, CHOH)
4.38 (dd, 1H, J = 4.92, 10.90 Hz, CHOH) 4.32 (m, 2H, CHCH2)
3.92 [br s, 4H, N(CH2)2] 3.30–3.22 (d m, 2H, SCH2) 1.72 (m, 2H,
CH2) 1.42 (m, 2H, CH2) 1.26 (t, 6H, J = 7.03 Hz, N(CH2CH3)2)
0.89 (t, 3H, J = 7.39 Hz, CH3).

13C-NMR (125 MHz, D2O) d
153.66, 153.37, 152.57, 151.90, 122.31, 90.78, 86.33, 73.72, 72.61,
68.29, 50.92, 47.16, 36.19, 34.10, 24.22, 15.75, 15.38. 31P-NMR
(202 MHz, D2O) d 7.48 (d, 1P, J = 13.83 Hz, Pg) -0.74 (dd, 1P, J =
12.88, 25.51 Hz, Pb) -10.64 (d, 1P, J = 28.45 Hz, Pa). LC/ESI-MS
(m/z): positive mode 807.9381 [M+H]+ (calcd. 807.9401), and
negative mode 805.9304 [M+H]-. Purity determined by HPLC-
UV (254 nm)-ESI-MS: 92%. mp: 190°C.

(((((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methoxy)-(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)dibromomethyl)-
phosphonic Acid (38)
The compound was synthesized starting from 23 (0.2 g, 0.75
mmol, 1.0 eq) affording a white powder (0.12 g, 24%). 1H-NMR
(500 MHz, D2O) d 8.53 (s, 1H, N=CHN) 8.25 (s, 1H, N=CHN)
6.14 (d, 1H, J = 6.0 Hz, CHN) 4.79 (s, 1 H, CHOH) 4.62 (m, 1H,
CHOH) 4.41 (m, 1H, CHCH2) 4.30 (d m, 2H, CHCH2).

13C-
NMR (125 MHz, D2O) d 158.49, 155.69, 152.04, 142.81, 121.51,
89.63, 86.95, 77.21, 73.33, 68.20, 57.26. 31P-NMR (202 MHz,
D2O) d 7.56 (d, 1P, J = 14.45 Hz, Pg) -0.50 (dd, 1P, J = 14.40,
28.55 Hz, Pb) -10.58 (d, 1P, J = 28.56 Hz, Pa). LC/ESI-MS (m/z):
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positive mode 663.8407 [M+H]+ (calcd. 663.8406), and negative
mode 661.8256 [M+H]-. Purity determined by HPLC-UV (254
nm)-ESI-MS: 100%. mp: degradation >250°C.

Synthesis of (((((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-
yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)dichloromethyl)-
phosphonic Acid (39)
Adenosine (23, 0.2 g, 0.75 mmol, 1.0 eq) and proton sponge
(0.24 g, 1.13 mmol, 1.5 eq) were dissolved in 5.0 ml of trimethyl
phosphate under an argon atmosphere at room temperature. The
mixture was cooled to 0°C and phosphoryl chloride (0.1 ml, 1.3
mmol, 1.7 eq) was added dropwise. After 5 h of stirring at 0°C,
tributylamine (4.0 eq) and 0.5 M tri-N-butylammonium
dichloromethylenebisphosphonate solution in DMF (2.5 eq)
were added to the mixture simultaneously. After 30 min, cold
0.5 M aqueous TEAC solution (20 ml, pH 7.4–7.6) was added
to the mixture and stirring was continued at room temperature
for 1 h. Trimethyl phosphate was extracted with tert.-
butylmethylether (3 x 200 ml), and the aqueous solution was
lyophilized. The crude nucleoside triphosphate analogs were
purified by FPLC. After equilibration of the column with
deionized water, the crude product was dissolved in deionized
water and injected into the column. The column was first washed
with 5% 0.5MNH4HCO3 buffer to remove unbound components.
Elution started with a solvent gradient of 5–80% of 0.5 M
NH4HCO3 buffer over 8 column volumes followed by an
isocratic phase of 80% of 0.5 M NH4HCO3 buffer. Fractions
were collected, appropriate fractions were pooled and
lyophilized several times. The nucleotide analog was further
purified by preparative HPLC (0–30% acetonitrile in 50 mM
NH4HCO3 buffer within 15 min, 20 ml/min). Fractions were
collected and appropriate fractions were pooled and lyophilized
yielding a white solid (0.05 g, 8%). 1H-NMR (500 MHz, D2O) d
8.53 (s, 1H, N=CHN) 8.25 (s, 1H, N=CHN) 6.14 (d, 1H, J =
5.95 Hz, CHN) 4.78 (s, 1H, CHOH) 4.61 (m, 1H, CHOH) 4.41
(br s, 1H, CHCH2) 4.28 (d m, 2H, CHCH2).

13C-NMR (125 MHz,
D2O) d 158.54, 155.74, 152.05, 142.79, 121.52, 89.62, 86.99, 77.21,
73.26, 68.16, 37.53. 31P-NMR (202 MHz, D2O) d 7.83 (d, 1P, J =
18.36 Hz, Pg) 0.16 (dd, 1P, J = 18.58, 29.06 Hz, Pb) -10.55 (d, 1P,
J = 29.64 Hz, Pa). LC/ESI-MS (m/z): positive mode 573.9446
[M+H]+ (calcd. 573.9445), and negative mode 571.9304 [M+H]-.
Purity determined by HPLC-UV (254 nm)-ESI-MS: 98.1%. mp:
205°C.

Synthesis of (((((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-
yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-(hydroxy)-
phosphoryl)oxy)(hydroxy)phosphoryl)difluoromethyl)-
phosphonic Acid (40)
Adenosine (23, 0.2 g, 0.75 mmol, 1.0 eq) and proton sponge
(0.24 g, 1.13 mmol, 1.5 eq) were dissolved in 5.0 ml of trimethyl
phosphate under an argon atmosphere at room temperature. The
mixture was cooled to 0°C and phosphoryl chloride (0.1 ml, 1.3
mmol, 1.7 eq) was added dropwise. After 5 h of stirring at 0°C,
tributylamine (4.0 eq) and 0.5 M tri-N-butylammonium
difluoromethylenebisphosphonate solution in DMF (2.5 eq)
were added to the mixture simultaneously. After 30 min, cold
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0.5 M aqueous TEAC solution (20 ml, pH 7.4 - 7.6) was added to
the mixture and stirring was continued at room temperature for
one hour. Trimethyl phosphate was extracted with tert.-
butylmethylether (3 x 200 ml) and the aqueous solution was
lyophilized. The crude nucleoside triphosphate analog was
purified by FPLC. After equilibration of the column with
deionized water, the crude product was dissolved in deionized
water and injected into the column. The column was washed
with 5% 0.5 M NH4HCO3 buffer to remove unbound
components. Elution started with a solvent gradient of 5–80%
of 0.5 M NH4HCO3 buffer over 8 column volumes followed by
an isocratic phase of 80% of 0.5M NH4HCO3 buffer. Fractions
were collected, appropriate fractions were pooled and lyophilized
several times. The product was further purified by preparative
HPLC (0–30% acetonitrile in 50 mM NH4HCO3 buffer within
15 min, 20 ml/min). Fractions were collected and appropriate
fractions pooled and lyophilized yielding a white solid (0.025 g,
6%). 1H-NMR (500 MHz, D2O) d 8.52 (s, 1H, N=CHN) 8.25 (s,
1H, N=CHN) 6.14 (d, 1H, J = 6.02 Hz, CHN) 4.78 (d, 1H, J =
5.60 Hz, CHCH2) 4.57 (m, 1H, CHOH) 4.41 (br s, 1H, CHOH)
4.25 (d m, 2H, CHCH2).

13C-NMR (125 MHz, D2O) d 158.39,
155.55, 152.01, 142.77, 121.48, 89.58, 86.87, 71.17, 73.24, 68.07.
31P-NMR (202 MHz, D2O) d 3.40 (td, 1P, J = 58.87, 79.05 Hz, Pg)
-4.56 (tdd, 1P, J = 28.07, 56.21, 84.20 Hz, Pb) -10.68 (d, 1P, J =
30.49 Hz, Pa).

19F-NMR (202 MHz, D2O) d -19.76 (t, 2F, J =
82.12 Hz). LC/ESI-MS (m/z): positive mode 542.0017 [M+H]+

(calcd. 542.0049), and negative mode 539.9888 [M+H]-. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 100%.
mp: >231°C (decomposition).

Biological Assays
Chemicals and Materials
ATP, calcium chloride, magnesium chloride, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid (HEPES), ammonium
heptamolybdate, dimethyl sulfoxide (DMSO), malachite green,
a,b-methylene-ATP (41), a,b-methylene-ADP (42), b,g-
methylene-ATP (43), and polyvinylalcohol were obtained from
Sigma (Steinheim, Germany). Disodium hydrogenphosphate and
sulfuric acid were purchased from Carl Roth (Karlsruhe,
Germany). N6-[6-(Fluoresceinyl-5′-carboxamido)hexyl]-ATP
(PSB-170621A) was obtained from Jena Bioscience (Jena,
Germany). The polyacrylamide-coated capillary [30 cm (10 cm
effective length) × 50 μm (id), × 360 μm (od)] was purchased from
Chromatographie Service GmbH (Langerwehe, Germany).

Expression of the Enzymes
The cDNAs of the human enzymes NPP1, NPP3, NPP5, CD38
and CD73 (Genbank accession no. NM_006258, NM_005021,
NM_021572, NM_ 001775, and NM_002526, respectively) were
obtained from Origene (Rockville, USA). Soluble enzymes were
produced as previously reported with some modifications (Lee
et al., 2015; Junker et al., 2019). Briefly, the catalytic domains of
the enzymes were amplified and sub-cloned into the expression
vector pACGP67 A/B modified with the addition of 9 x histidine
tag (His-tag) at the C-terminus (except for NPP1). The plasmids
were transfected in Sf9 insect cells using Cellfectin™ II Reagent
(Thermo Fisher Scientific, MA, USA) and ProEasy™ baculovirus
Frontiers in Pharmacology | www.frontiersin.org 1163
linearized DNA (Cat.#A10S, AB Vector, LLC). Protein
expression was conducted for 48 h at 27°C. The signal peptide
sequence of the expression vector shuttled the proteins into the
supernatant. The supernatant medium was collected, and the
enzymes were purified using HisPur™ Ni2+-NTA spin columns
according to the manufacturer’s protocol. The protein
concentration was determined by the method previously
described by Lowry et al. (1951).

Human CD39 Preparation
Human umbilical cords were obtained under approved
institutional review board protocol (Comité d’Éthique de la
Recherche du CHU de Québec – Université Laval) following
written consent as previously described (Sévigny et al., 1997).
They were minced and homogenized with a polytron in 95 mM
NaCl, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 45
mM Tris solution, pH 7.6. The homogenates were then filtered
through a cheese cloth, centrifuged for 15 min at 600 g, and the
supernatants were subsequently centrifuged for 1 h at 100,000 g.
The pellets were resuspended in 5 mM Tris buffer solution, pH
8.0 and 10% glycerol. All purification steps were performed at
4°C. The preparations were kept at −80°C.

Fluorescence Capillary Electrophoresis Assay
for CD39
The enzyme activity assay was performed as previously described
(Lee et al., 2018). For inhibition screening, three independent
experiments were performed. The concentration of the
fluorescent substrate PSB-017621A was 0.5 μM (Km = 19.6
μM); the assay is highly sensitive and therefore allows the use
of low substrate concentrations below the Km value which
facilitates the identification and characterization of moderately
potent competitive inhibitors. Test compounds were initially
investigated at a concentration of 10 μM, and 40 ng protein
from human umbilical cord membrane preparations containing
CD39 were added to initiate the reaction. The reaction buffer
contained 10 mM HEPES, 2 mM CaCl2, 1 mM MgCl2, pH 7.4.
The samples were incubated at 37°C for 4 min, and the
enzymatic reaction was terminated by heating at 90°C for
5 min. The solution was then diluted 1:20 with reaction buffer to
perform separation of nucleotides by capillary electrophoresis (CE)
followed by laser-induced fluorescence (LIF) detection. For
compounds showing ≥70% inhibition of enzymatic activity,
compared to the positive control without inhibitor, concentration-
inhibition curves were generated at concentrations ranging from
0.01 to 300 μM. Three independent experiments were performed,
and curves were calculated by GraphPad Prism 8 software
(GraphPad software, San Diego, CA, USA).

Analysis was carried out using a P/ACE MDQ capillary
electrophoresis system (Beckman Instruments, Fullerton, CA,
USA). The separation was performed in a polyacrylamide-coated
capillary [30 cm (10 cm effective length) × 50 μm (id), × 360 μm
(od)]. Before each run, the capillary was rinsed with the
background electrolyte [50 mM phosphate buffer (pH 6.5)] for
1 min at 30 psi. Samples were electrokinetically injected by
applying a voltage of -6 kV for 30 s at the capillary outlet, and
the fluorescent nucleotide derivatives were separated by voltage
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application of -15 kV. Detection was performed at an excitation
wavelength of 488 nm and an emission wavelength of 520 nm.
Data collection and peak area analysis were performed by the P/
ACEMDQ software 32 KARAT obtained from Beckman Coulter
(Fullerton, CA, USA).

Malachite Green Assay for CD39 and NTPDases2,
-3, and -8
The enzymatic activity assay was determined essentially as
previously described (Cogan et al., 1999) with a few adaptations.
The reaction buffer contained 10 mMHEPES, 2 mMCaCl2, 1 mM
MgCl2, pH 7.4 in a final volume of 50 ml in transparent 96-well
half area plates. For CD39 (NTPDase1), we made use of human
umbilical cord membranes preparations which express high levels
of the enzyme. For the other human NTPDase isoenzymes, we had
to resort to recombinant expression. Human umbilical cord
membrane preparations (250 ng) natively expressing high
amounts of CD39, or the respective recombinant COS-7 cell
membrane preparations expressing the appropriate NTPDase
isoenzyme (ca. 100 ng of protein depending on enzyme activity)
(Sévigny et al., 1997; Lecka et al., 2013) with or without inhibitor
were preincubated at 37°C and gentle shaking (Eppendorf
Thermomixer comfort at 500 rpm) for 5 min. The amount of
enzyme preparation was adjusted to ensure 10–20% of substrate
conversion. The reaction was initiated by the addition of 50 μM
ATP [Km (CD39) = 17 μM; Km (NTPDase2) = 70 μM; Km

(NTPDase3) = 75 μM; Km (NTPDase8) = 46 μM] (Kukulski
et al., 2005). After 15 min of incubation at 37°C with gentle
shaking, the reaction was stopped by adding the detection reagents
(20 μl malachite green solution, 0.6 mM, and 30 μl ammonium
molybdate solution, 20 mM, in sulfuric acid, 1.5 M). The released
(inorganic) phosphate was quantified after 20 min of gentle
shaking at 25°C by measuring the absorption of the malachite
green-phosphomolybdate complex at 600 nm using a BMG
PheraStar FS plate reader (BMG Labtech GmbH, Ortenberg,
Germany). The corrected absorption was calculated by
subtracting the absorption of the negative control samples,
which were incubated with denatured enzyme (90°C, 15 min),
and the inhibition was calculated as follows:

%  Inhibition =
(B − T)

B *100%

where B is the average corrected absorption of the positive
control without inhibitor and T the corrected absorption in the
presence of test compound.

Full concentration-inhibition curves were determined with
inhibitor concentrations ranging from 0.1 to 300 μM in the
presence of 2% DMSO. Three independent experiments were
performed (n = 3) and curves were calculated by the GraphPad
Prism 8 software. The Ki value was calculated using the Cheng-
Prusoff equation for competitive inhibitors:

Ki =
IC50

1 + ½S�
Km
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CD73 Assay
The assay was performed as previously described (Freundlieb
et al., 2014). Briefly, it contained with 0.09 μg/ml of soluble
human CD73 recombinantly expressed in Sf9 insect cells as
described (Junker et al., 2019), the respective test compound,
and 5.0 μM [2,8-3H]AMP (specific activity 7.4 x 108 Bq/mmol, 20
mCi/mmol) as radioactive substrate in assay buffer consisting of
25 mM Tris buffer, 140 mM NaCl, 25 mM NaH2PO4 pH 7.4. The
enzymatic reaction was performed for 25 min at 37°C in a shaking
water bath. Then, 500 μl of cold precipitation buffer (100 mM
LaCl3, 100 mM sodium acetate, pH 4.0) were added to precipitate
free phosphate and unconverted [2,8-3H]AMP. After 30 min on
ice, filtration through GF/B glass fiber filters using a cell harvester
was used to separate AMP from adenosine. After washing each
reaction vial three times with 400 μl of cold (4°C) demineralized
water, aliquots of the filtrate were taken, and 5 ml of scintillation
cocktail (ULTIMA Gold XR9) was added. The amount of formed
adenosine was quantified by liquid scintillation counting
(TRICARB 2900 TR, Packard/PerkinElmer).

NPP1 Assay
Inhibition of NPP1 was determined as previously described (Lee
et al., 2017b). p-Nitrophenyl-5’-thymidine monophosphate (p-
Nph-5’-TMP) was used as an artificial substrate which results in
the formation of the p-nitrophenolate anion with an absorption
maximum of 400 nm. Purified soluble NPP1 [0.36 μg, expressed
in Sf9 insect cells as previously described (Lee et al., 2015)] was
mixed with test compound (20 μM final concentration for initial
screening, 0.1–200 μM for determining concentration-
dependent inhibition curves), 2% DMSO and 400 μM of p-
Nph-5’-TMP as a substrate in a final volume of 100 μl. The
mixture was incubated for 30 min at 37°C with gentle shaking,
and the enzyme reaction was terminated by the addition of 20 μl
of 1 M NaOH. The absorption was measured at 405 nm using a
BMG PheraStar FS plate reader (BMG Labtech GmbH,
Ortenberg, Germany).

NPP4 Assay
Soluble NPP4 was expressed in Sf9 insect cells as recently
described in detail (Lopez et al., 2020). Diadenosine
tetraphosphate (AP4A) was employed as a substrate which is
cleaved by NPP4 to ATP and AMP. The reaction product ATP
was quantified by luciferin-luciferase reaction (Lopez et al., 2020).
A mixture of 1.4 μg of NPP4 (soluble form expressed in insect cells
and purified) (Lopez et al., 2020), 10 μM of test compound, 2 %
DMSO, and 20 μM of AP4A as a substrate were incubated for
60 min at 37°C with gentle shaking. The reaction was terminated
by heating at 90°C for 5 min, and after cooling down on ice, 50 μl
of D-luciferin dissolved in buffer (300 mM Tris-HCl, 15 mM
MgCl2, 100 ng D-luciferin, pH 7.8) and 50 μl of luciferase (50 ng
dissolved in H2O) were added. The firefly luciferase reacts with D-
luciferin in the presence of ATP produced by NPP4. The resulting
luminescence was measured between 10–14 min at 560 nm using a
BMG PheraStar FS plate reader (BMG Labtech GmbH,
Ortenberg, Germany).
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NPP3 and NPP5 Assays
The assays were performed in analogy to published procedures
(Blacher et al., 2015). The enzymatic activity of human NPP3
and NPP5 (soluble forms expressed in insect cells and purified as
previously described (Lee et al., 2015; Lopez et al., 2020) was
measured using 1,N6-etheno-nicotinamide adenine dinucleotide
(ϵ-NAD+) as a substrate, which is hydrolyzed to fluorescent 1,N6-
etheno-AMP (ϵ-AMP). The enzymatic reactions were performed
in reaction buffer [10 mM N-cyclohexyl-2-aminoethanesulfonic
acid (CHES), 2 mM CaCl2, and 1 mM MgCl2, pH 9.0 in H2O].
Purified NPP3 (90 ng) or NPP5 (400 ng), 20 μM of ϵ-NAD+ and
10 µM of the test compound were incubated for 30 min at 37°C.
The relative fluorescence at 270 nm excitation and 420 nm
emission was detected by a fluorescence microplate reader
(Flexstation, Medical Devices LLC. USA, Softmax Pro software
to collect the data).

CD38 Assay
The assay operation was analogous to the NPP3 and NPP5
assays. The enzymatic reactions were performed in 10 mM
HEPES reaction buffer (pH 7.2) using 8 ng of human CD38
(expressed in Sf9 insect cells) in analogy to a published procedure
(Blacher et al., 2015).

Metabolic Stability
The experiments were performed by Pharmacelsus, Saarbrücken,
Germany (https://www.pharmacelsus.com/services/in-vitro-
adme/) using human and mouse liver microsomes (0.5 mg/mL,
mixed gender, pooled). Compounds were tested at a
concentration of 1 mM. Data points represent means of two
separate experiments performed in duplicates.

Molecular Modeling and Docking Studies
Recently, we reported a homology model of the human CD39
generated based on rat CD39 (PDB ID: 3ZX3, 1.70 Å) to
understand the binding mode of the natural substrate ATP and
the fluorescent-labeled ATP derivative, PSB-170621A (Lee et al.,
2018). The generated homology model of human CD39 was used
for the docking procedure using AutoDock 4.2 (Morris et al.,
2009). For docking studies on human CD73 we used the recently
published X-ray structure of human CD73 (PDB ID: 6S7F, 2.05 Å)
co-crystallized with the inhibitor PSB-12379 (Bhattarai et al.,
2019). The AutoDockTools (ADT) from Molecular Graphics
Laboratory (MGL) were employed to generate the input files
for both CD39 and CD73 and to analyze the docking results
obtained from AutoDock 4.2 (Sanner, 1999). Prior to docking,
the three-dimensional energy scoring grids for a box of 60 × 60 ×
60 points with a spacing of 0.375 Å were computed. The grids
were centered based on the substrate binding site of the enzyme.
For each ligand, 50 independent docking calculations using the
varCPSO-ls algorithm from PSO@Autodock implemented in
AutoDock4.2 were performed and terminated after 500,000
evaluation steps (Namasivayam and Günther, 2007). The
parameters of varCPSO-ls algorithm, the cognitive and social
coefficients c1 and c2, were set at 6.05 with 60 individual particles
as a swarm size. Default values were applied for all the other
Frontiers in Pharmacology | www.frontiersin.org 1365
available parameters for the grid generation and docking
calculation. The top-scoring binding poses with the lowest
energy and highly populated poses were visually analyzed and
selected the final binding pose.
RESULTS AND DISCUSSION

Chemistry
The ATP analog ARL67156 (I), which is known as a standard
inhibitor of CD39, was selected as a lead structure, and different
substitutions of the adenine base and modifications of the
phosphate chain were performed. The appropriate adenosine
derivatives were synthesized and subsequently submitted to
phosphorylation according to the Ludwig procedure (Ludwig,
1981) with small modifications.

Synthesis of Nucleosides
Adenosine derivatives were synthesized starting with substitutions
of the N6-position. Commercially available 6-chloropurine riboside
(1) was reacted with dialkylamine derivatives in the presence of a
base in ethanol (Scheme 1) (Bhattarai et al., 2015). Purification by
silica gel chromatography yielded the desired N6-disubstituted
adenosine derivatives (2–9, 13).

Since 8-BuS-AMP (II), 8-BuS-ADP and 8-Bu-ATP were
described as CD39 inhibitors (Lecka et al., 2013), we
introduced an 8-butyl substituent to study its effect on the
ATP analogs as well. For this purpose, 8-bromoadenosine (10)
was reacted with thiourea in ethanol yielding the intermediate 8-
thioadenosine (11), which was subsequently alkylated using 1-
iodobutane in a mixture of water and ethanol (1:1) in the
presence of sodium hydroxide (Scheme 1) (Fox et al., 1958;
Kikugawa et al., 1973; El-Tayeb et al., 2009). Purification by silica
gel chromatography yielded the desired adenosine derivative 12.

In order to investigate whether 8- and N6-substitution could
be additive, combinations of both were synthesized. For this
purpose, N6-substituted adenosine derivatives (2, 3, and 13) were
prepared as described above in Scheme 1 (Bhattarai et al., 2015).
Then, the 8-position was brominated under acidic conditions
(Ikehara and Uesugi, 1969; Bhattarai et al., 2015). The pH value
of the reaction was maintained by adding 0.1 M sodium acetate
buffer (pH 4.0). Excess bromine was subsequently removed by
sodium hydrogen sulfite, and neutralization with aqueous NaOH
solution followed by filtration affording the desired compounds
14–16 (Scheme 1). The bromine atom was subsequently
substituted by an alkylamine to obtain compounds 17–22
(Scheme 1) (Long et al., 1967; Chattopadhyaya and Reese,
1977; Bhattarai et al., 2015).

Synthesis of Nucleotides
The adenosine derivatives were submitted to phosphorylation
according to the Ludwig procedure with small modifications
(Ludwig, 1981). The lyophilized nucleosides were dissolved in
trimethylphosphate and reacted with phosphoryl chloride (POCl3)
in the presence of proton sponge [1,8-bis-(dimethylamino)
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naphthaline] to yield the reactive 5’-dichlorophosphates as
intermediates (Yoshikawa et al., 1967; El-Tayeb et al., 2009).
Reaction with tris-N-butylammonium-dibromomethylene-
bisphosphonate in anhydrous N,N-dimethylformamide (DMF)
followed by hydrolysis with triethylammonium hydrogencarbonate
(TEAC) buffer led to the desired nucleotide analogs (Scheme 2).

Dibromomethylenebisphosphonate was synthesized from
tetraisopropyl-methylenebisphosphonate according to published
Frontiers in Pharmacology | www.frontiersin.org 1466
procedures (Mohamady and Jakeman, 2005; McKenna et al., 2007;
Oertell et al., 2014). After completion of the phosphorylation
reaction, trimethylphosphate was removed from the crude
reaction mixture by extraction with tert.-butylmethylether
followed by lyophilization of the water layer. The nucleotides
were purified by anion exchange chromatography on a
sepharose column using a fast protein liquid chromatography
(FPLC) apparatus by applying a linear gradient (5–80%,
A

B

SCHEME 1 | (A) Synthesis N6,8-disubstituted adenosine derivatives (see Table 1), Reagents and conditions: a) dialkylamine, Et3N, absolute EtOH, reflux, 2-48h; b)
bromine, sodium acetate buffer, pH 4.0, room temperature, overnight; c) alkylamine, Et3N, absolute EtOH, reflux, 18–48 h; (B) Synthesis of 8-substituted adenosine
derivatives 11 and 12. Reagents and conditions: d) thiourea, EtOH, 1h, reflux; e) 1-iodobutane, H2O/EtOH (1:1), 2 M aq.NaOH.
SCHEME 2 | General synthesis of nucleotides I and 24–40 by triphosphorylation. Reagents and conditions: a) three steps: (i) trimethylphosphate, phosphoryl
chloride, proton sponge [1,8-bis-(dimethylamino)naphthaline], 0–4°C, 4–5 h, argon; (ii) For 24–38: 0.5 M tris-N-butylammonium-dibromomethylene-bisphosphonate
[Bu3N CBr2(PO3H)2] solution in anhydrous DMF, Bu3N, 0–4°C, 5 min. For 39: 0.5 M Bu3N·CCl2(PO3H)2 solution in anhydrous DMF, Bu3N, 0–4°C, 5 min. For 40: 0.5
M Bu3N CF2(PO3H)2 solution in anhydrous DMF, Bu3N, 0–4°C, 5 min.; (iii) 0.5 M TEAC buffer pH 7.4–7.6, room temperature, 1 h. For R6 and R8 see (Scheme 1) (2–
9, 12, 17–22) and Table 1 (I, 24–40); compound 23 is adenosine R6, R8 = H).
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0.5 M aqueous ammonium hydrogencarbonate buffer in water)
(McCoy et al., 2014). The neutral impurities (e.g. nucleosides)
eluted first, followed by charged species [mono-, di-, and finally
triphos(phon)ates]. The products were further purified by HPLC
Frontiers in Pharmacology | www.frontiersin.org 1567
on reverse-phase C18 material to remove inorganic phosphates
and buffer components to yield the desired nucleoside
triphosphate analogs I and 24–40 in high purity of ≥92%
(Table 1).
TABLE 1 | Potency of nucleotides as inhibitors of human CD39.

Compound Structure Ki ± SEM (µM)a,b (or % inhibition at 10 µM)

N6-Substituted b,g-dibromomethylene-ATP derivatives I, 24-30
R6

I, ARL67156 -N(CH2CH3)2 0.973 ± 0.239
3.45 ± 0.56c

24 -N(CH3)2 40.1 ± 7.0
25 -N(CH2CH3)CH3 6.48 ± 2.6
26 -N((CH2)2CH3)CH3 4.04 ± 2.12
27 -N((CH2)2CH3)2 2.68 ± 1.11
28 -N((CH2)2CH3)(CH2CH3) 2.22 ± 0.02
29 -NH-benzyl >> 10 (4%)
30 -NH((CH2)2Ph) 4.82 ± 0.21

N6,8-Disubstituted b,g-dibromomethylene-ATP derivatives 31-37
R6 R8

31 -NH2 S(CH2)3CH3 1.13 ± 0.23
4.11 ± 0.86c

32 -NHCH3 -NH-cyclopropyl 5.72 ± 0.86
33 -NHCH3 -NH(CH2)3CH3 1.51 ± 0.40

3.35 ± 1.63c

34 -N(CH3)2 -NH(CH2)3CH3 ≈ 10 (54%)
35 -N(CH2CH3)2 -NHCH3 ≈ 10 (59%)
36 -NHCH3 -S(CH2)3CH3 > 10 (39%)
37 -N(CH2CH3)2 -S(CH2)3CH3 7.48 ± 1.29

5.98 ± 5.26c

b,g-Dihalogenomethylene-ATP analogs 38-40
X

38 -Br 5.26 ± 0.22
39 -Cl 9.53 ± 1.46
40 -F 10.6 ± 0.4

4.55 ± 0.49c

Methylene-ATP and –ADP analogs 41-43
41 a,b-Methylene-ATP see structure above 0.632 ± 0.024

7.20 ± 0.64c

42 a,b-Methylene-ADP (AOPCP) see structure above >> 10 (14%)
43 b,g-Methylene-ATP see structure above >> 10 (23%)
aFluorescence capillary electrophoresis assay: screening at 10 µM was performed, or concentration-inhibition curves (n = 3) were determined using the fluorescent substrate PSB-
017621A (0.5 µM).
bKi values are depicted in bold.
cMalachite green assay: concentration-inhibition curves (n = 3) were determined using the natural substrate ATP (50 µM).
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For investigating structure-activity relationships regarding
the triphosphate moiety, variants of the b,g-dibromomethylene
group are of interest. The naked b,g-methylene-ATP (43),
without any substituents attached to the methylene group, was
commercially available. b,g-Dibromomethylene-ATP (38) was
synthesized starting from adenosine (23) according to the
procedure described above. Additionally, b,g-dichloro- and b,g-
difluorobisphosphonic acid were synthesized according to
published procedures (McKenna et al., 1988; Boyle, 2006). The
bisphosphonic acids were converted to the corresponding tri-N-
butylammonium salts by dissolution of the acids in 50% aqueous
ethanol and subsequent drop-wise addition of tri-N-butylamine
until a pH of 7.8–8.0 was reached followed by evaporation and
lyophilization (McKenna et al., 1988; Oertell et al., 2014).
Triphosphorylation reaction with adenosine (23) and
subsequent purification was carried out as described above to
yield the desired ATP analogs 39 and 40 (Table 1). For reference
purposes, the lead structure ARL67156 (I) was also synthesized.
The structures of the obtained synthesized nucleotide analogs
were confirmed by 1H-, 13C-, and 31P-NMR spectroscopy, in
addition to LC/ESI-MS analysis performed in both positive and
negative mode. Purity was determined by high-performance
liquid chromatography (HPLC)-UV (254 nm)-electrospray
ionization mass spectrometry (ESI)-MS. NMR and LCMS data
of selected final products are depicted in Figures S1–S5 (see
Supplementary Material).

Biological Evaluation
CD39 Inhibition
Inhibition of human CD39 was determined using the previously
developed fluorescence-based capillary electrophoresis method
utilizing a fluorescent ATP derivative as a substrate (Lee et al.,
2018). For compounds showing high inhibition (>60% at 10 μM
concentration) concentration-inhibition curves were determined
using the same assay. Selected compounds were additionally
investigated using the malachite green assay in order to confirm
the results using the natural substrate ATP (Table 1). ARL67156
had been shown to be a competitive inhibitor (Lévesque et al.,
2007), and the same inhibition type can be assumed for its
derivatives and analogs, which bear structural resemblance to the
CD39 substrate ATP. Ki values were calculated using the Cheng-
Prusoff equation (Cheng and Prusoff, 1973).

The lead structure ARL67156 displayed a Ki value of 0.973
μM in our fluorescence-based CE assay, being somewhat more
potent than previously reported (Lévesque et al., 2007). In the
malachite green assay versus ATP as a substrate, it showed a Ki

value of 3.45 μM, which is in the same range. Replacement of one
ethyl group by a methyl group at the N6-nitrogen atom of
ARL67156 (I) reduced potency by about 7-fold (compound 25,
Ki 6.48 μM), while replacement of both N6-ethyl groups by
methyl in 24 had an even more dramatic effect (Ki 40.1 μM), 41-
fold decrease compared to I. Introduction of propyl substitution
was better tolerated, see 27 (N6-dipropyl) and 28 (N6-ethyl,N6-
propyl-substituted) with Ki values of 2.68 and 2.22 μM,
respectively. The N6-methyl,N6-propyl derivative 26 was also in
the same range as the N6-methyl,N6-ethyl derivative 25,
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indicating that the enzyme accommodates lipophilic
substituents in that position. While an N6-benzyl residue (in
29) led to abolishment of the CD39-inhibiting activity, N6-
phenylethyl-substitution (derivative 30) restored inhibitory
activity (Ki 4.82 μM). This might be explained by the higher
flexibility of the phenethyl group and its increased lipophilicity,
while the benzyl group may produce clashes with the
hydrophobic amino acid residues in the binding pocket.

As a next step we investigated 8-substituted analogs of
ARL67156 with optional N6-mono- or disubstitution
(compounds 31–37). These compounds were inspired by 8-
butylthio-AMP (II) which had been reported as a similarly
potent CD39 inhibitor as ARL67156 (Lecka et al., 2013). These
nucleotides can be regarded as hybrid molecules derived from I
and II, containing features of both CD39 inhibitors. In fact, 2-
butylthio-substitution of N6-unsubstituted I was equally potent
as ARL67156 (I) as confirmed in both assays, against fluorescent
(Ki 1.13 μM) and natural substrate (Ki 4.11 μM) (compound 31,
Table 1). However, combination with the N6-diethyl substitution
of I led to significantly reduced potency (37, Ki 7.48 and 5.98 μM
in the two employed assays), while the 8-butylthio-N6-
monomethyl-substituted derivative 36 was even less potent
(Ki > 10 μM). This indicates that both substituents, at C8 and
N6, have interdependent effects on potency and are not
simply additive.

We subsequently replaced the 8-butylthio residue by other 8-
substituents connected via an amino rather than a thio linker
(32–35). The smaller methylamino residue in the 8-position in
combination with the N6-diethyl substitution of I led to reduced
potency (compound 35, Ki ≈ 10 μM). However, 8-butylamino
substitution in combination with a small N6-monomethyl
residue in 33 again led to a similarly potent CD39 inhibitor as
lead structure I and N6-unsubstituted 8-butylthio derivative 31
(see compound 33, Ki 1.51 and 3.35 μM in the two employed
assays). A cyclopropylamino residue in the 8-position was not
superior but resulted in a slight reduction in potency (compare
32 and 33). Introduction of a second N6-methyl group into 33
reduced the potency (34, Ki ≈ 10 μM).

With a further set of compounds, we investigated the
replacement of the dibromo-substitution on the triphosphate-
analogous linker of lead structure I. For simplification, we
prepared the corresponding N6-unsubstituted analogs. The
direct N6-unsubstituted analog of I, compound 38, with
dibromomethylene modification of the triphosphate chain, was
about 5-fold less potent than the lead compound I (Ki 5.26 μM vs.
0.973 μM). Its dichloro- (39) and difluoro-substituted (40) analogs
were only about 2-fold less potent than the more lipophilic
dibromo-derivative 38, while the unsubstituted b,g-methylene-
ATP (43) was virtually inactive. These results indicate that an
electron-withdrawing substituent on the b,g-methylene-ATP
derivatives was required. In the CD39 substrate ATP and in the
inhibitor a,b-methylene-ATP (41), which is a poor substrate of
CD39, the b,g-oxygen bridge exerts electron withdrawing effects.
In fact, 41 was found to be as potent as ARL67156 (I) in blocking
CD39 (Ki 0.632 μM vs. the fluorescent substrate). It was less potent
in the malachite green assay, perhaps due to partial hydrolysis
September 2020 | Volume 11 | Article 1294
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during the longer incubation time in that assay (3 vs. 15 min). The
structure-activity relationships of all ARL67156 (I) derivatives and
analogs are represented in Figure 3.

Selectivity
ARL67156 was previously described as a competitive inhibitor of
CD39 (Ki = 11 ± 3 μM), NTPDase3 (Ki = 18 ± 4 μM), and NPP1
(Ki = 12 ± 3 μM) (Lévesque et al., 2007). In the present study, the
selectivity of ARL67156 (I) and its analogs was assessed by
testing lead structure I and the two most potent derivatives 31
and 33 in a large array of human ectonucleotidases, namely
NTPDases1 (CD39), -2, -3, and -8, NPP1, -3, -4, and -5, CD73
(ecto-5’-nucleotidase) and CD38 (for results see Table 2 and
Figure 4). The experiments were performed by established
procedures (Freundlieb et al., 2014; Lee et al., 2015; Blacher
et al., 2015; Lopez et al., 2020). All of the compounds inhibited
also NTPDase3, CD73 and NPP1, but they showed lower
potency at NTPDase3 and NPP1 than at CD39. The inhibition
of CD73 was equal to that of CD39, with the exception of
compound 33, which inhibited CD73 with an even 8-fold
higher potency compared to CD39. Compound 31 was found
to also weakly inhibit NTPDase2.

The selectivity data clearly shows that the reported CD39
inhibitor ARL67156 (I), which is commercially available and
broadly used in biological studies, is in fact a dual CD39/CD73
inhibitor showing ancillary inhibition of NPP1 and NTPDase3 at
higher concentrations. 8-Butylthio-b,g-bromomethylene-ATP (31)
displays a similar profile with comparable potency at CD39. Both
compounds could, in fact, be characterized as multi-target
ectonucleotidase inhibitors. Compound 33 with an N6-methyl
residue and 8-butylamino-substitution is even significantly more
Frontiers in Pharmacology | www.frontiersin.org 1769
potent as inhibitor of ecto-5’-nucleotidase (CD73, Ki 0.185 μM, 8-
fold difference) than of CD39. All three inhibitors could serve as
novel lead structures for developing dual CD39/CD73 inhibitors or
triple CD39/CD73/NPP1 inhibitors which might be advantageous
for the immunotherapy of cancer as compared to selective inhibitors
that block only a single ectonucleotidase.

Metabolic Stability
The most potent CD39 inhibitors I, 31, and 33 were further
studied for metabolic stability in human and mouse liver
microsomes which are mainly responsible for drug metabolism
(see Figure S8). Surprisingly, all three compounds appeared to
be metabolically highly unstable with half-lives of less than
1 min. To ensure that degradation was caused by microsomal
enzymes and not due to chemical instability, stock solutions were
FIGURE 3 | Structure-activity relationships of ARL67156 (I) derivatives and analogs as CD39 inhibitors.
TABLE 2 | Inhibition of selected ecto-nucleotidases by ARL67156 (I) and
analogs 31 and 33a.

Enzyme Ki ± SEM (µM) (or % inhibition)

ARL67156 (I) 31 33

CD39 0.973 ± 0.239 1.13 ± 0.23 1.51 ± 0.40
NTPDase2 > 50 (18%) 22.2 ± 0.5 78.0 ± 0.6
NTPDase3 7.94 ± 1.36 1.54 ± 0.34 7.80 ± 1.34
NTPDase8 > 50 (2%) > 50 (2%) > 50 (-11%)
CD73 0.451 ± 0.121 0.831 ± 0.274 0.185 ± 0.074
NPP1 4.41 ± 3.53 5.17 ± 1.75 7.68 ± 5.40
NPP3 > 10 (13%) > 10 (8%) > 10 (8%)
NPP4 > 10 (-1%) > 10 (2%) > 10 (4%)
NPP5 > 10 (-3%) > 10 (2%) > 10 (1%)
CD38 > 10 (0%) > 10 (7%) > 10 (6%)
Septem
ber 2020 | Volume 11
aKi values of potent compounds are shown in bold.
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analyzed by LC/ESI-MS analysis, and were in all cases found to
be stable. ARL67156 (I) is commonly used as a “selective” CD39
inhibitor, and the compound had been assumed to be
metabolically stable in biological studies because of its b,g-
dibromomethylene bridge (Crack et al., 1995; Lévesque et al.,
2007). However, the present results show that ARL67156 and its
derivatives are not suitable for in vivo application. Nevertheless,
they represent useful tool compounds for in vitro studies.

Molecular Modelling Studies
NTPDase1 (CD39)
Recently, we published a homology model of human CD39 based
on the crystal structures of rat CD39 and human NTPDase2 (Lee
Frontiers in Pharmacology | www.frontiersin.org 1870
et al., 2018). In the present study, we utilized this model for
docking studies to rationalize the observed SARs. As a
competitive inhibitor, ARL67156 (I) binds to the catalytic site
of the enzyme and is predicted to possess virtually the same
orientation and similar interactions as the natural substrate ATP.
The key interactions of ATP with the amino acid residues in the
binding site of CD39 had previously been verified by
mutagenesis studies as discussed by Lee et al. (2018).

In brief, the a-phosphate group of ATP (Figure 5A and
Figure S9A) interacts with H59, the b-phosphate group with
G56, S57, and S58, while T131, G216, A217, and S218 form
interactions with the g-phosphate, either directly, or mediated by
water. The calcium cation forms an octahedral complex and
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FIGURE 4 | Selectivity profile of selected CD39 inhibitors (A) Effect of ARL67156 (I), (B) compound 31 and (C) compound 33 at human ecto-nucleotidases. pKi

values for CD39, as determined in the fluorescence capillary electrophoresis assay, are compared to those at other ecto-nucleotidases. Assay procedures are
described in the method section.
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stabilizes the phosphate groups in the binding pocket via
interactions with the b- and g-phosphates. The 3’-hydroxy-
group of the ribose interacts with D259, while the adenine ring
is sandwiched between F365 and Y408 and stabilized by p-
p-interactions.

ARL67156 (I, Figure 5B) was docked and found to have a
similar orientation in the binding site of the enzyme as ATP. The
key residue interactions of the phosphate groups, the hydroxy
groups of the ribose and the adenine ring are identical for ATP
and ARL67156. The dibromomethylene substitution prevents
hydrolysis by the enzyme and additionally ensures full
deprotonation of the g-phosphate due to its electron-
withdrawing properties. Unsubstituted b,g-methylene-ATP (43)
shows no significant inhibition, while the halogen-substituted
ATP analogs 38, 39, and 40 inhibit the enzyme with IC50 values
in the low micromolar range. Full deprotonation of the g-
phosphate likely favors interactions with the amino acid
residues, the main chain of G216, A217, S218 and the side
chain of Q220 in the binding pocket, and their interaction with
the calcium ion (see Figure S9).

The putative binding pose of the natural substrate ATP
(Figure 5A) shows that the amino group in the C6-position
does not appear to directly interact with amino acid residues of
the enzyme; it is oriented towards the surface of the enzyme. This
surface of the binding pocket is lined by a large number of
hydrophobic residues, F365, V366, V404, Y408, and Y412. The
docked pose of I (ARL67156, Figure 5B) suggests that the diethyl
substitution at N6 possibly forms hydrophobic interactions with
Frontiers in Pharmacology | www.frontiersin.org 1971
these residues and stabilizes the adenine ring and the phosph(on)
ate groups in the binding pocket. This was supported by
comparing the biological activity of I (Ki = 0.973 μM) with the
analogous compound with an unsubstituted amino group (38,
Ki = 5.26 μM). However, substitution with shorter (24) or larger
(25–28) alkyl chains resulted in a decrease in inhibitory potency
in comparison to I. A phenethyl residue was tolerated
(compound 30, Ki = 4.82 μM) while a benzyl group (29) was
not. This may be due to the lower flexibility of the benzyl
compared to the phenethyl moiety, which may result in clashes
with hydrophobic residues such as V404 and others in the
binding sub-pocket. This shows that the surface of the binding
pocket requires an optimal substitution, a diethyl group as in I, to
form hydrophobic interactions.

The putative binding poses of 31 and 37 (Figures 5C, D)
observed in the docking studies show that the butylthio-
substitution at position 8 is oriented towards the amino acid
residues H59, R85, F365, and Y408. The combination of
butylthio at position 8 with an unsubstituted amino group at
position 6 (31, Ki = 1.13 μM) gave a similarly potent inhibitor as
lead structure I (ARL67156, Ki = 0.973 μM). The docked pose of
31 (Figure 5C) shows the butylthio to be flexible and positioned
within the limited available space in the binding pocket. The
potency was maintained with a methylamino-substitution at C6
and butylthio replaced with a butylamino residue at the 8-
position. However, the potency was decreased upon N6-
diethylamino substitution in 37. Although the docked pose of
37 displayed only minor differences in the orientation in
A B

DC

FIGURE 5 | Docked poses nucleotides in the substrate binding pocket of the human CD39 homology model. Binding poses of the natural substrate ATP (yellow)
(A), of I (green) (B), of 31 (marine blue) (C), and of 37 (magenta) (D) are shown; the important amino acids are colored in pale cyan and shown in stick
representation. The cofactor Ca2+ is represented as a green sphere. Oxygen atoms are colored in red and nitrogen atoms in blue.
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comparison to those of I and 31 in the binding pocket, the two
larger substituents might introduce significant differences in the
compounds’ conformations and their interaction with amino
acid residues in the binding pocket (Figure 5D). These results
were supported by compounds 34 and 35 in which both
positions, N6 and C8, were substituted with larger alkyl
residues leading to significantly reduced inhibitory potency at
CD39. 2D-interaction diagrams are depicted in Figure S9 of
Supplementary Material.

Ecto-5’-Nucleotidase (CD73)
Recently, a high resolution X-ray structure of human CD73 in
complex with a subnanomolar inhibitor, the nucleotide analog
PSB-12379, derived from the ADP analog AOPCP (or a,b-
methylene-ADP) was obtained (Bhattarai et al., 2019).
Compared to the human CD39 sequence which consists of 428
amino acids, human CD73 is larger consisting of 574 amino acid
residues. The number of positively and negatively charged amino
Frontiers in Pharmacology | www.frontiersin.org 2072
acid residues in the binding pocket are similar in both CD39 and
CD73 with six and five, respectively (Figure 6). This suggests
that the potency of the nucleotide analogs depends on their
orientation and interaction with these amino acid residues in the
binding pocket. At human CD73, N6-substituted adenine
nucleotide analogs show higher inhibitory potency compared
to their N6-unsubstituted derivatives. PSB-12379 occupies the
binding site of the CD73 substrate. The diphosphonate chain
(PCP) is bound between the two zinc ions and form electrostatic
interactions, the a-phosphonate forms hydrogen bond
interactions with N245, R354, and R395, the b-phosphonate
group with N117, H118, and R395, and the ribose hydroxyl
groups with R354, R395, and D506. The adenine ring is stacked
between F417 and F500 (Figure 7A and Figure S10).

In our selectivity studies, ARL67156 (I) and its derivatives 31 and
33 were found to be similarly or even more potent inhibitors of
CD73 as compared to CD39. In order to gain insights into the
binding mode of the selected compounds I, 31, and 37, we docked
A

B

FIGURE 6 | Comparison of (A) the putative substrate binding site of human CD39 (pale cyan) and (B) the substrate binding site of human CD73 (gray). Important
amino acids are shown; positively and negatively charged amino acids are highlighted by blue and green boxes, respectively. Oxygen atoms are colored in red,
nitrogen atoms in blue, sulfur atoms in yellow, calcium atom in green, and zinc atoms in dark gray.
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these three inhibitors into the binding site of human CD73. The
docked poses of ARL67156 and its derivatives (31 and 37) indicate
that the phosphate groups are directing the compounds into the
binding pocket and are likely bound between the two zinc ions.
Compared to the diphosphonate PSB-12379, the b,g-methylene
triphosphate chain of ARL67156 and its derivatives was observed
to be folded inside the binding pocket. In the pocket of CD73, the g-
phosphonate group likely interacts with N117, H118, and R395, the
b-phosphonate group with R354 and the a-phosphate with H243
(Figure 7B). The hydroxyl groups of the ribose moiety interact with
D506 and the adenine ring is likely sandwiched between F417 and
F500. The diethylamino substitution at position 6 is extended
towards the surface. Interestingly, the butylthio-substituent at
position 8 of the adenine ring in compound 31 induces a
conformational rotation along the nucleosidic bond shifting the
adenine riboside conformation from anti to syn (Figure 7C). The
hydroxyl groups are predicted to form an interaction with D121.
The butylthio group is oriented towards the surface of the enzyme.
As shown in Figure 7D, the rotation of the ribose is altered and
shifted when a large lipophilic alkyl group is introduced as in 37
together with the butylthio group at position 8. 2D-interaction
diagrams are depicted in Figure S10 of Supplementary Material.
Frontiers in Pharmacology | www.frontiersin.org 2173
CONCLUSIONS

ARL67156 is so far the only commercially available “selective”
inhibitor of CD39. Apart from reports describing it as a
competitive inhibitor, its characterization has been limited. In
the present study we synthesized ARL67156 analogs and derivatives
to get insights into the structure-activity relationships of this
class of CD39 inhibitors. The presence of electron-withdrawing
groups adjacent to the terminal phos-ph(on)ate was found to be
crucial indicating that full deprotonation is required for
interactions within the orthosteric binding site. The size and
polarity of substituents on the adenine ring are required to
position it within the apolar substrate binding site of the
enzyme. ARL67156 and two of the most potent analogs, 31
and 33, were extensively characterized. Surprisingly, all three
CD39 inhibitors were found to be similarly potent or even more
potent in inhibiting CD73 and can therefore be envisaged as
dual- or multi-target drugs. Dual inhibition of these enzymes,
both of which have been proposed as novel targets for cancer
immunotherapy, might result in synergistic effects. Both
enzymes are cooperating leading to the conversion of
proinflammatory ATP to antiinflammatory adenosine. If both,
A B

DC

FIGURE 7 | Docked poses of ARL67156 (I) and derivatives in the substrate binding pocket of human CD73 based on an X-ray structure (PDB ID: 6s7f). (A) Binding
pose of the co-crystallized inhibitor PSB-12379 (orange); (B) binding pose of I (green); (C) binding pose of 31 (marine blue), and (D) binding pose of 37 (magenta).
Important amino acids are colored in orange and shown in line representation. The two zinc ions in the substrate binding site are represented as blue spheres.
Oxygen atoms are colored in red and nitrogen atoms in blue.
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CD39 and CD73, are inhibited at the same time, the
concentration of ATP will be increased (by CD39 inhibition),
while the concentration of adenosine will be decreased (by CD73
inhibition). This is expected to result in a dramatic enhancement
of immunostimulatory, anti-metastatic, and cytotoxic effects
(Allard et al., 2017).

However, metabolic stability investigated in human and
mouse liver microsomal preparations, was found to be
extremely poor, prohibiting their use for in vivo studies.
Nevertheless, these ectonucleotidase inhibitors should be useful
as pharmacological tool compounds for simultaneous inhibition
of the CD39/CD73 catalysis cascade in vitro. The presented
results provide a solid basis for future optimization of
nucleotide analogs as CD39 and dual CD39/CD73 inhibitors.
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As a major opportunistic pathogen, Pseudomonas aeruginosa can produce various
virulence factors and form biofilms. These processes are controlled by the quorum
sensing (QS) system. Sodium new houttuyfonate (SNH) is an adduct of houttuyfonate,
the main component of the common Chinese medicine plant Houttuynia cordata, which
has antibacterial and anti-inflammatory effects. We evaluated the effect of SNH on P.
aeruginosa biofilms, virulence factors, and transcription. Transcriptome analysis showed
that the key rhlI and pqsA genes of the P. aeruginosa QS system were down-regulated
after SNH treatment. SNH reduces proteases and pyocyanin production and inhibits
biofilm formation by regulating the P. aeruginosa QS system. SNH also changes the
expression of genes related to virulence factors and biofilms (lasA, lasB, lecA, phzM,
pqsA, and pilG). These results suggested that the mechanism of SNH against P.
aeruginosa by affecting the expression of biofilm and virulence factors controlled by
quorum sensing.

Keywords: Pseudomonas aeruginosa , virulence factors, biofi lm, quorum sensing, sodium new
houttuyfonate, transcriptome
INTRODUCTION

Pseudomonas aeruginosa is a common clinical opportunistic pathogen (Denning et al., 2003;
Xiaoming et al., 2012; Gurunathan et al., 2014). Patients with severe burns (Ramsey and Wozniak,
2005; Bentzmann and Patrick, 2011) or metabolic diseases are sensitive to infection when the body
resistance decreases. P. aeruginosa infections has a high morbidity and mortality in the clinic
because of its secretion of a large number of virulence factors and increasing antibiotic resistance
(Breidenstein et al., 2011). Therefore, there is an urgent need to develop new drugs against P.
aeruginosa infection.

Bacterial quorum sensing (QS) is a cellular communication mechanism that depends on the
concentration of signal molecules (Ma et al., 2012; Asfahl and Schuster, 2017). There are main three
QS regulation systems in P. aeruginosa (Kim et al., 2015), the Las, Rhl, and PQS systems (Schuster
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et al., 2013; Kalia et al., 2015; Rajkumari et al., 2018), whose
transcription regulators are LasR, RhlR, and PqsR respectively.
The P. aeruginosa QS system is involved in regulating the
expression of virulence factors and biofilms (Van Delden and
Iglewski, 1998; Williams and Camara, 2009). At an appropriate
concentration, these receptor proteins bind to their respective
signal molecules and induce transcription encoding different
virulence products such as elastase, rhamnolipid, and
pyocyanin. The LasI/Rhl system contains the synthase LasI/
RhlI and the transcription activator LasR/RhlR. The Las system
can synthesize and recognize N-3-oxo-C12-HSL through LasI
synthetase and transcription regulator LasR. The second AHL
system is the Rhl system, which can synthesize C4-HSL. The
combination of RhlR and C4-HSL activates the expression of
antibiotics, rhamnolipids, alkaline proteases, elastase, lectin
LecA, cyanide, and genes produced by mass movement.
Therefore, it is important to understand the relationship
between antibacterial drugs and the P. aeruginosa QS system.

Houttuynia cordata is a traditional Chinese medicine, which
is derived from Saururaceae. H. cordata has the functions of
antibacterial, antiviral, improving immunity, diuresis and so on.
And it is one of the varieties officially identified medicine and
food by the Ministry of Health (Figure 1). Sodium new
houttuyfonate (SNH) is a sodium bisulfite adduct of the active
ingredient of the Chinese herbal medicineH. cordata (Shao et al.,
2012) and dodecanoylacetaldehyde. SNH has spectrum wide
antibacterial activity, few adverse reactions, and improves
immunity (Juanjuan, 2009; Yumei et al., 2012; Yang et al.,
2016). Previously, we confirmed that sodium houttuyfonate
(SH) has a certain inhibitory effect on P. aeruginosa (Shao
et al., 2013; Wu et al., 2014; Wu et al., 2015). SNH and SH
structures are highly similar, but SNH is more chemically stable
than does SH (Yumei et al., 2012). Therefore, it is important to
understand the inhibitory effects and mechanisms of SNH on
P. aeruginosa. We speculate that SNH may also inhibit the
activity of P. aeruginosa by regulating the QS system.
Frontiers in Pharmacology | www.frontiersin.org 277
MATERIALS AND METHODS

Chemicals, Bacteria, and Culture Medium
SNH was purchased from Shanghai Yuanye Biological
Technology Co., Ltd. (Shanghai, China), with the content
≥ 98%. Azithromycin (AZM) was acquired from the Northeast
Pharmaceutical Group Shenyang No. 1 Pharmaceutical Co., Ltd.
(Shenyang, China). P. aeruginosa strain ATCC 27853 was
purchased from the China National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). PDP
medium was acquired from Qingdao Hi-Tech Park Haibo
Biotechnology Co., Ltd. (Qingdao, China). A single ATCC
27853 colony was selected from Luria-Bertani (LB) solid
medium (Hangzhou, China) and cultured in 5 ml LB liquid
media (Hangzhou, China) at 37°C, with shaking at 220 r/min for
24 h, then by centrifugation at 10,800 g for 1 min. The
supernatant was discarded and the pellet was resuspended in
sterile saline solution for optic density detection at 600 nm
(OD600) in a UV spectrophotometer. The absorbance of cell
suspensions was adjusted to 0.08–0.1, and diluted to 10^7 times
for later use for further experiments.

Measurement of Minimum Inhibitory
Concentration and Minimum
Bactericidal Concentration
The minimum inhibitory concentration (MIC) (Wiegand et al.,
2008) and minimum bactericidal concentration (MBC) of SNH
were determined using the microdilution method. Different
concentrations of SNH solution (100 ml; 2,048, 1,024, 512, 256,
128, 64, 32, 16, 8, and 4 mg/ml) were added with an equal volume
of diluted bacterial solution to a 96-well plate. AZM treatment
was used as a positive control and culture medium and bacterial
solution were used as a blank control group. Plates were
incubated at 37°C for 24 h, and the minimum drug
concentration with aseptic growth was taken as the MIC. An
aliquot (100 ml) was transferred from the sterile growth well to
A B

D

C

FIGURE 1 | Houttuynia cordata Thunb and related compounds. (A) Houttuynia cordata Thunb (www.cqcqfn.com). (B) Houttuynin. (C) Sodium houttuyfonate and
(D) Sodium new houttuyfonate.
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the nutrient agar plate, and cultured at 37°C. After 24 h, MBC
was determined as less than 5 colonies on the plate. The
experiment was repeated three times.

Growth Curve
SNH solutions (100 ml) were prepared to final concentrations of
2,048, 1,024, and 512 mg/ml. Equal volumes of SNH bad bacterial
solutions were added to 96-well plates, and the control groups
established. Plates were incubated at 37°C, the OD600 (Nalca
et al., 2006) measured at different time points, and the growth
curves were drawn.

Drug Treatment and Sample Collection
SNH (2 ml) and an equal volume of bacterial solution was added
to the test tube to obtain a concentration of 1 x MIC SNH and the
bacteria was cultured at 37°C for 24 h. The blank control group
was the SNH treatment control group and no drugs were added.
Centrifuge to remove supernatant, and rinsed three times
with sterile water. The collected bacterial sample was placed in a
centrifuge tube, sealed with sealing film, and placed directly
onto dry ice to perform RNA-seq (Poluri et al., 2019). For
each group, four samples were prepared under the same
experimental conditions.

Transcriptome Sequencing
SNH-induced sequencing of P. aeruginosa transcription was
performed using the BGISEQ-500 platform (Huada Gene
Technology). First, total RNA was processed and purified, and
reverse transcription performed to synthesize cDNA which was
then used to produce double-stranded DNA. The end of the
synthesized double-stranded DNA was flattened and
phosphorescence added to the 5′ end. The 3′ end then forms a
sticky end protruding from an “a”, and a bubbly joint with a
protruding “t” at the 3′ end is connected. PCR amplification is
then performed using specific primers, PCR products thermally
denatured into single strands, and the single-stranded DNA is
circularized to obtain a single-stranded circular DNA library.

Data are obtained by transcription sequencing was counted
using the SOAPnuke (Yuxin et al., 2018) filtering software and
filtered using trimmomatic (Bolger et al., 2014). First, reads
containing the linker, with unknown base N content greater
than 5%, and those of low-quality were removed. NC_002516.2
was used as reference genome. Bowtie2 software was used to
align clean reads to the reference gene sequence, and RSEM
(Dewey and Bo, 2011; Langmead and Salzberg, 2012) was used to
calculate expression levels.

Differential Gene Expression Analysis
Differentially expressed genes (DEGs) were detected based in the
method described by Wang et al. (2010). For comparison, the P-
values calibrated for multiple tests were performed according to
the Benjamini and Hochberg method. False discovery rate (FDR)
threshold ≤ 0.05 and | log2fold change (FC)| >1 were defined as
significant DEGs (Sun et al., 2015).
Frontiers in Pharmacology | www.frontiersin.org 378
Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Enrichment Analysis
DEGs were subjected to Gene Ontology (GO) enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis (Sun et al., 2017). In general, DEGs
are annotated into GO entries, and the number of genes under
each entry is counted to analyze GO and KEGG pathway
enrichment. GO entries and KEGG pathways are corrected for
P-value by FDR, and the Q-value ≤ 0.05 is considered
significantly enriched. The major biological functions that
DEGs perform can be evaluated by analysis of significant GO
and KEGG pathway enrichment.
Determination of Total Protease, LasA
Staphylococcal Protease, LasB Elastase,
LecA Lectin, Pyocyanin, and Floating
Swimming Ability
Bacterial supernatants (500 ml) extracted following treatment
with different SNH concentrations were incubated with 1 ml of
skim milk (1.25%) at 37°C for 20 min, and their OD600 measured
(El-Mowafy et al., 2014). The overnight Staphylococcus aureus
culture was boiled for 10 min, centrifuged for 10 min at 10,000 g,
and the precipitate was resuspended in 10 mM with Na2HPO4

(pH4.5) to an OD600 of 0.8. The supernatants with different SNH
concentrations and S. aureus suspensions were mixed at a ratio
of 1:9, and OD600 was measured at different time points to
calculate the activity of LasA Staphylococcus protease (Kessler
et al., 1993). Bacterial supernatants with different SNH
concentrations were used to measure the amounts of secreted
elastase LasB and lectin LecA using ELISA kits (Shanghai,
China). Different concentrations of pyocyanin assay medium,
PAO1, cultured at 37°C for 24 h at 220 r/min were removed from
the shaker and centrifuged for 1 min at 10,800 g to remove the
supernatant, diluted with sterile water to 0.5 M colorimetric tube,
and diluted to 104 times for later use, inoculated on the slant of
the medium, and cultured at 37°C for 24 h. Chloroform (3 ml)
was added to the test tube, mixed thoroughly and allowed to
stand for 15 min. When the chloroform layer turned green they
were transferred to another test tube. Then 1 ml of 1 mol/L HCL
was added, mixed, and left to stand for 5 min. The OD520 was
measured when the solution turned pink. The pyocyanin content
was determined by: OD520 * 17.072 (Kong et al., 2005). In a word,
the supernatant samples were tested for virulence factors 24 h
after coincubation with bacteria and drugs, the expression was
standardized by growth OD600. Floatation exercise plates with
different drug concentrations (10 g/L tryptone, 10 g/L NaCl, 0.3%
agar) were prepared. The strain cultured for 24 h at 37°C and 220
r/min was taken from the shaker and the supernatant was
centrifuged at 12,000 r/min, diluted to 0.5 M, and serially diluted
100 times. Using a pipette gun, 2 ml of bacterial liquid was
inoculated onto the surface of the floating motion medium, and
was placed at 37°C for 24 h tomeasure colony diameter (Rashid and
Kornberg, 2000).
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Biofilm Formation
SNH solution (2 ml) with final concentrations of 2,048, 1,024,
and 512 mg/ml and an equal volume of diluted bacterial solution
were added to a 6-well plate and placed a sterile cover glass. The
positive control AZM and blank control group were set up
simultaneously. Plates were incubated at 37°C for 24 h, then
the planktonic bacteria were washed 3 times on the slide with
PBS. The samples were then placed in pre-cooled 2.5%
glutaraldehyde solution at least 2 hours in the dark at 4°C, and
placed in 30%, 50%, 70%, 90% and 100% ethanol for gradient
dehydration for 10 minutes. After drying at room temperature,
the biofilm samples were sprayed gold after vacuum drying, and
observed and imaged (×5000) with Scanning Electron
Microscope (GeminiSEM 500, Germany). Crystal violet (0.4%)
was used for staining, 30% acetic acid was used for dissolution,
and absorbance was measured at 540 nm as previously described
(Corral-Lugo et al., 2016).

RT-PCR and qRT-PCR
Expression of rhlI, pqsA, lasA, lasB, lecA, phzM, and pilG genes in
the QS system was evaluated using PCR. Preparations of different
concentrations of bacteria and drugs were used for coculture. In
the control group, Mueller-Hinton Broth (MH (B)) medium was
added instead of SNH. After culturing at 37°C for 24 h,
the supernatant was removed and total RNA extracted from
the bacteria using TIANGEN′s RNAprep Pure Cell/Bacteria
Kit and following the manufacturer′s instructions. cDNA
was reverse transcribed using TIANGEN′s FastQuant RT Kit.
RT-PCR was performed using 2 x EasyTaq PCR SuperMix
(TransGen Biotech, Beijing, China) and a GENETEST Series
Gene Amplifier (Hangzhou, China). The reaction involved 35
amplification cycles of: 94°C 5 min, 94°C 30 s, 56°C 30 s, 72°C
30 s, and 72°C 10 min. The synthesized DNA was electrophoresed
on a 1.5% agarose gel, and then imaged on a gel imager. SYBR dye
was used for qRT-PCR experiments and the 25 ml reaction system
included 12.5 ml SYBR dye, 1 ml upstream primer and 1 ml
downstream primer (10 mM), 0.5 ml cDNA, and 11 ml DEPC
water. The reaction was performed on an Applied Biosystems
7,500 real-time PCR system (USA) and the reaction steps were:
95°C 15 s, 56°C 30 s, 72°C 30 s, for 40 amplification cycles.
Reactions were gradient cooled at 95°C–60°C and the dissolution
curve detected. rpoD was used as an internal reference, and the
gene expression determined by 2-D D CT. Primer sequences are
shown in Table 1.

In Vivo Evaluation of Efficacy of SNH
Against P. aeruginosa
Galleria mellonella larvae were obtained from Tianjin Huiyude
Biological Technology Co., Ltd., with size of 2-3 cm and weight
of 0.2-0.3 g. The larvae were stored at 4°C for later use. SNH and
AZM were dissolved in PBS without any cosolvent to avoid the
possible toxic effects of cosolvent against larvae. The treatment
groups of larvae were set as follows: PBS group (without any
drugs and infection, infection (P. aeruginosa 10^4 CFU per one
larvae, the rest of infection groups were treated with same
concentration of P. aeruginosa) + PBS group, infection + SNH
Frontiers in Pharmacology | www.frontiersin.org 479
2048 mg/ml group, infection + SNH 1024 µg/ml group,
infection + SNH 512 µg/ml group, infection + AZM 64 µg/ml
group. The vivo assays were carried as previously described (Wu
et al., 2020).

Statistical Analysis
SPSS 23.0 statistical software was used for analysis, and the
results are reported as mean ± standard deviation. All procedures
were performed in triplicate.
RESULTS

Effect of SNH on P. aeruginosa Growth
We evaluated the antibacterial potential of SNH against P.
aeruginosa and determined its MIC and MBC. At a
concentration of 2048 mg/ml, aseptic growth is visible to the
naked eye, indicating that the MIC of SNH to P. aeruginosa is
2048 mg/ml. These results show that SNH has certain
antibacterial potential against P. aeruginosa. MBC was
evaluated based on MIC results, and the bactericidal activity of
SNH under MIC was observed. By counting observing plated
ATCC 27853 bacteria, it was found that all long bacteria were
long and that the number of colonies was > 5. The MBC results
suggested that SNH had a bacteriostatic effect on ATCC 27853
and not a bactericidal effect. Therefore, the antibacterial effect of
SNH is suitable for use against infections caused by
P. aeruginosa.

SNH had no effect on the growth of P. aeruginosa below the
MIC (Figure 2). Compared with the untreated blank control, the
OD value decreased in the presence of SNH before 24 h, but there
was no statistical difference (Data not shown), and OD600

decreased slightly after 30 h, but compared with AZM group,
the data showed significant difference, and AZM group
TABLE 1 | Sequences of primers used in this study.

Primer name DNA chain Sequence (5′-3′)

lasR (Wu et al.,2014) Forward
Reverse

CATCGTCGCAACTACCC
GCGCACCACTGCAACACT

lasI (Wu et al.,2014) Forward
Reverse

TTGCTCGCCGCACATC
GGCACGGATCATCATCTT

rhlI (Wu et al.,2014) Forward
Reverse

ATCCGCAAACCCGCTAC
GCAGGCTGGACCAGAATAT

lasA (Wu et al.,2014) Forward
Reverse

CTACAGCATCAACCCGAAAG
TAGCGCCGCGACAACT

lasB (Wu et al.,2014)
lecA (Hickey et al.,2018)
phzM (Wu et al.,2014)

Forward
Reverse
Forward
Reverse
Forward
Reverse

GTTCTATCCGCTGGTGTCG
CGCTGCCCTTCTTGATG
TGCGCTGGTCATGAAGAT TG
GAACGAGCCGGAGTTATTGC
GACATGGTGCTGTTCTACGG
TGGAATGCCAGGTTGCTC

pilG (Wu et al.,2014)
pqsA (Wu et al.,2014)
rpoD (Wu et al.,2014)

Forward
Reverse
Forward
Reverse
Forward
Reverse

ACGGTTTGAAAGTGATGGTG
AAATGATGTTCGGATGGGT
TGGTGGTGCGTGAAGCC
GGAACCCGAGGTGTATTGC
AGGCCGTGAGCAGGGAT
GGTGGTGCGACCGATGT
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decreased significantly from 36 h to 42 h indicating that SNH did
not affect the growth of P. aeruginosa, and the change of biofilm
formation was not caused by the change of growth.

Transcriptome Sequencing and
Clustering DEGs
To further understand the antibacterial mechanism of SNH, we
performed transcriptome sequencing. Totally 170.44 MB of
transcriptome sequencing data was obtained after RNA-seq
applying BGISEQ-500 platform. The original sequencing
sequence data has been deposited into the NCBI SRA database
(SRA accession: PRJNA542020) (http://identifiers.org/ncbi/
insdc.sra:SRP197195.). In total, 5940 reference genes (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133428.)
were assembled from sequencing data, with 5,937 (99.95%)
known genes in the control group and 5,934 (99.9%) in the
SNH treated group. Principal component analysis was based on
FDR threshold ≤ 0.05 and | log2 fold change (FC) | > 1, and 1,674
significant DEGs were identified. Of these DEGs, 1,454 were
down-regulated and the remaining 220 were up-regulated
(Figure 3).

Analysis of GO and KEGG
Pathway of DEGs
GO analysis provides reliable gene product descriptions from
various databases and offers a set of dynamic, controlled, and
structured terminologies to describe gene functions and products
in organism. According to GO functions, all DEGs were
classified into: biological process, cellular component, and
molecular function. The most annotated functions were
“catalytic activity” (GO: 0003824), “membrane” (GO:
0016020), “binding” (GO: 0005488), “cellular process” (GO:
0009987), “membrane part” (GO: 0044425), “metabolic
process” (GO: 0008152), and “cell” (GO: 0005623). There were
664 genes in “catalytic activity”, 445 genes in “membrane”, 442 in
“binding”, 396 in “membrane part”, 415 in “cell process”, and
294 in “metabolic process” (Figure 4A). DEGs were also
Frontiers in Pharmacology | www.frontiersin.org 580
enriched in KEGG pathways, which provide data on biological
systems and their relationships at molecular, cellular, and
organism levels. The KEGG pathways were annotated using
the assembled P. aeruginosa transcriptome, and the results
were mapped with GO terms. The first three functions that
were most significantly enriched in KEGG pathway analysis were
the QS system, biofilm formation, and bacterial secretion system
Type I, Type II, Type III, and Type VI was changed under SNH
treatment (Supplementary Material Figure 2). Among them, 39
genes were enriched in the QS system, 37 genes were enriched in
biofilm formation, and 34 genes were enriched in the secretion
system. In addition, degradation of fluorobenzoic acid,
degradation of chlorocyclohexane and chlorobenzene,
degradation of benzoic acid, and biosynthesis of non-ribosomal
peptides containing iron carriers are the most significantly
abundant signal pathways (Figure 4B). These results show that
P. aeruginosa gene expression was up-regulated or down-
regulated after SNH treatment compared with the control
group. These results indicate that there are certain interactions
between SNH and P. aeruginosa, and suggest that SNH may
further inhibit the expression of virulence factors and the biofilm
formation by influencing the QS system and bacterial
metabolic pathways.
FIGURE 2 | Growth curves of P. aeruginosa treated with different
concentrations SNH.The drug concentration of treatments was as follows:
Control (without any drugs), 512 mg/ml (1/4×MIC) SNH, 1,024 mg/ml (1/
2×MIC) SNH, 2,048 mg/ml (1×MIC) sodium new houttuyfonate (SNH), and 64
mg/ml (1×MIC) azithromycin (AZM).
A

B

FIGURE 3 | (A) Venn picture of differentially expressed genes (DEGs) and
(B) Volcano graph between sodium new houttuyfonate (SNH) treated group
and control group.
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Effect of SNH on P. aeruginosa DEGs
To better understand P. aeruginosa transcription changes under
SNH treatment conditions, genes with expression differences
were screened using GO and KEGG analyses. Expression genes
involved in biofilm formation, the QS system, and phenazine
biosynthesis were selected and examined further to reveal the
effect of SNH on P. aeruginosa, and to classify their relative
expression changes. The results show that among the 32 genes
related to biofilm formation, QS system, and phenazine
synthesis, 10 were up-regulated and 22 were down-regulated
(Table 2), suggesting that SNH may have an inhibitory effect on
the production of related virulence factors.
Frontiers in Pharmacology | www.frontiersin.org 681
Effect of SNH on P. aeruginosa
Virulence Factor
The total protease, LasA staphylococcus protease, LasB elastase,
LecA lectin, and pyocyanin levels and swimming ability were
assessed (Figure 5). Total protease, LasA staphylococcal
protease, LasB elastase, LecA lectin, and pyocyanin production,
along with swimming ability, were all inhibited. This inhibition
was dose-dependent, and was significant for all measured values
when compared with the blank control group (p < 0.01). These
results indicate that SNH can inhibit the synthesis of total
protease, LasA staphylococcal protease, LasB elastase, LecA
lectin, and pyocyanin, and inhibit and swimming ability in P.
A

B

FIGURE 4 | (A) Differentially expressed genes (DEGs) of biological processes, cellular component and molecular function Gene Ontology (GO) terms. (B) Statistical
enrichment of DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
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aeruginosa. Taken together, these results suggest that SNH may
inhibit the activity of P. aeruginosa by inhibiting the expression
of P. aeruginosa virulence factors.

Effect of SNH on P. aeruginosa Biofilm
Formation
P. aeruginosa causes chronic infection because it can form a
biofilm. Therefore, inhibiting P. aeruginosa biofilm formation
may be an effective way to inhibit chronic infection of P.
aeruginosa. To explain the effect of SNH on P. aeruginosa
biofilm, we used an inverted SEM and crystal violet staining.
At 24 h, P. aeruginosa had begun the initial adhesion state.
Control group bacteria gathered together in large numbers and
had a mucus layer that surrounded a large number of bacteria.
The biofilm treated by SNH gradually dispersed with increasing
SNH concentration and the number of bacteria decreased
(Figure 6A). The amount of biofilm formed in the control
group was the largest. The amount of biofilm formed gradually
decreased as the SNH concentration increased, showing a dose-
dependent characteristic, and a significant difference was
observed when compared with the blank control group (p <
Frontiers in Pharmacology | www.frontiersin.org 782
0.01) (Figure 6B). These results confirm that SNH can inhibit
the formation of P. aeruginosa biofilm.

Effect of SNH on P. aeruginosa Gene
Expression
RT-PCR and qRT-PCR analysis were performed to verify gene
expression in bacteria. The virulence genes, biofilms, and related
genes controlled by the QS system were selected as the RT-PCR
and qRT-PCR analysis targets. RT-PCR results showed that lasA,
lasB, lecA, rhlI, phzM, pqsA, and pilG gene expression was down-
regulated to different degrees after SNH treatment, and that the
down regulation was dose dependent (Figure 7A). qRT-PCR
results showed that increasing SNH concentration caused dose-
dependent down regulation of the lasA, lasB, lecA, rhlI, phzM,
pqsA, and pilG genes (Figure 7B). Although there are some
differences in the RT-PCR, qRT-PCR, and RNA-seq results, the
expression trends are basically the same. These results indicate
that SNH can inhibit the expression of some virulence genes, and
biofilm related genes regulated by the QS system. Therefore,
SNH may inhibit P. aeruginosa pathogenicity by inhibiting the
expression of virulence genes, biofilm genes, and related genes
regulated by the QS system.

In Vivo Evaluation of Efficacy of SNH
Against P. aeruginosa
After pre-experiment study, we determined 10^4 CFU per one
larvae as the applied concentration LD50 of G. mellonella larvae.
As shown in Figure 8, we investigated the effects of SNH
treatment at 24 h post-infection of P. aeruginosa against G.
mellonella. The results show that the survival rate of the
infection + PBS group was 0%, and the infection + SNH 512
mg/mL group was 50%, and the infection + SNH 1024 mg/mL
group was 60%, and the infection + SNH 2048 mg/mL group was
70%, and the infection + AZM 64 mg/mL group was 70%, and the
PBS group was 100% at 24 h. These results also indicate that
compared with untreated larvae, infected larvae showed
significantly higher survival rate in drug treatment groups, and
the difference was statistically significant (p < 0.01). Hence, these
results suggest that SNH can improve the survival rate of larvae
infected by P. aeruginosa, thereby effectively inhibit P. aeruginosa
infection in vivo.
DISCUSSION

SH may play an antibacterial role by regulating the P. aeruginosa
QS system to inhibit the synthesis of the virulence factors LasA
protease and pyocyanin. SNH is a new generation product of
Houttuynia cordata. Compared with SH, SNH has higher safety
and effectiveness, is less toxic, has fewer side effects, and has
better clinical promotion value (Yefei and Meixian, 2016). It has
been recently reported that some fatty acids as antibiofilm and
antivirulence agents (Kumar et al., 2020) as Houttuyfonate
controlled QS-dependent phenotypes. The structures of
Houttuyfonate and SNH are similar to long-chain fatty acids.
TABLE 2 | Genes differentially expressed under sodium new houttuyfonate
(SNH) and sodium houttuyfonate (SH) treatment.

Gene name log2FoldChange Category

SNH SH

phnA/trpE –2.32 –2.62 Biofilm
phnB/trpG –1.43 –1.12 Biofilm
pqsA –2.93 –3.78 Phenazine, Biofilm
pqsB –3.34 –3.75 Phenazine, Biofilm
pqsC –2.76 –3.15 Phenazine, Biofilm
pqsD –2.91 –3.24 Phenazine, Biofilm
pqsE –2.89 –3.05 Phenazine, Biofilm
lasI / –2.44 Biofilm
rhlI –1.11 –1.5 Biofilm
rhlA –1.87 –3.05 Biofilm
rhlB –1.15 –1.61 Biofilm
rhlC –1.15 –1.16 Biofilm
lecA –2.8 –4.02 Biofilm
hsbR –1.85 –1.88 Biofilm
hsbA –1.4 –1.26 Biofilm
roeA –1.58 –1.02 Biofilm
mucR –1.03 –1.53 Biofilm
pslB 1.02 1.72 Biofilm
pslL 1.19 1.66 Biofilm
pslJ 1.08 1.37 Biofilm
pslI 1.13 1.44 Biofilm
pslH 1.26 1.62 Biofilm
pslG 1.25 1.64 Biofilm
pslF 1.2 1.62 Biofilm
pslE 1.16 1.65 Biofilm
pslD 1.16 1.51 Biofilm
rfbN 1.04 1.23 Biofilm
algA 1.0 1.19 Biofilm
alg44 –1.3 –1.46 Biofilm
phzI –1.1 / Quorum Sensing
lasB –1.6 / Quorum Sensing
GadC –1.14 / Quorum Sensing
LsrG –1.1 / Quorum Sensing
TofI –1.1 / Quorum Sensing
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Therefore, we speculate that SNH may also play an anti-P.
aeruginosa effect based on QS-controlled signal transduction.

In order to determine the effect of SNH on the P. aeruginosa
QS system and biofilm formation, we performed transcriptional
analysis. Principle component analysis and correlation charts
were used to evaluate the correlation between the blank control
and SNH treatment groups (Supplementary Material Figure 1).
Paired Pearson correlation coefficients for each group were
higher than 0.7, proving that the samples were well correlated.
Transcriptome analysis indicated that SNH may also play an
antibacterial role by regulating the QS system of P. aeruginosa.
Therefore, based on transcription analysis and experiments to
examine the relationship between biofilm formation, the QS
system, and pathogenicity, it may be possible to discover the
mechanism of SNH action.
Frontiers in Pharmacology | www.frontiersin.org 883
The virulence factors regulated by P. aeruginosa QS include
protease, elastase, pyocyanin, lectin, rhamnolipid, toxin, and
biofilm formation. These virulence factors can affect the
formation and maintenance of biofilms and cluster movement.
The mutual adjustment is complex, involving many internal and
external environmental factors. Total protease can destroy the
immunoglobulin that protects the mucous membrane, and
destroy the tight junctions between host epithelial cells, which
leads to invasion and injury of organism (Heras et al., 2014).
Elastase is encoded by the lasB gene and plays an important role in
P. aeruginosa infection, which can help bacteria damage host
tissues and degrade immune proteins (Szamosvári et al., 2016).
LecA is a galactose tetramer lectin produced by P. aeruginosa. It
has affinity for extracellular polysaccharides, mediates the
adhesion to host cells and infection and biofilm formation in
A B

D

E F

C

FIGURE 5 | Effect of sodium new houttuyfonate (SNH) on virulence factor of P. aeruginosa. (A) Total protease. (B) LasA staphylococcal protease. (C) LasB elastase.
(D) LecA lectin. (E) Pyocyanin. (F) Float swimming. The drug concentration of treatments was as follows: Control, 512 mg/ml (1/4×MIC) SNH, 1024 mg/ml (1/2×MIC)
SNH, 2,048 mg/ml (1×MIC) SNH, and 64 mg/ml (1×MIC) azithromycin (AZM). Data represent the means ± SD (n=3, **p < 0.01 vs. control group).
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A B

FIGURE 6 | Sodium new houttuyfonate (SNH) effect on P. aeruginosa biofilm. (A) Morphology of ATCC 27853 biofilm under SEM (×5,000). (B) Effect of SNH on
ATCC 27853 biofilm production. The drug concentration of treatments was as follows: Control, 512 mg/ml (1/4×MIC) SNH, 1,024 mg/ml (1/2×MIC) SNH, 2,048 mg/
ml (1×MIC) SNH, and 64 mg/ml (1×MIC) azithromycin (AZM). Data represent the means ± SD (n=3, **p < 0.01 vs. control group).
A B

FIGURE 7 | (A) RT-PCR results of sodium new houttuyfonate (SNH) inhibiting biofilm and related genes and virulence factors. The lanes from left to right were as
follows: A: 2,048 mg/ml (1×MIC) SNH, B: 1,024 mg/ml (1/2×MIC) SNH, C: 512 mg/ml (1/4×MIC) SNH, D: Control, E: 1xMIC AZM. (B) qRT-PCR results of SNH
inhibiting biofilm and related genes and virulence factors. Expression of the house-keeping gene, rpoD, was used as the internal control for each sample. The drug
concentration of treatments was as follows: Control, 512 mg/ml (1/4×MIC) SNH, 1024 mg/ml (1/2×MIC) SNH, 2,048mg/ml (1×MIC) SNH, and 64 mg/ml (1×MIC)
azithromycin (AZM). Data represent the means ± SD (n=3, *p < 0.05, **p < 0.01 vs. control group).
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P. aeruginosa (Huang et al., 2018). Pyocyanin is a blue-green redox
secondary metabolite produced by P. aeruginosa, which can
induce host neutrophils to accelerate apoptosis and reduce local
inflammatory reaction, thus providing advantages for the survival
of bacteria in the host. In the presence of biofilms, pyocyanin can
induce the deposition of extracellular DNA (eDNA), which is the
main component of biofilm extracellular polysaccharides and is
essential for the formation and stability of biofilms. We further
analyzed the effect of SNH on its virulence factors and biofilm
formation. In P. aeruginosa biofilm, SNH affects the expression of
a large number of genes. SNH reduced the synthesis of total
protease, LasA staphylococcal protease, LasB elastase, LecA lectin,
pyocyanin, and biofilm in P. aeruginosa. RT-PCR and qRT-PCR
revealed that expression of QS regulated genes rhlI, pqsA, lecA,
lasA, lasB, phzM, and pilG were down-regulated after
SNH treatment.
Frontiers in Pharmacology | www.frontiersin.org 1085
In P.aeruginosa, SNH can inhibit the expression of some
virulence factors and the formation of biofilms. Experimental
results show that expression of these virulence genes, biofilms,
and related genes is dose-dependent at concentrations of 1 x MIC
SNH, ½ x MIC SNH and, ¼ x MIC SNH. Additionally, analysis of
virulence factor, biofilm, and related gene expression was consistent
with transcriptome sequencing and PCR analysis, further
supporting that SNH has an inhibitory effect on P. aeruginosa.

Larval model is an important tool to study the pathogenesis of P.
aeruginosa infection in vivo. We simulated the larval model, which
proved that SNH significantly reduced the mortality of larvae. The
difference of virulence between the drug groups and the blank
control group proved by previous growth and virulence testing
experiments can be confirmed in the larval model, which proves
that the larval model is a suitable model for P. aeruginosa infection.
The larval model can be used to study the pathogenic mechanism of
P. aeruginosa. Once the genome sequence of larvae is available, the
model of larvae will become more valuable in the future.

The MIC of SNH to P. aeruginosa was 2,048 mg/ml, which
was four times higher than SH. This possible because our
research group has been doing drug resistance tests on P.
aeruginosa in recent years, which may gradually adapt to drugs
and produce resistance. Previous studies found that SH could
down-regulate lasI gene and up-regulate rhlI gene after 72 h of
treatment by our research group. However, through
transcriptome sequencing data, it was found that lasI, rhlI, and
pqsA were down-regulated by 2.44, 1.5, and 3.78 times after SH
treatment for 24 h in this study, while no change in lasI gene
expression was detected after SNH treatment, and rhlI gene was
down-regulated by 1.11 times and pqsA was down-regulated by
2.93 times, which was inconsistent with the previous research
results, possibly due to the different action time selected in the
experiment (72 h was selected in the previous experiment, while
the action time selected in this experiment was 24 h). And it can
be seen that when the action time is 24 h, the ways of SH and
SNH on inhibiting P. aeruginosa are not completely the same. SH
works together by regulating the Las/Rhl and PQS system, in
which Las system plays a major role, while SNH plays a
regulatory role by regulating Rhl and PQS system. However,
due to the limitations of transcriptome sequencing, we also
suspect that the relevant data may not be detected because of
the small change multiple of lasI.

Importantly, we found that the expression of virulence genes
at the transcription level is regulated in different ways among
SNH and SH. Although LasR is considered as the main regulator
in P. aeruginosa, the cross-regulation between the Las and Rhl
system was observed in this experiment. For example, low but
detectable C4-HSL is produced without LasR (Wang et al., 2018).
The specific reason the expression of lasR is not detected in SNH
is still unclear, which may be caused by other highly interactive
QS regulatory systems, such as Vfr, VqsR, MvaT, GacA, RpoN,
RpoS, and RsmA (Balasubramanian et al., 2013). The existence of
Rhl signal without Las signal in clinical isolates suggests that las-
independent QS activity may play a role in maintaining P.
aeruginosa infection (Feltner et al., 2016). There are
researchers reported that P. aeruginosa may enhance some
A

B

FIGURE 8 | Survival rate of larvae infected by P. aeruginosa. (A) Survival
status of larvae under different concentrations of SNH. (B) Survival rate of
larvae at different concentrations of SNH. Data represent the means ± SD
(n=3, **p < 0.01, ***p < 0.001 vs. control group).
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virulence genes and reduce the expression of other genes as part
of its survival strategy (Wang et al., 2018). We observed that the
yield of total protease and lasB decreased in this experiment,
which may be related to the high level of Psl. Therefore,
exploring whether the presence of Psl levels in SNH is related
to P. aeruginosa infection would be an interesting research
direction in the future.

Our research shows that further study on QS system of P.
aeruginosa may be helpful to understand its pathogenic
mechanism. Nevertheless, there was no change of lasR gene in
ATCC 27853 under the action of SNH, which indicated that Las
system was not absolutely necessary for the establishment of P.
aeruginosa infection. In addition, our study also questioned the
previously recognized level understanding of the QS system, and
the mechanism should be understood more comprehensively in
many aspects and combination with specific situations i.e.,
different strains and hosts.

Combined with the above experiments, we infer that these
virulence factors and biofilms are inhibited by SNH inhibiting
the production of C4-HSL. The difference of action mechanism
between SH and SNH on P. aeruginosa may lie in the number of
C atoms in its structure, which is more than SH 2 C atoms in
SNH, which may cause SNH not combining with 3-oxo-C12-
HSL, combining with RhlR and C4-HSL complex to play an
antibacterial role. SNH has replaced houttuynin, and to a large
extent SH due to its improved chemical and pharmacological
Frontiers in Pharmacology | www.frontiersin.org 1186
properties, which has been used as an effective therapeutic agent
for respiratory infections and inflammatory diseases such as
acute or chronic bronchitis and pneumonia (Lu et al., 2013).
Through the experimental study, it was found that SNH had a
certain inhibitory effect on P. aeruginosa, but its MIC was high,
which provided a certain basis for its structural modification and
transformation in the future.

CONCLUSION

These results show that SNH may inhibit the P. aeruginosa QS
system, reduce the synthesis of virulence factors and biofilms,
and down-regulate the expression of key genes (Figure 9) to
inhibit P. aeruginosa infection. Additionally, this study can be
used as a basis for designing new QS-targeted drug candidates
using SNH, while minimizing the chance of generating resistance
(Rodolfo et al., 2013). These results are currently being expanded
upon through research on animal infection models in vivo in our
research group.
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FIGURE 9 | Possible mechanism for the inhibition of P.aeruginosa quorum
sensing (QS) system by sodium new houttuyfonate (SNH). The figure shows
the Rhl and PQS systems and the virulence genes regulated by them. Our
results show that SNH inhibits the expression of rhlI, and pqsA. The scheme
shows quorum sensing(QS)-controlled gene regulation, Rhl can produce
virulence factors LasA, elastase B, lectin LecA, pyocyanin, etc. Alone or in
cooperation with PQS. These results confirm that SNH interferes with the
production of QS and QS-related virulence factors of P.aeruginosa. Therefore,
the pathogenicity of P.aeruginosa may be weakened by inhibiting the
formation of virulence factors and biofilm.
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SUPPLEMENTARY FIGURE 1 | (A) PCA and (B) Correlation coefficient diagram
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SUPPLEMENTARY FIGURE 2 | The bacterial secretion system Type I, Type II,
Type III, and Type VI was changed under SNH treatment.
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At present, the resistance of New Delhi metallo-b-lactamase-1 (NDM-1) to carbapenems
and cephalosporins, one of the mechanisms of bacterial resistance against b-lactam
antibiotics, poses a threat to human health. In this work, based on the virtual ligand screen
method, we found that carnosic acid1 (CA), a natural compound, exhibited a significant
inhibitory effect against NDM-1 (IC50 = 27.07 mM). Although carnosic acid did not display
direct antibacterial activity, the combination of carnosic acid and meropenem still showed
bactericidal activity after the loss of bactericidal effect of meropenem. The experimental
results showed that carnosic acid can enhance the antibacterial activity of meropenem
against Escherichia coli ZC-YN3. To explore the inhibitory mechanism of carnosic acid
against NDM-1, we performed the molecular dynamics simulation and binding energy
calculation for the NDM-1-CA complex system. Notably, the 3D structure of the complex
obtained from molecular modeling indicates that the binding region of carnosic acid with
NDM-1 was not situated in the active region of protein. Due to binding to the allosteric
pocket of carnosic acid, the active region conformation of NDM-1 was observed to have
been altered. The distance from the active center of the NDM-1-CA complex was larger
than that of the free protein, leading to loss of activity. Then, the mutation experiments
showed that carnosic acid had lower inhibitory activity against mutated protein than wild-
type proteins. Fluorescence experiments verified the results reported above. Thus, our
data indicate that carnosic acid is a potential NDM-1 inhibitor and is a promising drug for
the treatment of NDM-1 producing pathogens.

Keywords: metallo-b-lactamases, carnosic acid, molecular modeling, allosteric inhibitor, Escherichia coli
INTRODUCTION

The inhibition of bacterial infection has important implications for human health (al Jalali and
Zeitlinger, 2018; Li et al., 2018; Shamriz and Shoenfeld, 2018). At present, b-lactam antibiotics,
including penicillins (Liu et al., 2018a), carbapenems (Edwards and Betts, 2000), and cephalosporins
(Paterson et al., 2001), have been widely used to treat bacterial infections (Essack, 2001). However,
1CA is carnosic acid.
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extensive use of antibiotics has led to the continued spread of
drug-resistance (Khan et al., 2017a). Widespread resistance
mechanisms of bacteria have lowered the effectiveness of
antibiotics, leading to a health crisis (Khan et al., 2017b).

In 2008, the enzyme New Delhi metallo-b-lactmase-1 (NDM-1)
was first reported (Groundwater et al., 2016). It was isolated
from Klebsiella pneumoniae in India and belonged to the B1
subclass MBLs (Brem et al., 2016). Currently, bacteria containing
the NDM-1 gene are found in many regions (Johnson and
Woodford, 2013; Tran et al., 2015; Heinz et al., 2019). NDM-1
has been shown to be resistant to b-lactamase inhibitors mainly due
to its ability to hydrolyze the amide bond of b-lactam ring (King
et al., 2012). Moreover, the resistance of pathogenic bacteria has
created a great challenge to the treatment of diseases (Ejaz et al.,
2020). Therefore, NDM-1 can be targeted to inhibit the resistance of
pathogenic bacteria.

At present, NDM-1 is often found in Escherichia coli (Zhang
et al., 2017). Various pathogenic E. coli strains can cause diseases
such as human diarrhea (Shah et al., 2015), urinary infections,
and blood infections (Tuem et al., 2018). In recent years, E. coli
resistance in the population has increased (Wang X. Q. et al.,
2015). In addition, the resistance of bacteria to antibiotics
increases medical costs and threatens human health (Yang
et al., 2017). NDM-1 plays an important part in the resistance
mechanism of bacteria (Du et al., 2017). At present, E. coli
producing NDM-1 have been found in many countries (Erb
et al., 2007) and has been known to continuously spread
(Nordmann et al., 2012). At the same time, the plasmid with
blaNDM-1 in the patient can spread among different
Enterobacteriaceae species (Martino et al., 2019). Therefore, it
is important to find an effective drug that inhibits the resistance
of NDM-1 producing E. coli.

Recently, several inhibitors of NDM-1 have been discovered and
synthesized. Among the currently found inhibitors, captopril and its
analogs may be the desirable candidates. Among them, the IC50

values of D- and L-captopril for inhibiting NDM-1 in the hydrolysis
of imipenem were 7.9 and 202.0 mM, respectively. However, they
had no effect on bacteria carrying carbapenemases (Chiou et al.,
2015). Jian Zhang et al. found that Aspergillomarasmine A
derivatives can inhibit NDM-1 and overcome antibiotic resistance
(Zhang et al., 2017). Scott J. Hecker et al. found that cyclic boronic
acid QPX7728 showed effective activity on b-lactamases including
NDM-1 (Hecker et al., 2020). It also showed similar
pharmacokinetics to b-lactam antibiotics in rats and had good
oral bioavailability. In addition, Chen Cheng et al. found that
disulfiram is a promising candidate for the development of
NDM-1 inhibitors, which can covalently bind to NDM-1 by
forming an S–S bond with Cys208 residue at the active site (Chen
et al., 2020b). At the same time, some metal complexes (cisplatin
and Palladium(II) complexes) (Chen et al., 2020a) and DNA
aptamers (Khan et al., 2019) have also been found to have
inhibitory effects on NDM-1. Among them, the metal complexes
inhibited MbLs through a new inhibition mode, which binds to the
Cys208 residue in the active site, causing Zn 2+ to be replaced by
other ions. Moreover, scholars have also discovered some natural
inhibitors. Xuequan Wang et al. purchased 44 compounds through
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virtual screening and found three new NDM-1 inhibitors with
smaller IC50 values (Wang X. Q. et al., 2015). The most effective
inhibitor displayed an IC50 value of 29.6 ± 1.3 mM. However, in
these previous literatures, most of these inhibitors may be
competitive inhibitors, and their binding regions are all located in
the active sites of NDM-1, which can easily lead to multiple drug
resistance. Consequently, the demand for novel non-competitive
inhibitors of NDM-1 is increasing.

In our work, a natural compound carnosic acid (CA) was
identified as an effective inhibitor against the bioactivity of NDM-1
using virtual screening. Molecular dynamics simulations and
binding free energy calculations further revealed that the
bioactivity of NDM-1 was effectively inhibited due to the
binding of carnosic acid with the allosteric pocket. Furthermore,
it was identified that carnosic acid can significantly increase
the antibacterial activity of meropenem. These results
indicate that carnosic acid has the potential to become the novel
NDM-1 inhibitor.
MATERIALS AND METHODS

Bacterial Strains and Chemicals
The isopropyl b-D-thiogalactoside (IPTG) and kanamycin were
purchased from Dalian Meilun Company (Dalian, China). The
carnosic acid (≥98% pure), meropenem (≥87% pure) and other
chemicals were obtained from the National Institutes for Food
and Drug Control (Beijing, China). Dimethyl sulfoxide (DMSO)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). The
bacterial strains used in this study are showed in Table 1.

Plasmid Construction of blaNDM-1 and Its
Mutant
The coding sequence of the NDM-1 gene were amplified from
genomic DNA of E. coli and digested with BamHI and
XhoI. Subsequently, it was cloned into pET28a to generate
plasmid pET28a-NDM-1. Plasmids encoding F46A-NDM-1,
L65A-NDM-1, and T94A-NDM-1 were constructed using a
QuikChange site-directed mutagenesis kit. The ligation product
was transformed into competent E. coliDH5a cells. All constructed
strains were verified by PCR and DNA sequencing (Ali et al., 2018).
The primer pairs used in the work are listed inTable 2. The NDM-1
primer came from the literature (Teng et al., 2019), and the other
primers were designed in this experiment.

Protein Expression and Purification
The pET28a-NDM-1 plasmid was introduced into E. coli BL21
cells. The cells were cultured in the LB medium with kanamycin
(50 mg/ml) at 37°C. When the cells were grown to OD600 = 0.6,
the cells were added IPTG (1 mM final concentration) to induce
TABLE 1 | The bacterial strains list.

Strain Relevant genotype Source or Reference

E. coli BL21 Expression strain Invitrogen
E. coli ZC-YN3 producing NDM-1 (Liu et al., 2018b)
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protein expression and cultured overnight at 16°C. The cells were
harvested by centrifugation at 10,000 rpm for 5 min and
resuspended. Subsequently, the cells were sonicated and
centrifuged at 10000 rpm for 1 h. The supernatant was applied
to a Ni-NTA column and the non-specific binding proteins were
removed with buffer (20 mM imidazole, Tris-HCl, pH 7.4). The
target protein was eluted with buffer (200 mM imidazole, Tris-
HCl, pH 7.4). The purified protein was concentrated and
desalted (Hinchliffe et al., 2016).

Enzyme Inhibition Assays
According to the methodology of Liu et al. the enzyme and
nitrocefin were mixed and incubated at 37°C for 10 min.
Consequently, absorbance was measured at 492 nm in a
microplate reader. The specific calculation method was
obtained from the literature (Liu et al., 2018b).

Determination of Minimum Inhibitory
Concentration (MIC), Growth Curves, and
Time-Killing Assays
The minimum inhibitory concentration (MIC) of carnosic acid
to E. coli was determined by the broth microdilution method
according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines (CLSI, 2019). Specifically, the strain was co-
cultured with various concentrations of meropenem (0–128 mg/
ml) and carnosic acid (0–128 mg/ml) at 37°C for 18 to 24 h. To
plot the growth curves, overnight cultured E. coli was enlarged
(1:50) into fresh BHI broth and incubated for different lengths of
time at 37°C with or without carnosic acid. The absorbance was
measured at OD600 (Liu et al., 2018b). The potential bactericidal
effect of carnosic acid was tested using the time-killing assay.
According to the literature (Lagerback et al., 2016), the bacteria
were diluted to 5 × 105 CFU/ml and incubated with carnosic acid
and meropenem. Samples were taken at specific time to determine
the bacterial count to plot the time consumption curves.

Virtual Screening
The virtual screening was performed based on compound
docking to the NDM-1 via Autodock vina software (Hu et al.,
2015). Notably, approximately 143,758 natural compounds are
available on the ZINC database (Sterling and Irwin, 2015). The
ligand structure files (.sdf) downloaded in batches in the ZINC
database were converted into 3D structure files (.pdbqt). The 3D
structure of NDM-1 came from Protein Data Bank (PDB ID is
5JQJ), which serves as the target structure for virtual screening.
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The Auto Dock tools was used to add polar hydrogen atoms to
NDM-1. Subsequently, a grid box was constructed as the ligand
docking site (center_x = −17.96 Å, center_y = −17.588Å, and
center_z = 12.27 Å; and size_x = 22 Å, size_y = 28 Å, and size_z =
20 Å). Virtual screening of the natural compounds from
the ZINC database was performed via compound docking to
NDM-1 using AutoDock Vina software. The entire virtual
screening calculation process used the Lamarckian (LGA)
algorithm. The target protein NDM-1 was always rigid, and all
twisted bonds of the inhibitor can rotate freely. The docking
results were then sorted and filtered to function as the basis for
the experimental investigations. The docking score for the
ligands is the binding energy of compounds with NDM-1.

Molecular Docking
The structure of NDM-1 was derived from the Protein Data
Bank with PDB encoded as 5JQJ. The initial structure of the free
protein was obtained using a molecular simulation of 100 ns and
subsequently used for molecular docking with the ligands. The
structure of carnosic acid was optimized by Gaussian 03
program. The standard docking procedures for NDM-1 and
carnosic acid were performed using Auto Dock4 software. The
Lamarckian genetic algorithm (LGA) was used for the docking
calculations. A total of 150 independent runs were carried out
with a maximum of 25,000,000 energy evaluations and a
population size of 300. A grid box of dimensions (40×40×40)
with a spacing of 1 Å was created and centered on the mass
center of the NDM-1. The detailed docking process was
referenced from previous studies (Niu et al., 2017).

Molecular Dynamics Simulation
The molecular modeling of the interaction between NDM-1 and
carnosic acid was carried out after docking as described in the
above experimental method (Niu et al., 2017; Nikitina et al.,
2018). The system was simulated for 100 ns using the Amber
99sb force field (Sakkiah et al., 2018) and the TIP3P water model
(Lim et al., 2019). The free binding energy between NDM-1 and
the ligand was calculated by the Molecular Mechanics/
Generalized Born Surface Area (MM-GBSA) method (Liu
et al., 2018b; Zeb et al., 2019; Nie et al., 2020).

Fluorescence-Quenching Assay
The binding constant (KA) of the binding site of carnosic acid to
wild type NDM-1 (WT-NDM-1), F46A-NDM-1, L65A-NDM-1,
and T94A-NDM-1 was measured using a fluorescence quenching
method. The binding energy was calculated according to the
equation: r/Df = nK − rK. This method referred to the previous
literature (Wang J. F. et al., 2015), using an excitation wavelength
of 280 nm and an emission wavelength of 345 nm.

Determination of Enzyme Reaction Rate
The principle of the measurement is mainly by using nitrocefin
as an indicator, and its color changes from yellow to red with the
increase of hydrolysis. NDM-1 (250 ng/ml) was incubated with
various concentrations of carnosic acid in phosphate buffered
saline, and then 50 mg/m L of nitrocefin was added to the mixture
TABLE 2 | Oligonucleotide primers used in this study.

Primer name Oligonucleotide (5′–3′)

NDM-1-F GCGCGGATCCGTGCTGGTGGTCGATAC
NDM-1-R GCGCCTCGAGTCAGCGCAGCTTGTCG
F46A-F GAAACTGGCGACCAACGGGCGGGCGATCTGGTTTTCCG
F46A-R CGGAAAACCAGATCGCCCGCCCGTTGGTCGCCAGTTTC
L65A-F CACACTTCCTATGCGGACATGCCGGGTTTC
L65A-R GAAACCCGGCATGTCCGCATAGGAAGTGTG
T94A-F GATACCGCCTGGGCGGATGACCAGAC
T94A-R GTCTGGTCATCCGCCCAGGCGGTATC
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(Teng et al., 2019). The reaction rate was determined by
continuously measuring the absorbance at OD492 nm at
different times (Krupyanko, 2009).

Statistical Analysis
The statistical analysis of the results was performed using a two-
tailed Student’s t-test. The difference was considered to be
statistically significant when the P was less than 0.05.
RESULTS

The Carnosic Acid Inhibits the Activity
of NDM-1
Based on the virtual screening approach, 8 commercially
available compounds were tested by the enzyme inhibition
assays. The results showed that carnosic acid had a significant
effect on the NDM-1 activity in vitro (IC50 = 27.07 mM) (Figure
1A). As is shown in Figure 1B, when 8 mg/ml of carnosic acid
were added, the activity of the protein was seen to decrease by
48.56%, indicating that the drug significantly inhibited the
protein. The protein treated with 32 mg/ml carnosic acid
displayed the least activity (19.85%).

The Carnosic Acid Potentiates Inhibitory
Activity of Meropenem Against E. coli
It was found by MIC experiments that carnosic acid can improve
the antibacterial effect of meropenem. As shown in Table 3 and
Figure 2C, the combination of meropenem and carnosic acid
reduced the MIC of meropenem against E. coli ZC-YN3
(producing NDM-1) by a factor of 4 compared to meropenem
alone. It was worth noting that neither an effective bacteriostatic
effect (MIC > 32 mg/ml) nor inhibitory effect on the growth of E.
coli ZC-YN3 (Figures 2A, C) by carnosic acid was observed in
our experimental conditions.

To verify the above conclusion, the time-kill curves were
analyzed. The results showed that the combination of carnosic
acid and meropenem was more effective than meropenem alone
(Figure 2B). After 2 hours, the inhibitory effect of meropenem
and carnosic acid on E. coli was stronger than that of meropenem
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alone. After 4 hours, the inhibitory effect of meropenem alone on
E. coli was weakened, but meropenem and carnosic acid still had
a strong inhibitory effect.

Determination of the Binding Mode of
NDM-1 With Carnosic Acid
To explore the binding mechanism of NDM-1 and carnosic acid,
the protein structure was docked with the drug using AutoDock
4.0 as the initial structure. The lowest energy conformation was
chosen for further study. As shown in Figure 3, the stable
binding sites of ligand with NDM-1 obtained from MD
simulation were placed very near the binding position based
on the molecular docking. During the 100 ns simulation, the 3D
structure of NDM-1-CA was obtained (Figure 4A) and the root-
mean-square deviation (RMSD) value of the protein backbone
was calculated (Figure 4B). Figure 4B shows that the NDM-1-
CA structure tended to be stable during the last 50 ns simulation.
During the simulation, the main binding affinity of the carnosic
acid binding to NDM-1 was hydrogen bonding and hydrophobic
interactions. Specifically, the side chains of Phe46, Tyr64, Leu65,
Asp66, and Thr94 can form the strong interactions with carnosic
acid, as shown in the 3D structure of the complex (Figure 4A).
Subsequently, an energy decomposition analysis was performed
to confirm the above results.

The energy contribution of the selected residues was
summarized in Figure 5A. Phe46 with a DEvdw of less than
−0.8 kcal/mol and the Tyr64 and Asp66 residues were observed
to exhibit a strong Van der Waals interaction with carnosic acid,
as these residues were proximate to the carnosic acid. In
addition, Phe46 was seen to provide a significant electrostatic
contribution (DEele ≤ −1.0 kcal/mol). At the same time, the
residues Tyr64, Leu65, Asp66, and Asp94 also displayed strong
Van der Waals interactions with carnosic acid (with the DEtotal =
−1.0, −0.53, −1.15, and −1.05 kcal/mol, respectively). In addition,
the average distances between the carnosic acid and different
A B

FIGURE 1 | The potently inhibitors of NDM-1 based on the virtual screening approach. (A) Chemical structures of screening hits; (B) Carnosic acid inhibits the
bioactivity of NDM-1.
TABLE 3 | MIC (mg/ml) of meropenem against E. coli.

Strain Meropenem Combination

E. coli ZC-YN3 (NDM-1) 16 4
O
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residues of NDM-1 during the simulation were analyzed. As
shown in Figures 5B, C, residues Phe46, Tyr64, Leu65, Asp66,
and Thr94 were closer to carnosic acid than other residues, and
the distance values < 0.2 nm (The distances between different
groups are the distances between the center of mass of carnosic
acid and the center of mass of residues of NDM-1 in this
manuscript. The distances between the center of mass of
different groups are not the real distances of different atoms.).
These results indicated that residues of Phe46, Tyr64, Leu65,
Frontiers in Pharmacology | www.frontiersin.org 593
Asp66, and Thr94 contributed to the major binding affinity for
complex binding.

To detect the accuracy of the binding sites, the mutant
complexes F46A-NDM-1, L65A-NDM-1, and T94A-NDM-1 as
the initial structures were used in MD simulation. The MM-
GBSA calculation predicted that the binding of F46A, L65A, and
T94A to carnosic acid was weaker thanWT-CA (F46A was −0.38
kcal/mol, L65A was −2.86 kcal/mol, and T94A was −1.77 kcal/
mol), as shown in Table 4.
A B C

FIGURE 2 | The carnosic acid potentiates meropenem inhibitory activity against E. coli. (A) Growth curves of E. coli ZC-YN3 cultured with different concentrations of
carnosic acid; (B) Time-kill curves of E. coli ZC-YN3 with the indicated treatment. These values are the average of three independent experiments; (C) The microdilution
checkerboard analysis showed the combined effects of carnosic acid and meropenem on E. coli ZC-YN3. The data are the results of four independent experiments.
FIGURE 3 | The overlap structures of complex based on molecular docking (green molecule) and MD simulation (red molecule). The binding position of ligand obtained
from molecular docking is very close to the binding region of ligand obtained from MD simulation. The binding regions of complexes is within the dashed line.
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Furthermore, the interactions between carnosic acid andWT-
NDM-1, F46A-NDM-1, L65A-NDM-1, and T94A-NDM-1 were
investigated by fluorescence quenching. According to
experimental results, the linear fitting plots of r/Df vs. r
between carnosic acid and WT-NDM-1, F46A-NDM-1, L65A-
NDM-1, and T94A-NDM-1 can be made in Figure 5D and
based on the plots the value of the binding constants, K, can be
obtained and the binding constants were 0.45644, 0.12715,
0.33597, and 0.32911 ml·µg−1 for WT-NDM-1, F46A-NDM-1,
L65A-NDM-1, and T94A-NDM-1. In Table 4, the binding
constants of the interaction between carnosic acid and proteins
decrease in the following order: WT > L65A > T94A > F46A at
300 K. It indicated that the binding of WT-NDM-1 with carnosic
acid is stronger than those of mutants. The experimental results
and theoretical results are in agreement (Table 4). Therefore, the
residues of Phe46, Tyr64, Leu65, Asp66, and Thr94 played
crucial roles in the binding of carnosic acid to NDM-1.
Interestingly, residues of Phe46, Tyr64, Leu65, Asp66, and
Thr94 are not located in the catalytical active region of
NDM-1, which is binding sites of the substrate. This result
implied that the inhibitory mechanism of carnosic acid against
NDM-1 is not the competition with the substrate of NDM-1.

Subsequently, the inhibitory activity of carnosic acid against
mutants was tested by the enzyme inhibition assays. In Figure
5E, the carnosic acid has no obvious effect on the activity of
mutants. Moreover, the steady-state kinetics of the bioactivity of
NDM-1 (wild type or mutants) treated with carnosic acid were
shown in Figure 5F. As shown in Figure 5F, the reaction rates
are 0.00742, 0.0225, 0.02164, and 0.02277 for WT-NDM-1,
F46A, L65A, and T94A, respectively. These results shown that
the bioactivity of mutants treated with carnosic acid has no
obviously change compared with free WT-NDM-1, while the
reaction rate of WT-NDM-1 decreased sharply when treated
with carnosic acid. These results are consistent with the
Frontiers in Pharmacology | www.frontiersin.org 694
thermodynamic results (Figure 5E), implying that carnosic
acid has no obvious effect on the activity of mutants. The
findings indicate that due to the mutation of residues, the
binding affinity of carnosic acid with NDM-1 decreased,
resulting in a loss of inhibitory activity. Therefore, the 3D
structure of NDM-1-carnosic acid complex is reliable by
MD simulation.

Meanwhile, the 100-ns molecular dynamics simulations were
performed for the mutants. In Figure 6A, there was no
significant change of the conformation between WT-protein
and mutants through the molecular modeling. The binding
sites of Zn2+ in the mutants were very similar to those of the
WT-protein. In addition, the activities of WT-NDM-1 and its
mutants were further determined using the same concentration.
As expected, the mutated protein activity value deviation was
within 10% compared with WT-NDM-1 (Figure 6B), suggesting
that mutation of any of these residues did not affect the activity of
NDM-1. In addition, the steady-state kinetics of WT-NDM-1
and mutants were provided. As shown in Figure 6C, the reaction
rates are 0.01855, 0.0189, 0.01887, and 0.01891 for WT-NDM-1,
F46A, L65A, and T94A, respectively. These results shown that
the bioactivity of mutants has no obviously change compared
with WT-NDM-1. Together, these results indicated that no
significantly influence on structure or activity was observed for
the site-directed mutation of F46A, L65A or T94A in NDM-1.

Analysis of Inhibition Mechanism
In the simulation, carnosic acid inhibited protein activity mainly
by affecting the active region of NDM-1. Subsequently, the key
movements of NDM-1 containing or not containing carnosic
acid was explored by Principal Component Analysis (PCA) of
the NDM-1-CA compound system. In Figure 7A, the active
region was observed to have significant extensional motion to
Zn2+ in the first element (PC1) and the second element (PC2) in
A

B

FIGURE 4 | The potently binding mode of carnosic acid with NDM-1 via molecular modeling. (A) The stable 3D structure of carnosic acid with NDM-1 based on the
MD simulation; (B) The RMSD values of NDM-1 with carnosic acid complex.
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A B

D

E F

C

FIGURE 5 | Confirmation of the binding sites of NDM-1-carnosic acid complex. (A) The DEvdw(black), DEele (red), DEsol (green), and DEtotal (blue) at the binding
sites among NDM-1 with carnosic acid; (B) Analysis of the distance between all residues of NDM-1 and carnosic acid; (C) The distance between the NDM-1 and
carnosic acid binding site residues; (D) The Scatchard plots of r/Df vs. r for carnosic acid binding to WT-NDM-1 and mutant NDM-1; (E) The results of enzyme
inhibition assays were performed with WT-NDM-1 and mutants; (F) The steady-state kinetics of the hydrolysis activity of WT-NDM-1 and mutants treated with
carnosic acid. The absorbances of substrate at 492 nm are used as a function of time. The slope of the fitted lines are the hydrolysis reaction rates.
TABLE 4 | The binding free energy (kcal/mol) and binding constants of the WT-CA, F46A-CA, L65A-CA, and T94A-CA systems based on the fluorescence
spectroscopy quenching method.

WT-CA F46A-CA L65A-CA T94A-CA

DGbind (kcal/mol) −12.16 −0.38 −2.86 −1.77
Binding constants K ml·µg−1 0.45644 0.12715 0.33597 0.32911
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A B

C

FIGURE 6 | The comparison of characterization between WT-protein and mutants. (A) The overlap stable structures of WT-protein (red), F46A (green), L65A (blue)
and T94A (yellow); (B) The hydrolysis activities of WT-protein or mutants; (C) The steady-state kinetics of the hydrolysis activity of WT-NDM-1 and mutants.
A

B

FIGURE 7 | Principal component analysis based on the simulation trajectory. The first and second principal components (PC1 and PC2) in the NDM-1-CA complex
(A) and free NDM-1 (B) obtained by PCA are depicted as cones on the Ca. The length of the cones represents the size of the movement.
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the NDM-1-CA complex system. In addition, amino acid
movement near the active region was obvious. Nevertheless,
these two forms of motion were significantly impaired in PC1
and PC2 of free NDM-1 system in Figure 7B.

On the other hand, according to reports in literature (Guo
et al., 2011), the NDM-1 active site was located in the loop region
between Thr119-Met126 and Ser217-Asp225. Therefore, the
change in the active region can be judged by calculating the
loop region distance. As shown in Figure 8, the average distance
from Thr119-Met126 to Ser217-Asp225 in the free NDM-1
system was 1.27 nm. However, in the complex system, the
average distance of Thr119-Met126 to Ser217-Asp225 was
1.78 nm, respectively. Therefore, it was significantly different
compared to the distance in the free system. This conformation
changes of the active region of NDM-1 make the binding affinity
of substrate with NDM-1 weaker, resulting in the catalytic
activity loss of NDM-1. Thus, it can be seen residues of Phe46,
Tyr64, Leu65, Asp66, and Thr94 are the allosteric sites of
NDM-1, and carnosic acid is the novel allosteric inhibitor
target NDM-1.

In 2013, Sohier et al. (2013) found that camelid nanobody can
inhibit VIM metallo-b-lactamases. The inhibitor mainly bound
to Loop 6 and the end of the a2 helix of VIM-4. The binding site
of the complex was far from the active site, but it can change the
substrate binding and catalytic properties of VIM-4. The residues
of T107YVF110 contributed the major binding affinity for the
ligand binding with the protein. In addition, DNA aptamer can
be used as an allosteric inhibitor to bind Loop 4 and Loop 6 of 5/
B/6 metallo-b-lactamase (Khan et al., 2019). In the complex, the
binding sites of residues were Thr76, Lys78, Phe103, Lys104,
Lys107, and Tyr208. In our work, the NDM-1-CA complex
allosteric sites Phe46, Tyr64, Leu65, Asp66, and Thr94 were
mainly located in L3 and a1 helix, which are obviously different
with the results of the previous literatures (Sohier et al., 2013;
Khan et al., 2019; Supplementary Figure S1). Therefore, we
believed that the binding site of the NDM-1-CA complex is the
novel allosteric site of NDM-1.
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DISCUSSION

At present, the combination of antibiotics with b-lactamase
inhibitors is an effective method for improving antibacterial
activity (Everett et al., 2018). The inhibitors are comprised of
chelates (Falconer et al., 2015), mildew products (Zhang et al.,
2017), and analogs of chemicals (Yarlagadda et al., 2018).
Venkateswarlu (Yarlagadda et al., 2018) established that
vancomycin analogues restored meropenem activity against gram-
negative pathogens. The inhibitor can penetrate the outer membrane
of GNP and inactivate the enzyme by depleting metal ions (Zn2+).
However, many of these drugs are chemically synthesized and have
not undergone clinical trials. Furthermore, these inhibitors are
competitive inhibitors, which may contribute to the multidrug
resistance. Therefore, the discovery of natural allosteric inhibitors
that work against b-lactamase is the current need.

In this study, based on the virtual screening approach, we found
that carnosic acid exhibited an inhibitory effect on NDM-1.
Currently, carnosic acid has important applications in the fields
of medicine, food, and cosmetics (Bauer et al., 2012). Scholars have
revealed that the toxicity of carnosic acid is low. In the acute toxicity
study, the oral lethal dose of mice was greater than 7000 mg/kg
(Wang et al., 2012). It is noteworthy that food grade carnosic acid
has appeared on themarket (Masuda et al., 2002).At the same time,
sources of carnosic acid are widely available, and it is convenient to
manufacture (Birtic et al., 2015). Therefore, it has potential
advantages as a clinical application inhibitor. It was established by
MIC and time-killing assays that carnosic acid can restore the
antibacterial activity of meropenem and inhibit NDM-1. We
speculated that carnosic acid can improve the antibacterial ability
of meropenem by inhibiting NDM-1. Contrary to other reported
inhibitors, the results obtained frommolecular modeling show that
carnosic acid bound toNDM-1 via strong interaction with residues
of Phe46, Tyr64, Leu65, Asp66, andThr94.However, these residues
are not in the active pocket of protein, implying that residues of
Phe46, Tyr64, Leu65, Asp66, and Thr94 are the allosteric sites of
NDM-1. Due to the binding of carnosic acid to the allosteric sites,
FIGURE 8 | The average distances from Thr119-Met126 to Ser217-Asp225 were calculated for the free NDM-1 system (black line) and the NDM-1-CA complex
system (red line).
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the conformation of the active sites of NDM-1 was altered, leading
to the loss of bioactivity. Simultaneously, the fluorescence
experiments confirmed this hypothesis. Therefore, these studies
have contributed to the development and application of
NDM-1 inhibitors.
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Ectonucleoside triphosphate diphosphohydrolases (NTPDases) are ectoenzymes that play
an important role in the hydrolysis of nucleoside triphosphate and diphosphate to nucleoside
monophosphate. NTPDase1, -2, -3 and -8 are the membrane bound members of this
enzyme family that are responsible for regulating the levels of nucleotides in extracellular
environment. However, the pathophysiological functions of these enzymes are not fully
understood due to lack of potent and selective NTPDase inhibitors. Herein, a series of
oxoindolin hydrazine carbothioamide derivatives is synthesized and screened for NTPDase
inhibitory activity. Four compounds were identified as selective inhibitors of h-NTPDase1
having IC50 values in lower micromolar range, these include compounds 8b (IC50 � 0.29 ±
0.02 µM), 8e (IC50 � 0.15 ± 0.009 µM), 8f (IC50 � 0.24 ± 0.01 µM) and 8l (IC50 � 0.30 ±
0.03 µM). Similarly, compound 8k (IC50 � 0.16 ± 0.01 µM) was found to be a selective
h-NTPDase2 inhibitor. In case of h-NTPDase3, most potent inhibitors were compounds 8c
(IC50 � 0.19 ± 0.02 µM) and 8m (IC50 � 0.38 ± 0.03 µM). Since NTPDase3 has been reported
to be associated with the regulation of insulin secretion, we evaluated our synthesized
NTPDase3 inhibitors for their ability to stimulate insulin secretion in isolated mice islets.
Promising results were obtained showing that compound 8m potently stimulated insulin
secretion without affecting the NTPDase3 gene expression. Molecular docking studies of the
most potent compounds were also carried out to rationalize binding site interactions. Hence,
these compounds are useful tools to study the role of NTPDase3 in insulin secretion.

Keywords: carbothioamide, ectonucleotidases, nucleoside triphosphate diphosphohydrolase-3, oxoindolin
hydrazine, molecular docking

INTRODUCTION

Glucose acts as a natural insulin secretagogue and maintains the blood glucose level. In response to
an increase in blood glucose level, pancreatic beta cells release insulin to maintain glucose levels
(Chen et al., 2018; Stuhlmann et al., 2018). However, this insulin secretion is not an isolated event,
and is followed by release of other important components like peptides, Zn+2, adenosine
triphosphate (ATP) and other related nucleotides (Tozzi et al., 2018; Vakilian et al., 2019).
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Among them, ATP is an important signaling molecule that
amplifies the glucose stimulated insulin secretion by activating
purinergic (P2X and P2Y) receptors, present on the surface of
β-cell membrane (Cieślak and Cieślak, 2017). P2X receptors are
ionotropic receptors that are subdivided into seven types (P2X1
to P2X7). They have been associated with the transmembrane
flow of cations such as Na+, Ca+2, and K+ ions (Kasuya et al.,
2017a; Kasuya et al., 2017b; Giuliani et al., 2019). On the other
hand, P2Y receptors are metabotropic receptors that are
subdivided into eight types (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,
P2Y12, P2Y13, and P2Y14) and have been linked to Ca+2

mobilization and generation or inhibition of cyclic adenosine
monophosphate (cAMP) (Dou et al., 2018; Lu et al., 2019). In
pancreatic β-cells, both receptor types have been reported to be
involved in the regulation of insulin secretion; however, their
mode of action is slightly different (Galicia-Garcia et al., 2020). In
this regard, P2X receptor activation by ATP leads to Ca+2 flux that
is believed to be responsible for P2X-mediated insulin secretion
(Solini and Novak, 2019). Whereas, activation of P2Y receptors
stimulates the inositol triphosphate, which in turn results in
transient elevation of intracellular concentration of Ca+2

(Bartley et al., 2019).
The extracellular levels of ATP and related nucleotides are

controlled by a cascade of enzymes known as ectonucleotidases.
This enzymatic cascade is composed of four main families,
including NTPDases (ectonucleoside triphosphate
diphosphohydrolases), APs or ALPs (alkaline phosphatases),
NPPs (nucleotide pyrophosphatases/phosphodiesterases) and
e-5′-NT (ecto-5′-nucleotidase) (Lee et al., 2017; Lee and
Müller, 2017; Tozzi and Novak, 2017; Grković et al., 2019;
Nabinger et al., 2020). These are plasma membrane bound
ecto-enzymes and regulate the availability of ligands
(nucleotides and hydrolysis products thereof) for P1 and P2
receptors. Among them, NTPDase is an important member
contributing to the hydrolysis of nucleoside tri- and
diphosphates (Longhi et al., 2017; Bagatini et al., 2018). The
NTPDase family comprises of eight members or isozymes
(NTPDase1-8), these isozymes differ in their catalytic
properties and show varying substrate preference (Allard et al.,
2017; Zhong et al., 2017). NTPDase1, -2, -3, and -8 are membrane
bound isoforms that play an important role in purinergic
signaling (Castilhos et al., 2018; Bertoni et al., 2020) whereas
NTPDase4, -5, -6, and -7 are expressed within intracellular
organelles (Zhong et al., 2017; Paes-Vieira et al., 2018).

NTPDase3 is abundantly present in the pancreatic β-cells
where it has been reported to play an important role in the
regulation of insulin secretion (Bartley et al., 2019; Saunders et al.,
2019). In this context, a study was conducted where 1-naphthol-
3, 6-disulfonic acid (BG0136) and 8,8′-[Carbonylbis(imino-
4,1-phenylenecarbonylimino-4,1-phenylenecarbonylimino)]bis-1,
3,5-naphthalenetrisulfonic acid (NF279) were used to explore
the role of NTPDase3 in insulin secretion (Lavoie et al., 2010).
Similarly, in another study 6-N,N-Diethyl-D-β-c-dibromomethylene
adenosine triphosphate (ARL67156) was used for this purpose and
it was found that NTPDase3 was involved in the modulation of
insulin release (Syed et al., 2013). These data highlight the potential
(important) role of NTPDase3 in insulin secretion and necessitate

the need for further detailed investigations to support these claims.
However, to the best of our knowledge, there is still a lack of studies
focusing on this aspect of NTPDase3. Keeping in view this scarcity
of data, we synthesized a class of oxoindolin hydrazine
carbothioamide derivatives as NTPDase inhibitors. The
NTPDase3 inhibitors were further analyzed for their effects on
insulin secretion in mice pancreatic islets.

MATERIALS AND METHODS

Chemical Synthesis
General Comments
All reagents were obtained from commercial sources and used
without further purification, unless stated otherwise. Reaction
progress was monitored by thin layer chromatography, using
aluminum sheets precoated with silica gel 60 F254 (200 μm,
Merck, Darmstadt, Germany). Melting points were
determined on Weiss Gallenkamp melting point apparatus
(Loughborough, England) and are uncorrected. IR spectra
were recorded on Perkin Elmer BX-II spectrometer
(Waltham, United States). 1H and 13C spectra were obtained
using Bruker AM-300 spectrophotometer (Billerica, United
States). Chemical shifts were described in parts per million.
Mass spectra were recorded on an Applied Biosystems API 2000
mass spectrometer (Darmstadt, Germany).

General Procedure for the Synthesis of Substituted
Phenylhydrazine Carbothioamides (7a-m)
Excess of hydrazine hydrate was dissolved in ethanol and a
solution of appropriate isothiocyanate (1 mMol) was prepared
in ethanol. The isothiocyanate solution was added drop wise to
hydrazine solution. The reaction was conducted on ice bath and
stirred for half an hour. During the course of reaction, precipitates
were formed which were filtered, washed and then dried.

General Procedure for the Synthesis of
Oxoindolin-Ylidene Phenylhydrazine
Carbothioamides (8a-m)
A solution of isatin (1 mMol, 0.147 g) was prepared in ethanol
and few drops of acetic acid were added. Resulting solution was
refluxed for 4 to 5 h with equimolar amount of an appropriate
intermediate (7a-m), synthesized during last step. Progress of
reaction was monitored by thin layer chromatography. At the end
of reaction, the precipitated solid was filtered and washed with
ethanol (Pervez et al., 2009).

(Z)-2-(2-oxoindolin-3-ylidene)-N-phenylhydrazine-1-
carbothioamide (8a)

Obtained as yellow solid, Yield � 78%, mp � 245–247°C; IR
(KBR): 3,280–3,172 (NH stretching), 1,691 (C � O), 1,603 (C �
N), 1,560 (NH bending), 1,161 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.80 (s, 1H, N-H), 11.26 (s, 1H, N-H), 10.82
(s, 1H, N-H), 7.78 (d, J � 7.2, 1H, Ar-H), 7.61 (d, J � 7.8, 2H, Ar-
H), 7.39 (m, 3H, Ar-H), 7.27 (t, J � 7.35, 1H, Ar-H) 7.11 (t, J � 7.5,
1H, Ar-H), 6.95 (d, J � 7.8, 1H, Ar-H); 13C-NMR (75 MHz,
DMSO-d6) δ (ppm): 175.60, 163.10, 146.23, 135.16, 132.88,
131.10, 128.06, 126.23, 125.45, 123.12, 122.18, 120.05, 111.67;
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LC-MS (m/z): positive mode 297 [M + H]+. Purity determined by
HPLC-UV (254 nm)-ESI-MS: 97.26%

(Z)-N-(4-nitrophenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-
1-carbothioamide (8b)

Obtained as yellow solid, Yield � 86%, mp � 271–272°C; IR
(KBR): 3,315–3,222 (NH stretching), 1,694 (C � O), 1,600 (C �
N), 1,556 (NH bending), 1,168 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 13.01 (s, 1H, N-H), 11.31 (s, 1H, N-H), 11.12
(s, 1H, N-H), 8.29 (m, 2H, Ar-H), 8.09 (m, 2H, Ar-H), 7.78 (d, J �
7.2, 1H, Ar-H), 7.40 (td, J � 7.8, 1.2 Hz, 1H, Ar-H), 7.13 (t, J � 7.5,
1H, Ar-H), 6.96 (d, J � 7.8, 1H, Ar-H); 13C-NMR (75 MHz,
DMSO-d6) δ (ppm): 176.53, 163.20, 145.12, 144.60, 143.24,
133.79, 132.30, 125.24, 124.47, 122.93, 122.07, 120.15, 111.69;
LC-MS (m/z): positive mode 342 [M + H]+. Purity determined by
HPLC-UV (254 nm)-ESI-MS: 97.18%

(Z)-N-(4-chlorophenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-1-
carbothioamide (8c)

Obtained as yellow solid, Yield� 85%mp� 240–244°C; IR (KBR):
3,315–3,210 (NH stretching), 1,692 (C � O), 1,591 (C � N), 1,527
(NH bending), 1,164 (C � S), cm−1; 1HNMR (300MHz, DMSO-d6):
δ (ppm) 12.84 (s, 1H, N-H), 11.27 (s, 1H, N-H), 10.86 (s, 1H, N-H),
7.76 (d, J � 7.2, 1H, Ar-H), 7.66 (m, 2H, Ar-H), 7.49 (m, 2H, Ar-H),
7.37 (td, J � 7.65, 1.1, 1H, Ar-H), 7.11 (td, J � 7.5, 0.7, 1H, Ar-H), 6.94
(d, J � 7.8, 1H, Ar-H); 13C-NMR (75MHz, DMSO-d6) δ (ppm):
176.86, 163.17, 143.04, 137.92, 133.06, 132.01, 130.56, 128.79, 127.79,
122.86, 121.88, 120.30, 111.60; LC-MS (m/z): positivemode 331 [M+
H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 95.63%

(Z)-N-(4-fluorophenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-1-
carbothioamide (8d)

Obtained as yellow solid, Yield � 87%, mp � 255–256°C; IR
(KBR): 3,290–3,185 (NH stretching), 1,694 (C � O), 1,610 (C �
N), 1,560 (NH bending), 1,166 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.81 (s, 1H, N-H), 11.27 (s, 1H, N-H), 10.83
(s, 1H, N-H), 7.75 (d, J � 7.5, 1H, Ar-H), 7.60 (dd, J � 8.7, 5.1, 2H,
Ar-H), 7.37 (t, J � 7.35, 1H, Ar-H), 7.26 (t, J � 8.85, 2H, Ar-H),
7.11 (t, J � 7.5, 1H, Ar-H), 6.94 (d, J � 7.8, 1H, Ar-H); 13C-NMR
(75 MHz, DMSO-d6) δ (ppm): 177.20, 162.10, 158.88, 142.99,
135.26, 132.89, 131.95, 128.52, 122.86, 121.82, 120.35, 115.74,
111.58; LC-MS (m/z): positive mode 315 [M + H]+. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 98.93%

(Z)-N-(3-methoxyphenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-
1-carbothioamide (8e)

Obtained as yellow solid, Yield � 80%, mp � 220–224°C; IR
(KBR): 3,240–3,189 (NH stretching), 1,690 (C � O), 1,595 (C �
N), 1,526 (NH bending), 1,161 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.80 (s, 1H, N-H), 11.27 (s, 1H, N-H), 10.77
(s, 1H, N-H), 7.79 (d, J � 7.5, 1H, Ar-H), 7.35 (m, 3H, Ar-H), 7.24
(d, J � 7.2, 1H, Ar-H), 7.11 (t, J � 7.5, 2H, Ar-H), 6.94 (d, J � 7.8,
1H, Ar-H), 6.85 (dd, J � 8.1, 2.4, 1H, Ar-H); 13C-NMR (75 MHz,
DMSO-d6) δ (ppm): 176.49, 163.17, 159.64, 142.97, 139.99,
132.77, 131.92, 129.59, 127.55, 122.83, 121.92, 120.35, 118.0,
112.0, 111.55, 55.69; LC-MS (m/z): positive mode 327 [M +
H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 99.02%

(Z)-N-benzyl-2-(2-oxoindolin-3-ylidene)hydrazine-1-
carbothioamide (8f)

Obtained as yellow solid, Yield � 84%, mp � 206–208°C; IR
(KBR): 3,271–3,142 (NH stretching), 1,694 (C � O), 1,594 (C �

N), 1,535 (NH bending), 1,170 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.66 (s, 1H, N-H), 11.22 (s, 1H, N-H), 9.82
(s,1H, N-H), 7.65 (d, J � 7.5, 1H, Ar-H), 7.35 (m, 5H, Ar-H), 7.26
(m, 1H, Ar-H), 7.08 (d, J � 7.5, 1H, Ar-H), 6.93 (d, J � 7.8, 1H, Ar-
H), 4.88 (d, J � 6, 2H, Alkyl H); 13C-NMR (75 MHz, DMSO-d6) δ
(ppm): 178.17, 163.11, 142.82, 138.87, 132.53, 131.72, 128.75,
127.81, 127.48, 122.77, 121.37, 120.42, 111.55, 47.67; LC-MS (m/
z): positive mode 311 [M + H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 97.81%

(Z)-N-(3-chlorophenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-1-
carbothioamide (8g)

Obtained as yellow solid, Yield � 74%, mp � 235–236°C; IR
(KBR): 3,340–3,192 (NH stretching), 1,694 (C�O), 1,594 (C�N),
1,535 (NH bending), 1,170 (C�S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.86 (s, 1H, N-H), 11.28 (s, 1H, N-H), 10.87
(s, 1H, N-H), 7.79 (t, J � 2.1, 1H, Ar-H), 7.76 (s, 1H, Ar-H), 7.65
(dq, J � 8.1, 1.2, 1H, Ar-H), 7.45 (t, J � 7.95, 1H, Ar-H), 7.35 (m,
2H, Ar-H), 7.12 (t, J � 7.35, 1H, Ar-H), 6.95 (d, J � 7.8, 1H, Ar-H);
13C-NMR (75 MHz, DMSO-d6) δ (ppm); 176.77, 163.18, 143.09,
140.40, 133.19, 132.91, 132.08, 130.44, 126.28, 125.53, 124.52,
122.87, 121.93, 120.28, 111.62; LC-MS (m/z): positive mode 331
[M + H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS:
98.38%

(Z)-2-(2-oxoindolin-3-ylidene)-N-(p-tolyl)hydrazine-1-
carbothioamide (8h)

Obtained as yellow solid, Yield � 79%, mp � 240–242°C; IR
(KBR): 3,260–3,130 (NH stretching), 1,698 (C � O), 1,608 (C �
N), 1,530 (NH bending), 1,158 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.77 (s, 1H, N-H), 11.25 (s, 1H, N-H), 10.75
(s, 1H, N-H), 7.77 (d, J � 7.2, 1H, Ar-H), 7.47 (d, J � 8.1, 2H, Ar-
H), 7.37 (td, J � 7.8, 1.2, 1H, Ar-H), 7.22 (d, J � 8.4, 2H, Ar-H),
7.10 (dt, J � 7.65, 0.7, 1H, Ar-H), 6.94 (d, J � 7.8, 1H, Ar-H), 2.47
(s, 2H, Alkyl H); 13C-NMR (75 MHz, DMSO-d6) δ (ppm);
176.79, 163.17, 142.92, 136.36, 135.83, 132.61, 131.85, 129.31,
126.04, 122.82, 121.84, 120.41, 111.54, 21.0.

(Z)-N-(2,6-dimethylphenyl)-2-(2-oxoindolin-3-ylidene)
hydrazine-1-carbothioamide (8i)

Obtained as yellow solid, Yield � 83%, mp � 250-252°C; IR
(KBR): 3,250–3,155 (NH stretching), 1,688 (C � O), 1,619 (C �
N), 1,520 (NH bending), 1,174 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.76 (s, 1H, N-H), 11.23 (s, 1H, N-H), 10.61
(s, 1H, N-H), 7.73 (d, J � 7.5, 1H, Ar-H), 7.36 (t, J � 7.65, 1H, Ar-
H), 7.17 (m, 3H, Ar-H), 7.09 (t, J � 7.5, 1H, Ar-H), 6.94 (d, J � 7.8,
1H, Ar-H), 2.20 (s, 6H, Alkyl H); 13C-NMR (75 MHz, DMSO-d6)
δ (ppm); 177.43, 163.12, 142.92, 136.82, 136.52, 132.58, 131.77,
128.31, 127.89, 122.81, 121.71, 120.49, 111.51, 18.32; LC-MS (m/
z): positive mode 325 [M + H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 98.27%

(Z)-N-(2,5-dimethoxyphenyl)-2-(2-oxoindolin-3-ylidene)
hydrazine-1-carbothioamide (8j)

Obtained as yellow solid, Yield � 74%, mp � 245–248°C; IR
(KBR): 3,285–3,170 (NH stretching), 1,690 (C � O), 1,606 (C �
N), 1,545 (NH bending), 1,164 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6): δ (ppm) 12.81 (s, 1H, N-H), 11.27 (s, 1H, N-H), 10.43
(s, 1H, N-H), 7.77 (d, J � 2.7, 1H, Ar-H), 7.65 (d, J � 7.2, 1H, Ar-
H), 7.38 (td, J � 7.65, 1.1, 1H, Ar-H), 7.09 (m, 2H, Ar-H), 6.95 (d,
J � 7.8, 1H, Ar-H), 6.82 (dd, J � 9.0, 3.0, 1H, Ar-H), 3.84 (s, 3H,

Frontiers in Pharmacology | www.frontiersin.org November 2020 | Volume 11 | Article 5858763

Afzal et al. Oxoindolin Hydrazine Carbothioamides as NTPDases Inhibitors

102

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Alkyl H), 3.72 (s, 3H, Ar-H); 13C-NMR (75 MHz, DMSO-d6) δ
(ppm): 175.64, 163.17, 153.06, 146.68, 143.09, 132.87, 132.05,
128.06, 123.00, 121.41, 120.15, 112.78, 111.64, 111.53, 56.84,
55.95; LC-MS (m/z): positive mode 357 [M + H]+. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 95.39%

(Z)-N-(4-methoxyphenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-
1-carbothioamide (8k)

Obtained as yellow solid, Yield � 80%, mp � 255–260°C; IR
(KBR): 3,270–3,160 (NH stretching), 1,692 (C � O), 1,623 (C �
N), 1,546 (NH bending), 1,162 (C � S), cm−1; 1HNMR
(300 MHz, DMSO-d6): δ (ppm) 12.75 (s, 1H, N-H), 11.25 (s,
1H, N-H), 10.73 (s, 1H, N-H), 7.76 (d, J � 7.5, 1H, Ar-H), 7.46
(d, J � 8.4, 2H, Ar-H), 7.37 (td, J � 7.8, 1.0, 1H, Ar-H), 7.10 (t, J �
7.2, 1H, Ar-H), 6.97 (t, J � 9.75, 3H, Ar-H), 3.78 (s, 3H, Alkyl-
H); 13C-NMR (75 MHz, DMSO-d6) δ (ppm): 177.0, 163.16,
157.85, 142.89, 132.52, 131.80, 131.74, 127.73, 122.82, 121.79,
120.44, 114.03, 111.54, 55.75; LC-MS (m/z): positive mode 327
[M + H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS:
98.73%

(Z)-N-(2,6-difluorophenyl)-2-(2-oxoindolin-3-ylidene)hydrazine-
1-carbothioamide (8l)

Obtained as yellow solid, Yield � 75%, mp � 243–244°C; IR
(KBR, cm−1): 3,264–3,170 (NH stretching), 1,692 (C � O), 1,598
(C � N), 1,555 (NH bending), 1,170 (C � S), cm−1; 1HNMR
(300 MHz, DMSO-d6) δ (ppm): 12.96 (s, 1H, N-H), 11.28 (s, 1H,
N-H), 10.57 (s, 1H, N-H), 7.69 (d, J � 7.5, 1H, Ar-H), 7.49 (m, 1H,
Ar-H), 7.39 (td, J � 7.65, 1.1, 1H, Ar-H), 7.26 (t, J � 9.9, 2H, Ar-
H), 7.12 (t, J � 7.65, 1H, Ar-H), 6.95 (d, J � 7.5, 1H, Ar-H);
13C-NMR (75 MHz, DMSO-d6) δ (ppm): 179.09, 163.11, 157.42,
143.27, 133.83, 132.18, 130.15, 122.94, 121.72, 120.26, 116.56,
112.49, 111.67; LC-MS (m/z): positive mode 333 [M +H]+. Purity
determined by HPLC-UV (254 nm)-ESI-MS: 97%

(Z)-N-ethyl-2-(2-oxoindolin-3-ylidene)hydrazine-1-
carbothioamide (8m)

Obtained as yellow solid, Yield � 84%, mp � 190–194°C; IR
(KBR): 3,315–3,281 (NH stretching), 1,686 (C � O), 1,619 (C �
N), 1,541 (NH bending), 1,161 (C � S), cm−1; 1HNMR (300 MHz,
DMSO-d6) δ (ppm): 12.96 (s, 1H, N-H), 11.28 (s, 1H, N-H), 10.57
(s, 1H, N-H), 7.65 (d, J � 7.2, 1H, Ar-H), 7.35 (td, J � 7.72, 1.1, 1H,
Ar-H), 7.10 (td, J � 7.57, 0.7, 1H, Ar-H), 6.93 (d, J � 7.8, 1H, Ar-
H), 3.64 (m, 2H, CH2), 1.19 (t, J � 7.05, 3H, CH3);

13C-NMR
(75 MHz, DMSO-d6) δ (ppm): 177.08, 163.09, 142.71, 132.11,
131.61, 122.77, 121.27, 120.44, 111.52, 39.51, 14.52; LC-MS (m/z):
positive mode 249 [M + H]+. Purity determined by HPLC-UV
(254 nm)-ESI-MS: 98.56%

Biological Protocols
Cell Transfection and Protein Preparation
COS-7 cells were transfected with plasmids expressing human or
mouse NTPDases1, -2, -3, and -8 as previously described
(Levesque et al., 2007; Lecka et al., 2014) Briefly, the confluent
cells were transferred to Dulbecco’s Modified Eagle’s Medium
containing no fetal bovine serum. Then, these cells were
incubated with plasmid DNA (6 µg) and Lipofectamine
reagent (24 µl) at 37°C. After 5 h, transfection was terminated
with the addition of an equal volume of DMEM/F-12

(supplemented with 20% FBS) and cells were collected by
harvesting after 40–72 h.

To prepare protein extracts, transfected COS-7 cells were
washed three times with tris-saline buffer while temperature
was maintained at 4°C. Then cells were scraped and
resuspended in harvesting buffer containing 95 mM NaCl,
45 mM tris and 0.1 mM phenylmethylsulfonyl fluoride (pH
7.5). Cells were again washed twice by centrifugation for 5 min
at 300 × g at 4°C and then resuspended in harvesting buffer
(supplemented with 10 μg ml aprotinin). Following sonication,
cellular debris was isolated by 10 min centrifugation at 300 g at
4°C. Subsequently, supernatant was removed very carefully and
protein concentration was determined by using Bradford
microplate assay while using the bovine serum albumin as a
standard (Bradford, 1976).

Nnucleoside Ttriphosphate Ddiphosphohydrolases
Activity Assay
The inhibitory effects of synthesized compounds on
h-NTPDase1, -2, -3, and -8 were determined as described
previously, although with slight modifications (Martín-Satué
et al., 2009). Assay was conducted in a reaction medium
containing 50 mM tris-HCl and 5 mM CaCl2 (pH 7.4). All the
test compounds were dissolved in dimethyl sulfoxide (DMSO,
10%) and initially screened at a concentration of 100 µM. A
reaction mixture containing 55 µl of assay buffer, 10 µl of test
compound solution and 10 µl of h-NTPDase1 (58 ng/well) or
h-NTPDase2 (79 ng/well) or h-NTPDase3 (163 ng/well) or
h-NTPDase8 (66 ng/well) was incubated at 37°C for 10 min.
Following the incubation, a 10 µl solution of adenosine
triphosphate (ATP, 100 µm) was added as substrate and
reaction mixture was again incubated for 15 min at 37°C. The
reaction was stopped by adding malachite green reagent (15 µl)
and placed at room temperature for 4 to 6 min. Finally,
absorbance was measured at 630 nm by using Omega
FLUOstar microplate reader (BMG Labtech, Ortenberg,
Germany) and % inhibitions were calculated. For compounds
showing more than 50% inhibition of any isozyme, dose response
curves were generated and their IC50 values were determined.
Three separate enzyme inhibition assays were carried out in
triplicate and dose-response curve were generated by using
PRISM 5.0 (GraphPad, San Diego, United States).

Same procedure was adopted to determine the inhibitory
effects of compounds on mouse NTPDases (m-NTPDases).
However, the amount of protein used was as follows:
m-NTPDase1 (82 ng/well), m-NTPDase2 (57 ng/well),
m-NTPDase3 (110 ng/well) and m-NTPDase8 (79 ng/well)

Islets Isolation
Six to eight week old BALB/c mice, weighing 30–40 g, were
used in the study. These mice were obtained from the animal
house of COMSATS University Islamabad, Abbottabad
Campus and placed under standard temperature (25 ±
2°C) and humidity (50–55%) conditions with an alternate
12-h light/dark cycle. All the experimental animals were
provided with a continuous supply of food and water. The
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animals were handled according to internationally accepted
guidelines of animal care and use. Moreover, this study was
reviewed and approved by Research Ethics Committee,
Department of Pharmacy, COMSATS University
Islamabad, Abbottabad Campus. (Protocol number:
PHM.Eth./CS-M01-020-1609)

The islets were isolated from mice pancreas as previously
described, by a process involving collagenase digestion
(Hameed et al., 2018). Briefly, mice were anesthetized with
sodium thiopental (30 mg kg) and sacrificed by cervical
dislocation to block the flow of blood. Immediately, mice
were transferred to biological hood and their abdominal
cavity was opened completely by making an incision on
abdomen. In order to stop the bile flow toward duodenum,
ampulla was located and clamped under dissection
microscope. Then, distention of pancreas was carried out by
injecting 3 ml of collagenase solution (1 mg/ml) through
common bile duct. The distended pancreas was removed as
a whole, transferred to a 50 ml tube and digested in collagenase
solution at 37°C. After 15 min, digestion was stopped by
placing the tube on ice and 20 ml of Hank’s Balanced Salt
Solution (HBSS) was added to it. Thus the digested islets were
washed with HBSS (two to three times) by centrifugation
(1,000 rpm) for 1 min at 4°C. Finally, islets were purified by
passing through a cell strainer (70 µm) and isolated manually
(by hand picking) under stereomicroscope (Euromex,
Arnhem, Netherlands). All the purification and isolation
procedures were carried out in HBSS, containing no
magnesium, calcium and phenol red.

Measurement of Insulin Secretion
Krebs-Ringer bicarbonate buffer (KRBB) was used as an incubation
medium for islets and was composed of NaCl (118 mM), KCl
(4.7 mM), CaCl2 (1.9 mM), MgSO4 (1.2 mM), NaHCO3 (25mM),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
10mM) and bovine serum albumin (0.1%). The pH of KRBB
was maintained at 7.4. The isolated islets were size-matched and
pre-incubated (3 islets/tube) for 45min at 37°C in KRBB,
supplemented with 3 mM glucose. Thereafter, incubation
medium was replaced with fresh KRBB (containing 16.7 mM
glucose) and islets were incubated for 60min at 37°C with or
without test substance(s). After incubation, supernatant was
collected and stored at −40°C until further use. Finally, collected
samples were properly diluted and insulin secretion was estimated

with ultra-sensitive mouse insulin ELISA kit (Crystal Chem Inc.,
Downers Grove, United States) according to the manufacturer’s
instructions. The absorbance was measured at 450 nm and insulin
secretion was normalized for number of islets used. (Hameed et al.,
2018).

Ectonucleotidase Activity of Islets
Preparation of Islet Homogenate
Islets were isolated and homogenized, according to the
previously reported method (Hedeskov and Capito, 1974).
After isolation, islets were washed thrice with HBSS and
suspended in an ice-cold buffer containing sucrose (0.25 M),
ethylenediaminetetraacetic acid (EDTA,1 mM) and tris-HCl
(5 mM), maintained at pH 7.0. The resulting suspension was
diluted with assay buffer, composed of tris-HCl (50 mM) and
CaCl2 (5 mM). Afterward, these islets were sonicated for 30 s
leading to disruption of islets and formation of a homogenate.
Cellular debris was removed by centrifugation at 15,000 rpm
for 10 min (4°C). The supernatant was collected and stored on
ice. Protein concentration was estimated by Bradford method,
using bovine serum albumin as reference standard (Bradford,
1976).

Ectonucleotidase Activity of Islet Homogenate
In order to determine the effect of compounds on
ectonucleotidase activity in mice islets, standard curve based
procedure was used where KH2PO4 was used as a standard. A
stock solution of KH2PO4 (1 mM) was prepared in assay buffer
that was used to prepare the working solutions of lower
concentrations (0–100 µm). A standard curve was generated
by incubating increasing concentration of KH2PO4 with buffer
and malachite green reagent.

The assay was carried out in tris-buffer (pH 7.4) containing tris-
HCl (50 mM) and CaCl2 (5 mM), as previously described (Lavoie
et al., 2010). Compounds were dissolved in DMSO (10%) and tested
at a concentration of 100 µM. The assay was started by adding 10 µl
of test compound solution to 56 µl of assay buffer, followed by the
addition of 6 µl of homogenate (i.e., 3 µg of protein). The mixture
was incubated at 37°C for 10 min and then 10 µl of ATP (100 µM)
was added to start the reaction. Reaction mixture was again placed
in incubator at 37°C for 15 min and then reaction was stopped by
adding 100 µl of trichloroacetic acid (10%). These samples were
placed on ice for 15min. Finally, samples were mixed with
malachite green reagent in an appropriate proportion and

SCHEME 1 | Synthesis of substituted N-phenylhydrazine carbothioamides (7a-m).
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released Pi was determined by using standard curve. Moreover, test
compounds were tested at different concentrations and dose
response curves were generated indicating the amount of Pi
released at corresponding dose. All the experiments were carried
out in triplicate and enzyme activity was expressed as nm of Pi/min/
mg of protein.

Real Time Quantitative Polymerase Chain Reaction
Treatment of Islets With Test Compound
Freshly isolated mice islets were incubated in KRBB at 37°C with
glucose (3 mM). After 45 min, these islets were treated with test
compounds in KRBB at 37°C for 3 h, in the presence of
stimulatory glucose concentration. Once the incubation was

TABLE 1 | Synthesis of compounds (8a-pm).
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complete, supernatant was removed carefully, and RNA was
extracted from these islets.

Total RNA Extraction and Real Time Quantitative
Polymerase Chain Reaction
Total RNA was extracted using TRIzol reagent, according to
manufacturer’s instruction. The concentration of isolated RNA

was quantified by using Lvis plate method (FLUOstar Omega,
BMG Labtech, Ortenberg, Germany). This RNA was then reverse
transcribed to cDNA in a total reaction volume of 20 µl. Briefly, a
reaction mixture containing RNA (1 µg) and oligo-dT (20 μM, 1 µl)
was prepared and volume was adjusted to 12 µl with nuclease free
water. The prepared mixture was incubated at 65°C for 5 min and
then immediately chilled on ice. Afterward, 8 µl of master mix

TABLE 2 | 1H NMR data of compound 8i.

Atom No (N or C) δH δC HSQC HBMC

NH 12.77 (brs, 1H) — — —

NˊH 11.24 (brs, 1H) — — —

NH 10.62 (brs, 1H) — — —

CH-4 7.48 (d, J � 7.5 Hz, 1H) 121.7 C-4 C-6, C-8
CH-6 7.37 (t, J � 7.5 Hz, 1H) 131.8 C-6 C-4, C-8
CH-3ˊ/4ˊ/5ˊ 7.20–7.46 (m, 3H) 128.3/127.9 C-3ˊ/4ˊ/5ˊ C-1ˊ/5ˊ, C-2ˊ/6ˊ, C-1ˊ/3ˊ
CH-5 7.09 (t, J � 7.5 Hz) 122.8 C-5 C-7, C-9
CH-7 6.94 (d, J � 7.8 Hz) 111.5 C-7 C-5, C-9
Ar(CH3)2 2.21 (s) 18.3 Ar(CH3)2 C-1ˊ, C-3ˊ, C-5ˊ
C-1ˊ 136.8 — —

C-2ˊ 136.5 — —

C-5ˊ 136.5 — —

C-2 163.1 — —

C-3 132.6 — —

C-8 142.9 — —

C-9 120.5 — —

C�S 171.4 — —

TABLE 3 | Human NTPDase inhibitory data for compounds (8a-m).

Code NTPDase1 NTPDase2 NTPDase3 NTPDase8 NTPDase1 NTPDase2 NTPDase3 NTPDase8

IC50 (µM) ± SEMa or %inhibition at 100 µMb Ki (µM)

8a 45%b 24%b 20%b 24%b
— — — —

8b 0.29 ± 0.02a 19%b 20%b 24%b 0.04 — — —

8c 0.23 ± 0.01a 46%b 0.19 ± 0.02a 0.24 ± 0.02a 0.03 — 0.08 0.11
8d 49%b 48%b 46%b 33%b

— — — —

8e 0.15 ± 0.009a 34%b 26%b 21%b 0.15 — — —

8f 0.24 ± 0.01a 38%b 27%b 31%b 0.03 — — —

8g 28%b 29%b 17%b 7%b
— — — —

8h 49%b 17%b 26%b 22%b
— — — —

8i 1.63 ± 0.15a 0.41 ± 0.03a 25%b 17%b 0.24 0.17 — —

8j 0.15 ± 0.01a 0.11 ± 0.08a 34%b 19%b 0.02 0.04 — —

8k 44%b 0.16 ± 0.01a 19%b 46%b
— 0.07 — —

8l 0.30 ± 0.03a 45%b 22%b 32%b 0.04 — — —

8m 2.60 ± 0.02a 42%b 0.38 ± 0.03a 38%b 0.38 — 0.16 —

Suramin3 16.1 ± 1.02a 24.1 ± 3.01a 4.31 ± 0.41a >100a 2.33 9.92 1.85 —

aIC50 values are presented as mean ± SEM of three independent experiments.
bPercent inhibition determined at 100 μM.
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containing 5X reaction buffer (4 µl), rnase inhibitor (1 µl), dNTPsmix
(10mM, 2 µl) and reverse transcriptase (1 µl) was added to above
sample. After gentle pipetting, sample was run under following
conditions: 25°C for 5min, 42°C for 70min and 70°C for 5min.
Once the cDNA was synthesized, real time quantitative PCR was
conducted by using PikoReal 96 Real-Time PCR system (Thermo
Scientific, Vantaa, Finland). For this purpose, a master mixture
containing cDNA (1 µl), forward primer (0.25 µl), reverse primer
(0.25 µl) and SYBER green master mix (10 µl) was prepared and total
volume was adjusted to 20 µl with nuclease free water. Subsequently,
thermal cycling conditions were set as follows: 95°C for 10min and
then 40 cycles at 95°C for 15 s and 55°C for 1min. Relative expression
was determined by normalization to β actin mRNA by ΔΔCTmethod.

Molecular Docking Studies
Molecular docking analysis was carried out on the basis of results
obtained in enzyme kinetics. Hence molecular docking was
carried out for the most potent inhibitor of h-NTPDase2 (8j),
h-NTPDase3 (8c) and h-NTPDase8 which showed a competitive

mode of inhibition. Compound 8e revealed a non-competitive
mechanism of inhibition against h-NTPDase1, therefore its
docking was not performed. Since the crystal structures of
human NTPDases are not yet available from the Protein Data
Bank, their homology models were built according to our
previously reported method (Iqbal and Shah, 2018). Docking
studies were carried out using BioSolveIT’s LeadIT software1. Out
of the top ten docked conformations obtained for each inhibitor,
the one with the most favorable binding free energy was selected,
using HYDE functionality of software. SeeSAR analysis of the
inhibitors was also performed by BioSolveIT’s SeeSAR2.

Statistical Analysis
The data was presented as mean ± SEM and statistical analysis
was performed using PRISM 5.0 (GraphPad, San Diego, United
States). Statistical tests were performed by using student t test and
one-way ANOVA. A p value < 0.05 was considered significant.

FIGURE 1 | Lineweaver-Burk Plot for h-NTPDase1 inhibitor (8e). S
represents the substrate concentration (μM) and concentration of inhibitor
(8e) are 0, 0.10, 0.15, and 0.20 μM.

FIGURE 2 | Lineweaver-Burk Plot for h-NTPDase2 inhibitor (8j) S
represents the substrate concentration (μM) and concentration of inhibitor (8j)
are 0, 0.05, 0.10, and 0.15 μM.

TABLE 4 | Mouse NTPDase inhibitory data for compounds (8a-m).

Code NTPDase1 NTPDase2 NTPDase3 NTPDase8 NTPDase1 NTPDase2 NTPDase3 NTPDase8

IC50 (µM) ± SEMa or %inhibition at 100 µMb Ki (µM)

8a 38%b 42%b 31%b 28%b
— — — —

8b 14%b 31%b 28%b 30%b
— — — —

8c 28%b 36%b 27%b 36%b
— — — —

8d 41%b 27%b 29%b 1.45 ± 0.12a — — — 0.17
8e 0.60 ± 0.03a 29%b 0.70 ± 0.05a 3.80 ± 0.21a 0.006 — 0.07 0.44
8f 4.14 ± 0.13a 34%b 32%b 38%b 0.04 — — —

8g 48%b 36%b 27%b 36%b
— — — —

8h 29%b 31%b 31%b 28%b
— — — —

8i 20%a 0.15 ± 0.01a 32%b 26%b
— 0.04 — —

8j 24%a 27%b 30%b 32%b
— — — —

8k 42%b 29%b 36%b 24%b
— — — —

8l 3.22 ± 0.19a 0.20 ± 0.01a 0.32 ± 0.04a 13%b 0.03 0.05 0.03 —

8m 3.60 ± 0.02a 1.50 ± 0.11a 2.41 ± 0.15a 35%b 0.04 0.41 0.24 —

Suramin4 >100a 21.0 ± 2.0a 31.0 ± 2.0a >100a — 5.67 3.07 —

aIC50 values are presented as mean ± SEM of three independent experiments.
bPercent inhibition determined at 100 μM
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RESULTS

Chemistry
A series of 13 hydrazine carbothioamide derivatives (8a-m) was
synthesized as potential NTPDase inhibitors. Initially, substituted
phenylhydrazine carbothioamides (7a-m) were prepared by
dropwise addition of appropriate isothiocyanate to excess of
hydrazine hydrate in ethanol as shown in Scheme 1. The
target compounds (8a-m) were synthesized by refluxing the
synthesized intermediates (7a-m) with isatin for 4 to 5 h
(Table 1). After the reaction was completed, gradual
evaporation of solvent at room temperature resulted in
precipitate formation. These precipitates were filtered, washed
with ethanol and then dried. The synthesized compounds (8a-m)
were identified by different spectroscopic techniques including
IR, LC/ESI-MS,1H-NMR and 13C-NMR.

The IR spectra of synthesized compounds showed absorption
bands in the region of 3,315–3,130 cm−1, resulting from NH

FIGURE 3 | Lineweaver-Burk Plot for h-NTPDase3 inhibitor (8m). S
represents the substrate concentration (μM) and concentration of inhibitor
(8m) are 0, 0.20, 0.4, and 0.6 μM.

FIGURE 4 | Lineweaver-Burk Plot for h-NTPDase8 inhibitor (8c). S
represents the substrate concentration (μM) and concentration of inhibitor
(8c) are 0, 0.10, 0.20, and 0.30 μM.

FIGURE 5 | Effect of compound 8c, 8m, suramin (SUR), isatin (IST) and
isobutyl methyl xanthine (IBMX) on glucose stimulated insulin secretion in mice
pancreatic islets at 200 µM. Group of size-matched islets were incubated at
37°C for 1 h in KRB buffer with 16.7 mM glucose supplemented with or
without test compounds. Values are mean ± S.E.M. from two to three
independent experiments. Insulin secretion induced by 16.7 mMGlucose was
considered 100%. ***p < 0.0001 vs. none. Cnt, insulin secretion induced by
16.7 mM glucose only.

FIGURE 6 | Dose-dependent effect of compound 8m on insulin
secretion. Compound 8m was employed at doses of 0, 10, 50, 100, and
200 µM concentration supplemented with 16.7 mM glucose. Group of size-
matched islets were incubated at 37°C for 1 h in KRB buffer with
16.7 mM glucose supplemented with or without test compounds. Values are
mean ± S.E.M. from two to three independent experiments. **p < 0.001.
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stretching of indole and thioamide function. The absorption bands in
the region of 1,698–1,686 (cm−1) and 1,623–1,591 (cm−1) can be
assigned to the presence of C � O and C � N, respectively. Likewise,
bands in the range of 1,560–1,541 (cm−1) and 1,174–1,158 (cm−1)
reflect the presence of N-H and C � S, respectively. In case of
1H-NMR, spectra showed three characteristic peaks (singlet) of
NH in the range of δ 9.82–11.12 ppm, 11.22–11.31 ppm,
13.01–12.66 ppm, assigned to CS-NH, indole NH and –N-NH,
respectively, confirming the synthesis of desired compounds. All
the aromatic protons appeared (as expected) in the region of δ
8.29–6.82 ppm. The 13C spectra showed thioamide carbon peak in
the range δ 179.09–175.64 ppm, while carbonyl and imine carbon
appeared in the range δ 163.20–163.09 ppm and δ
145.12–142.71 ppm, respectively (Pervez et al., 2009; Ali et al.,
2014). Mass spectra of synthesized compound was recorded in
positive mode, compounds showed molecular ions of varying
intensity indicating molecular weights of the compounds. The
information regarding 1H and 13C spectra of synthesized
compounds was presented in Supplementary Material.

A typical structure of a hydrazine carbothioamide showed
characteristic signals in ID and 2D NMR spectra. The broad signals
for NH groups appeared at δH 12.77, 11.24, and 10.62 ppm,
respectively. The doublets of H-4 and H-7 appeared at δH 7.48
and 6.94 ppm, respectively. The carbon signals for δC C �O and C-S
appeared at 163.1 and 171.4 ppm. The other characteristics signals of
CH, C and CH3 groups confirm the structure of compound 8i and
are presented in Table 2.

Effect of Compounds on Recombinant
h-NTPDases
The synthesized compounds (8a-m) were investigated for their
ability to inhibit h-NTPDases using the malachite green assay.
Recombinant h-NTPDase1, -2, -3 and -8 were employed and initial
screening was carried out at an initial concentration of 100 µM. In
order to compare species difference, compounds were also tested
againstmouse NTPDases (m-NTPDases), includingm-NTPDase1,
-2, -3 and -8. Dose response curves were generated for compounds
showing >50% inhibition of any isoform of enzyme. The inhibitory
activity of these compounds against human and mouse NTPDases
is presented in Tables 3, 4, respectively.

Structure Activity Relationship
Among thirteen derivatives, eight compounds inhibited
h-NTPDases to a variable extent, however h-NTPDase1 was
more susceptible as compared to other isozymes. Compound
8e (IC50 � 0.15 ± 0.009 µM) and 8j (IC50 � 0.15 ± 0.01 µM)
revealed the most promising activity against h-NTPDase1. A
structural comparison of these inhibitors showed that both
compounds contained –OCH3 group attached to phenyl ring,
however, 8e was mono substituted with –OCH3 attached to
phenyl ring whereas 8j was substituted with two –OCH3

groups. Hence, excellent activity of 8e could be due this
–OCH3 group and incorporation of two –OCH3 groups (8j)
resulted in retention of activity.

Likewise, compounds containing –Cl (8c, IC50 � 0.23 ±
0.01 µM), –NO2 (8b, IC50 � 0.29 ± 0.02 µM) and –(F)2 (8l,
IC50 � 0.30 ± 0.03 µM) also showed promising activities. The
lowest activity in the series was shown by compounds substituted
with an alkyl group as indicated by IC50 values of 8i (IC50 � 1.63 ±
0.15 µM) and 8m (IC50 � 2.60 ± 0.02 µM), respectively.

The data suggest that position of substitution also plays an
important role. For example, compound 8c containing 4-Cl

FIGURE 7 | Effect of compound 8m and suramin on ectonucleotidase
activity in islets homogenate using 100 µM ATP as substrate. Enzyme activity
is expressed in nmol Pi/min/mg of protein. Enzyme activity without any
inhibitor was considered 100%. Treatment of homogenate with
compound 8m and suramin significantly reduced the enzyme activity. Bars
represent means ± SEM for three independent experiments. ***p < 0.0001.
Cnt (control), enzyme activity without addition of compound, Sur, enzyme
activity by suramin.

FIGURE 8 | Compound 8m inhibits the ectonucleotidase activity in islet
homogenate, measured as release of Pi from exogenously added ATP at a
concentration of 100 µM (n � 3).
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substitution showed remarkable activity (IC50 � 0.23 ±
0.01 µM); whereas, introduction of 3-Cl resulted in reduced
activity of 8g (28%). Similarly, position of substituent also
contributed toward the activity of 8e (containing 4-OCH3

group) since introduction of 3- OCH3 group lead to
decreased activity of 8k (44%).

Moreover, mono-substitution and di-substitution was another
factor responsible for improved activity of derivatives. In this
case, a comparison of 8d (49.1%) vs. 8l (IC50 � 0.30 ± 0.03 µM)
showed that di substitution was more favored than mono
substitution. Same pattern of activity was observed for 8h vs.
8i. Above all, four compounds i.e. 8b, 8e, 8f and 8l selectively

FIGURE 9 | Overlap of docked conformations of compounds 8i (gray), 8j (purple) and 8k (pink) with standard inhibitor suramin (black), the protein backbone is
represented in lined ribbon, the calcium ion is shown as green sphere.

FIGURE 10 | 2D (left) and 3D (right) representation of docked conformations of h-NTPDase2 inhibitor 8j.
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inhibited h-NTPDase1and their %inhibition values for other
isozymes was <50%.

In case of h-NTPDase2, three compounds could inhibit this
isoform and IC50 values of these compounds were in sub-micro
molar range. Compounds 8j (IC50 � 0.11 ± 0.08 µM) and 8k
(IC50 � 0.16 ± 0.01 µM) shared almost comparable activity,
indicating substitution with –OCH3 was well tolerated, whether
it was a mono substitution or a di substitution.

Compound 8i (IC50 � 0.41 ± 0.03 µM) also possessed good
inhibitory activity and it incorporated two –CH3 groups as a part of its
structure. However, the activity of remaining derivatives was <50%.

There were only two hit compounds (8c, 8m) which showed
excellent inhibition of h-NTPDase3. A comparison of IC50s
showed that 8c was 22 times more active than standard
inhibitor i.e. suramin. Structure of 8c contained 4-Cl attached
to it and this activity appeared position dependent since
introduction of 3-Cl resulted in loss of activity. Another
inhibitor of h-NTPDase3 was 8m and it also showed excellent
inhibitory activity (IC50 � 0.38 ± 0.03 µM). This compound
contained an ethyl chain attached to –NH of thioamide chain,
indicating that alkyl chain was well tolerated. However, presence
of other substituents like –F, –CH3 and –OCH3 did not show any
remarkable activity toward h-NTPDase3.

Only one compound effectively inhibited h-NTPDase8 and
that was 8c. The IC50 of 8c (0.24 ± 0.02 µM) was 400 times than
that of suramin. However, no other compound could inhibit
h-NTPDase8 to an appreciable extent.

Mechanism of Inhibition of Candidate Compounds
In order to determine the mechanism of inhibition, kinetic
studies of most potent inhibitors were performed against

respective isozymes. In this regard, compound 8e revealed
a non-competitive mode of inhibition for h-NTPDase1
(Figure 1). However, compound 8j was found to be a
competitive inhibitor of h-NTPDase2 since all the four
lines (indicating different concentrations of inhibitor) were
intersecting at y-axis (Figure 2). Compound 8m showed a
non-competitive mode of inhibition for h-NTPDase3
(Figure 3) whereas the Lineweaver-Burk plot for h-
NTPDase8 with compound 8c exhibited a competitive
mechanism of inhibition (Figure 4).

Effect of NTPDase3 Inhibitors on Insulin
Secretion
The ability of h-NTPDase3 inhibitors (8c and 8m) to
stimulate insulin secretion was determined by using freshly
isolated mice islets. It was observed that compound 8m
produced a significant increase in glucose stimulated
insulin secretion as compared to control and activity of
this compound (8m) was comparable to that of isobutyl
methyl xanthine (IBMX), used as positive control. The
results are shown in Figure 5.

The compound 8m was tested at different doses (10–200 µM)
and it induced a dose dependent increase in insulin secretion
(Figure 6). However, compound 8m did not produce any
significant effect at basal glucose level (3 mM).

Although compound 8c was the most potent h-NTPDase3
inhibitor but it did not show any significant effect on insulin
secretion. This discrepancy in the behavior of compound 8c
might be attributed to the species difference. Therefore, we
tested all the compound on mouse NTPDases (m-NTPDases)

FIGURE 11 | See SAR Analysis (visual representation of contribution of each atom to overall binding affinity) of h-NTPDase2 inhibitors 8i (left) and 8j (right). The
structural elements that are contributing favorably to the overall binding affinity are represented with green colored coronas, structural elements that with unfavorable
contribution are represented with red colored coronas, neutral elements are not colored. Unoccupied space in the binding site is in gray color.
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and we found that compound 8c was not an effective inhibitor of
m-NTPDase3 (Table 4).

Suramin, used as positive control during enzyme inhibition
studies, was tested for its insulin secretory activity. Isatin, used as
a reactant during synthesis of target compounds, was also
investigated for its ability to stimulate insulin secretion.
Neither suramin nor isatin had any significant effect on
insulin release (Figure 5).

Effect of 8m on NTPDase3 Activity in Mice
Pancreatic Islets
Given that compound 8m was identified as an effective inhibitor
of h-NTPDase3 as well as a regulator of the glucose-induced
insulin secretion, we decided to determine the compound’s effect
on ectonucleotidase activity in isolated mice islets. A
homogenate was prepared from the isolated islets which was
treated with compound and then ectonucleotidase activity was

FIGURE 12 | Overlap of docked conformations of h-NTPDase3 inhibitor 8c (gray) and standard inhibitor suramin (black), the protein backbone is represented in
lined ribbon, the magnesium ion is shown as a green sphere.

FIGURE 13 | 2D (left) and 3D (right) representation of docked conformations of h-NTPDase3 inhibitor 8c.
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determined by malachite green assay. At a concentration of
100 μM, compound 8m significantly decreased the
ectonucleotidase activity as compared to control. The activity
of test compound (8m) was comparable to that of suramin, a

standard inhibitor of NTPDase (Figure 7). Moreover, a dose
response curve was generated for compound 8m and it was
found that compound 8m produced a dose dependent decrease
in enzyme activity (Figure 8).

FIGURE 14 | 2D (left) and 3D (right) representation of docked conformations of h-NTPDase8 inhibitor 8c.

FIGURE 15 | See SAR Analysis (visual representation of contribution of each atom to overall binding affinity) of h-NTPDase8 inhibitor 8c. The structural elements
that are contributing favorably to the overall binding affinity are represented with green colored coronas, structural elements that with unfavorable contribution are
represented with red colored coronas, neutral elements are not colored. Unoccupied space in the binding site is in gray color.
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Effect of 8m on NTPDase3 mRNA by Real
Time Quantitative Polymerase Chain
Reaction
To determine if the reduction in ectonucleotidase activity by
compound 8m in mice pancreatic islets was an outcome of
downregulation of NTPDase3 mRNA, we analyzed the effect
of this compound (8m) on NTPDase3 gene expression. Freshly
isolated mice islets were incubated with test compound, total
RNA was extracted and relative fold change in the NTPDase3
mRNA expression was determined by real time qPCR
experiments. The results showed that test compound (8m) had
no significant effect (p > 0.05) on the NTPDase3 gene expression
in mice pancreatic islets as compared to control. Moreover,
expression level of β-actin (housekeeping gene) was also not
affected by compound 8m.

Molecular Docking
Compounds 8i, 8j and 8k were highly active against h-NTPDase2
and were therefore docked against this enzyme. For reference,
docking of standard inhibitor suramin was also carried out. All
compounds were found to bind in the same area of the active site,
in the region that is also shared by suramin. Figure 9 shows an
overlap of docked conformations of inhibitors 8i, 8j, 8k with
suramin.

The most probable docked conformation of compound 8j, the
most active h-NTPDase2 inhibitor, is shown in Figure 10. As can
be seen, the NH of the indole ring was making a hydrogen bond
with Leu202. Likewise, one of the NH groups of thiourea moiety
was making hydrogen bond with Ser346 whereas the other NH
group was making hydrogen bond with Tyr350. The 2,5-
dimethoxy phenyl ring was making a pi-cation interaction
with Ala433, pi-sigma and pi-alkyl interactions were observed
between the indole ring and the amino acids Ala347 and Arg245,
respectively.

To further highlight the role of each structural element toward
the overall binding affinity SeeSAR analysis was carried out.

BioSolveIT’s SeeSAR is a tool that provides visual display of
binding affinity. The information thus provided can be very
helpful in logically modulating the structures of lead
inhibitors, to synthesize even more potent inhibitors. The
SeeSAR analysis of most active NTPDase inhibitors 8i and 8j
is given in Figure 11. The structural features of the compound
that are contributing positively to the overall binding affinity are
indicated with green coronas; greater the contribution, larger is
the size of the corona. Similarly, the structural elements that are
not contributing favorably to the overall binding are indicated
with red coronas, whereas the structural features with no
contribution are not colored. As can be seen, most of the
atoms in the molecule 8i are contributing favorably to overall
binding (indicated by green colored coronas), except two
structural elements, i) one of the methyl carbon atoms of the
2,6-dimethyl substituted phenyl ring (labeled C23 in Figure 11,
9.8 kJ/mol), and ii) the sulfur atom (S15 in Figure 11, 1.2 kJ/mol)
of thiourea (C � S) moiety. These unfavorable contributions are
because of high desolvation energy which has not been
compensated by any (favorable) non-bonded interaction.
Based on the unoccupied space in the binding pocket
(indicated in gray), the structure of the molecule can be
changed/extended further to provide a more snug fit into the
binding pocket. Similarly, for compound 8j, unfavorable
contribution to binding free energy is because of somewhat
high desolvation energy of methoxy oxygen atoms (O22 and
O24, 3.1 and 3.7 kJ/mol, respectively) and one of the phenyl ring
carbon atoms (C18, 1.4 kJ/mol). Replacement of these atoms with
some other suitable atoms/group is expected to result in even
more active inhibitors.

Compound 8c was the most active inhibitor of h-NTPDase3
and showed competitive mode of inhibition, hence its docking
studies were carried out. For reference, suramin the standard
inhibitor, was also docked. Figure 12 shows overlap of docked
conformation of 8c with that of suramin. Docking studies of
compound 8c revealed a number of hydrogen bonded
interactions, the indole NH was making a hydrogen bond with
Ser66, while the carbonyl oxygen (of indole ring) was within
hydrogen bond distance of Ser65 and Ser66. The NH group of
thiourea moiety was making hydrogen bond with Ala63
(Figure 13).

Compound 8c was the only inhibitor of h-NTPDase8 and
showed competitive mode of inhibition, hence its docking studies
were carried out. As shown in Figure 14, compound 8c revealed a
number of hydrogen bonded interactions, the indole NH was
making a hydrogen bond with His53, while the carbonyl oxygen

TABLE 5 | Summary of amino acids interacting with NTPDase inhibitors.

NTPDase inhibitors Binding energy (kJ/mol) Interacting amino acid residues

H-bond donors H-bond acceptors

8i (NTPDase2) −26 Nil Leu202 (C�O), Ser346 (−OH), Ser52 (−OH)
8j (NTPDase2) −29 Nil Tyr350 (−OH), Ser346 (−OH), Leu202 (C�O)
8k (NTPDase2) −29 Arg392 (NH(NH2)

+NH2) Ser346 (−OH), Ser52 (−OH)
8c (NTPDase3) −27 Ser65 (−NH), Ser66 (−NH) Ala63 (C�O), Ser66 (−OH)
8c (NTPDase8) −27 Ser51 (−NH), Ser52 (−NH), His53 (−NH) His53 (C�O), Ser52 (−OH)

TABLE 6 | Comparison of IC50, Ki and binding energy of the most potent
NTPDase inhibitors.

h-NTPDase inhibitor IC50 (µM) Ki (µM) Binding energy (KJ/mol)

8i (NTPDase2) 0.41 ± 0.03 0.17 −26
8j (NTPDase2) 0.11 ± 0.08 0.04 −29
8k (NTPDase2) 0.16 ± 0.01 0.07 −29
8c (NTPDase3) 0.19 ± 0.02 0.08 −27
8c (NTPDase8) 0.24 ± 0.02 0.11 −27
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(of indole ring) was within hydrogen bond distance of Ser52,
Ser51 and His53. The NH group of thiourea moiety was making
hydrogen bond with Ser52. Additionally, a pi-pi stacked
interaction was also observed between the indole ring and
His53. A pi-anion interaction was observed between indole
phenyl ring and Asp48.

SeeSAR analysis of h-NTPDase8 inhibitor 8c was also carried
out as depicted in Figure 15. The structural elements with
unfavorable contribution to the overall binding free energy are
indicated in red coronas. These include the nitrogen atoms (N14,
1.3 kJ/mol; N12, 2.2 kJ/mol) and the sulfur atom (S15, 2.4 kJ/mol)
of the thiourea moiety. This is because of high desolvation energy.
The oxygen atom of the carbonyl group (O10 4.1 kJ/mol) also had
high desolvation energy, although it was making a hydrogen
bond, yet the compensation is not enough to fully compensate the
penalty of (high) desolvation energy. It is suggested that
replacement of these atoms with some other suitable atoms/
group is expected to result in even more active inhibitors.

A summary of amino acids interacting with NTPDase
inhibitors as well as binding energy associated with these
inhibitors is presented in Table 5. These computed binding
energies were compared with biological data in Table 6, where
biological data is presented in the form of IC50 and Ki values. The
binding energy values were in close agreement with the
experimentally determined IC50/Ki values. For instance, the
most potent h-NTPDase2 inhibitor (8j, IC50 � 0.11 ± 0.08 µM,
Ki � 0.04 µM) had the best binding energy of −29 kJ/mol.
Similarly, compounds 8c with the binding energy of −27 kJ/
mol was found to be the most potent inhibitor of
h-NTPDase3 (IC50 � 0.19 ± 0.02 µM, Ki � 0.08) and
h-NTPDase8 (IC50 � 0.24 ± 0.02 µM, Ki � 0.11 µM).

DISCUSSION

In this study, we have synthesized and evaluated a series of
oxoindolin hydrazine carbothioamide derivatives as potential
NTPDase inhibitors. Most of the compounds appeared to be
more potent inhibitors of h-NTPDase1 than other NTPDases.
Compound 8e and 8j were the most potent h-NTPDase1
inhibitors whereas compound 8j was also the most potent
inhibitor of h-NTPDase2. Both of these compounds contained an
–OCH3 group as a part of their structure, thus implying the
importance of this –OCH3 for h-NTPDase1 and -2 inhibitors.
On the other hand, compound 8c was found to be potent dual
inhibitor of h-NTPDase3 and -8. Interestingly, compound 8b, 8e, 8f,
and 8lwere identified as selective inhibitors of h-NTPDase1 whereas
compound 8k selectively inhibited the h-NTPDase2. Furthermore,
compound 8e, 8j, 8c, and 8mwere studied in detail to establish their
mechanism of inhibition. Compound 8e inhibited h-NTPDase1 in a
non-competitive manner whereas compound 8j and 8c revealed a
competitive mode of inhibition against h-NTPDase2 and -8,
respectively. Kinetics studies of compound 8m revealed that it
was inhibiting the h-NTPDase3 in a non-competitive manner.

In literature, different classes of compounds have been
synthesized as NTPDase inhibitors, including nucleotide
analogues, polyoxometalates (POMs) and anthraquinone

derivatives. Among them, POMs showed best inhibitory
activity with Ki value as low as 0.0038 µM (Lee et al., 2015)
whereas 8-Bus-ATP (nucleotide analogue) was found to be a
selective inhibitor of h-NTPDase1 (Ki � 0.8 ± 0.2 µM) (Lecka
et al., 2013). The Ki values of our compounds against
h-NTPDases were found to be in the range of 0.02–0.38 µM.
Thus, our compounds tend to be more potent than 8-Bus-ATP
but their activity is low as compared to POMs. A recent study
(Baqi et al., 2020) reported synthesis of anthraquinone derivatives
as potent h-NTPDase inhibitors, showing selectivity against
h-NTPDase2 and -3. The IC50 values of these compounds
were found to be within the range of 0.39–15.3 µM, while the
IC50 values of our compounds were within the range of
0.11–2.60 µM, indicating that our compounds are more active
h-NTPDase inhibitors than anthraquinone derivatives.

NTPDase3 is the most prominent isoform in pancreatic islets
where it has been reported to regulate the insulin secretion (Bartley
et al., 2019; Saunders et al., 2019). Therefore, NTPDase3 inhibitors
i.e. 8c and 8m were evaluated for their effects on insulin secretion
in mice islets. Compound 8m produced a dose dependent increase
in insulin release, in the presence of high glucose concentration. At
basal glucose level, compound 8m has no effect on insulin secretion
since glucose is the actual initiator of insulin release, whereas ATP
can stimulate the insulin secretion only in the presence of high
glucose concentration (Cieślak and Cieślak, 2017). On the other
hand, compound 8c had no significant effect on insulin secretion
due to species difference, as the screening of compounds on
m-NTPDases showed that compound 8c exhibited < 50%
inhibition against m-NTPDase3. Although compound 8m was
showing good inhibitory activity againstm-NTPDase1, -2 and -3, it
was the m-NTPDase3 inhibition that potentiated the insulin
secretion since NTPDase3 is the predominant isoform expressed
in mice islets. In this context, a study had reported that NTPDase3
was the most abundant isoform in mouse and human islets
whereas least amounts of NTPDase1 and -2 were detected.
They used a non-selective NTPDase inhibitor (ARL67156) and
established that it was the NTPDase3 inhibition that potentiated
insulin secretion. They also performed siRNA experiments and
observed that the knockdown of NTPDase3 expression was
producing the same effects on insulin secretion as those
obtained with ARL67156, thus suggesting that it is NTPDase3
inhibition that is contributing to insulin secretion (Syed et al.,
2013).

Furthermore, we also determined the inhibitory effect of
compound (8m) in mice islets and it produced a significant
reduction in ectonucleotidase activity, suggesting that
compound (8m) is stimulating the insulin secretion via
NTPDase3 inhibition. However, inhibition of NTPDase3 (by
compound 8m) was not occurring due to the downregulation
of NTPDase3 mRNA since compound (8m) had not suppressed
the gene expression of NTPDase3. Finally, molecular docking
studies and SeeSAR analysis of the most potent inhibitors were
also carried out and the calculated binding energies were in
accordance with our experimental data. Taken together, our
study demonstrates that 8m is a potent inhibitor of NTPDase3
which is involved in the stimulation of glucose induced insulin
secretion without suppressing the NTPDase3 gene.
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CONCLUSION

In a series of oxoindolin hydrazine carbothioamide derivatives, only
two compounds i.e. 8c (IC50 � 0.19 µM ± 0.02) and 8m (IC50 �
0.38 ± 0.03) showed excellent inhibition of h-NTPDase3. These
inhibitors of h-NTPDase3 were investigated for their effects on
insulin secretion and only compound 8m was found as a lead
regulator of insulin secretion. Further studies revealed that
compound 8m significantly reduced ectonucleotidase activity in
mice pancreatic islets. In consistence with our in vitro data, docking
studies displayed strong binding interaction of potent inhibitors
within the active site of respective enzyme. In conclusion, we report
compound 8m as a potent inhibitor of h-NTPDase3, stimulating
the glucose induced insulin secretion. Further study is needed to
investigate 8m as a potential drug candidate.
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Olga Lavinda1, Prashiela Manga2, Seth J. Orlow2 and Timothy Cardozo1*

1Department of Biochemistry and Molecular Pharmacology, NYU Grossman School of Medicine, New York, NY, United States,
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Tyrosinase (TYR) is a copper-containing monooxygenase central to the function of
melanocytes. Alterations in its expression or activity contribute to variations in skin, hair
and eye color, and underlie a variety of pathogenic pigmentary phenotypes, including
several forms of oculocutaneous albinism (OCA). Many of these phenotypes are linked to
individual missense mutations causing single nucleotide variants and polymorphisms
(SNVs) in TYR. We previously showed that two TYR homologues, TYRP1 and TYRP2,
modulate TYR activity and stabilize the TYR protein. Accordingly, to investigate whether
TYR, TYRP1, and TYRP2 are biophysically compatible with various heterocomplexes, we
computationally docked a high-quality 3D model of TYR to the crystal structure of TYRP1
and to a high-quality 3D model of TYRP2. Remarkably, the resulting TYR-TYRP1
heterodimer was complementary in structure and energy with the TYR-TYRP2
heterodimer, with TYRP1 and TYRP2 docking to different adjacent surfaces on TYR
that apposed a third realistic protein interface between TYRP1-TYRP2. Hence, the 3D
models are compatible with a heterotrimeric TYR-TYRP1-TYRP2 complex. In addition, this
heterotrimeric TYR-TYRP1-TYRP2 positioned the C-terminus of each folded enzymatic
domain in an ideal position to allow their C-terminal transmembrane helices to form a
putative membrane embedded three-helix bundle. Finally, pathogenic TYR mutations
causing OCA1A, which also destabilize TYR biochemically, cluster on an unoccupied
protein interface at the periphery of the heterotrimeric complex, suggesting that this may
be a docking site for OCA2, an anion channel. PathogenicOCA2mutations result in similar
phenotypes to those produced by OCA1A TYR mutations. While this complex may be
difficult to detect in vitro, due to the complex environment of the vertebrate cellular
membranous system, our results support the existence of a heterotrimeric complex in
melanogenesis.

Keywords: tyrosinase, oculocutaneous albinism, computational molecular docking, protein-protein interface,
melanosome, pigmentary disorders, molecular modeling
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INTRODUCTION

Tyrosinase (TYR) catalyzes three reactions during melanin
synthesis in mammalian skin, eyes, and other organs. Melanin
biosynthesis requires TYR and is enhanced by expression of the
TYR homologues, tyrosinase related proteins 1 and 2 (TYRP1 and
TYRP2/Dopachrome Tautomerase). Efficient maturation of the
TYR protein ensures stability, enzyme activity and delivery to
melanosomes where melanin is produced and deposited.
Impaired TYR maturation is common to several forms of the
group of genetic disorders known as oculocutaneous albinism
(OCA) in humans. Mutations in the TYR gene itself, many of
which cause protein misfolding with attendant inability to exit the
endoplasmic reticulum (ER) (Berson et al., 2000; Toyofuku et al.,
2001a; Chaki et al., 2010), result in OCA type 1 (OCA1A). Less
severe TYR mutations cause partial loss of function and reduced
protein folding efficiency (OCA1B) (Toyofuku et al., 2001a). TYR
is retained in the ER in OCA2 (Chen et al., 2002) [OCA2 gene
mutations (Kedda et al., 1994)], OCA3 (Toyofuku et al., 2001b)
[TYRP1mutations (Manga et al., 1997)] and OCA4 (Costin et al.,
2003) [SLC45A2 mutations (Newton et al., 2001)].

Trait-associated (non-pathogenic) TYR sequence variants
(SNVs) that appear to exhibit maturation deficits are
determinants of both skin (Shriver et al., 2003) and eye color
(Sulem et al., 2007). Missense TYR SNVs that foster the
production of autoantibodies against the protein correlate with
reduced susceptibility to melanoma (Gerstenblith et al., 2010) and
increased risk of the melanocyte-targeting autoimmune disorder
vitiligo (Gerstenblith et al., 2007; Damico et al., 2009; Jin et al.,
2010; Spritz, 2010). TYR SNVs are also genetically associated with
susceptibility to cutaneous squamous cell carcinoma (SCC)
(Asgari et al., 2016), the second most common cancer in the
United States, and to its precursor, actinic keratosis (Jacobs et al.,
2015). Interestingly, this association is independent of skin color
(Jacobs et al., 2015; Asgari et al., 2016; Zhong et al., 2017). Over
100 TYR SNVs have been associated with disease phenotypes,
while just a handful of variants are prevalent in the population at
large. Thus, distinct phenotypes are caused by, or associated with,
TYR amino acid variants/mutants.

TYR is a type I membrane protein, with a large intralumenal
N-terminal folded domain followed by a short, flexible carboxy-
terminus linker terminating in a C-terminal transmembrane
helix. There are two copper binding sites required for catalytic
activity, 7N-glycosylated asparagine residues and three cysteine-
rich regions required for disulfide bond formation. Unlike many
membrane proteins including TYRP1, TYR is retained for an
unusually long period of time in the ER (Petrescu et al., 1997;
Ujvari et al., 2001), which suggests that early TYR processing is
highly regulated and/or complex.

The Tyrosinase family of genes is comprised of the ancestral
gene TYR and two related genes TYRP1 and TYRP2, which
display a closer relationship to each other than that to TYR
(Morrison et al., 1994). All three proteins in this family share both
genetic sequence and structural similarities: all are type I
membrane protein, with a large intralumenal N-terminal
folded domain followed by a short, flexible linker terminating
in a C-terminal transmembrane helix. In fact, TYRP1 is

hypothesized to have evolved from TYR by duplication, later
giving rise to TYRP2 (Sturm et al., 1995).

A number of studies suggest that TYR and TYRPs may hetero-
oligomerize. Biochemically (in vitro), immunopurified TYR was
stabilized and more active with immunopurified TYRP1 and/or
TYRP2 (Hearing et al., 1992; Kobayashi et al., 1994; Winder et al.,
1994), and gel filtration chromatography experiments
demonstrated that TYR and TYRP1 heterodimerize in solution
(Jiménez-Cervantes et al., 1998). In cells, co-expression of TYRP1
or TYRP2 (TRPs) has been shown to improve TYR stability and
pigmentation (Kobayashi et al., 1998; Manga et al., 2000), and
chemical-crosslinking in cells suggests the association of TYPR1
with TYR (Kobayashi and Hearing, 2007). TRPs are also detected
in large molecular complexes in melanocyte lysates (Orlow et al.,
1994). Conversely, Lai et al. failed to detect oligomerization with
in vitro with recombinant forms (Lai et al., 2017), and a study
showed that TYR and TYRP1 may have a low propensity to form
oligomeric complexes in in vitro conditions designed to mimic
the in vivo environment of the melanosome (Dolinska et al.,
2020). Thus, the question of whether TYR and the TRPs form
physiologically relevant functional complexes in the ER or
melanosome or both remains an unanswered question in
the field.

3D structure often encodes specific, yet elusive, in vivo
constraints. For example, the chemistry and shape of a direct
protein interaction surface with a binding partner that is critical
for organism fitness will be conserved through evolution, even if it
is a transient association in a processing sequence or dependent
on a large complex of allosteric cofactors, such as bridging
proteins, cytoskeletal structures, membranes, carbohydrates
etc. Thus, such an interaction may be difficult to reconstitute
in vitro or even in cells, but will be evident by direct physics based
complementarity between the 3D shapes of the binding partners,
including for transient complexes (Medina et al., 2008). Thus,
physiologically-relevant complexes may be evident in
computational biophysical studies, such as computational
molecular docking, that elude experimental biophysical
experiments (e.g., crystallography, surface plasmon resonance)
or experimental biochemical experiments (e.g., purified
recombinant binding, chromatography, immunoprecipitation).
We hypothesized that transient TYR complexes may be
detectable by computational molecular docking, despite the
difficulties of observing them biochemically. Mapping of TYR
missense variants on TYR 3D structure in any suitable context
suggested by the presence of its associated homologues TYRP1
and TYRP2 might validate such computational biophysical
models and illuminate TYR function. While the 3D structure
of human TYR has not been available, an X-ray crystallographic
structure of closely related human TYRP1 was resolved (Lai et al.,
2017). Accordingly, we built precise, full-length 3D structural
models of human TYR and its homologue TYRP2, investigated
how compatible, by computational molecular docking in physics-
based force-fields, the 3D structural models of TYR, TYRP1, and
TYRP2 were as heterocomplexes, and mapped the known
phenotypic SNVs and pathogenic mutations onto the models
to see if any physically realistic heterocomplexes were compatible
with mutation locations. The results strongly suggest the

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6022062

Lavinda et al. Heterotrimeric Tyrosinase-TYRP1-TYRP2 Metalloenzyme Complex

119

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


existence of a membrane-associated heterotrimeric TYR-TYRP1-
TYRP2 complex, exhibiting an unoccupied protein surface
decorated with OCA1A mutations.

MATERIALS AND METHODS

Previously Reported Mutations in TYR
Previously reported mutations in TYR were collected from the
OMIM database: https://www.omim.org, dbSNP: https://www.
ncbi.nlm.nih.gov/snp, UniProt: https://www.uniprot.org, and
GWAS databases: https://www.gwascentral.org, and https://
www.genome.gov databases.

Homology Models of TYR and TYRP2
The 2.35 Å crystallographic structure of TYRP1 (PDB: 5M8L) was
used as a template for homology modeling (Lai et al., 2017).
Maximally-accurate, full-length 3D homology models of TYR
and TYRP2 were built as previously described (Cardozo et al.,
1995; Martinez-Ortiz and Cardozo, 2018). Briefly, a sequence
alignment between either the human TYR enzymatic domain
amino acid sequence or the human TYRP2 enzymatic domain
amino acid sequence and amino acid sequence of human TYRP1
from the template structure was generated using zero-end-gap
global alignment, which is a variation of the original Needleman-
Wunsch dynamic programming global alignment optimized for
structural homology detection, and the p-value for statistical
confidence/strength of this alignment was calculated (Abagyan
and Batalov, 1997). The few TYR amino acid residue assignments
predicted by the alignment to be at or in the vicinity of inserted or
deleted residues relative to the two proteins were adjustedmanually
based on the 3D structural environment, as previously described
(Cardozo et al., 1995), which resulted in significant conformational
differences in these areas between our models and models
generated previously by Lai et al. (e.g., Supplementary Figure
S1). The conformations of non-identical side chains and loops
containing insertions or deletions were then predicted ab initio
using the Biased Probability Monte Carlo (BPMC) algorithm
(Abagyan and Totrov, 1994). Energy-based refinement was
carried out until minimal energy was reached, producing the
most unclashed, stable, relaxed models possible for the purposes
of protein-protein docking. As with the TYRP1 model used as a
template modeling (Lai et al., 2017), glycans were not included in
the models. Although some studies suggest that glycans are
important for TYR stability, these studies used mutagenesis of
glycosylated asparigines and did not prove that observed loss of
stability was due to deglycosylation or the mutations themselves,
which are historically far more deleterious to protein structure than
deglycosylation (Cai et al., 2017; Dolinska and Sergeev, 2017). All
modeling procedures were carried out using ICM-Pro/Homology
software (Molsoft LLC, La Jolla, CA).

Prediction of Protein Interaction Sites on
the Surface of TYR
Potential protein interfaces on TYR and TYRP2 were predicted
using optimal docking area (ODA) (Fernandez-Recio et al.,

2005b). The same analysis was performed for the TYRP1
structure as part of the analysis of the complexes of TYR,
TYRP1, and TYRP2.

Protein-Protein Docking
Docking to the TYR homology model (assigned as a receptor)
using either the TYRP1 crystal structure or the TYRP2
homology model as rigid body search models/ligands was
performed as previously described (Fernández-Recio et al.,
2005a). Briefly, a set of soft receptor potentials were pre-
calculated using the atom coordinates of the TYR model on a
0.5 A grid from realistic solvent-corrected force-field energies,
including improved implementations of de-solvation. A
rotational and translational Monte-Carlo search with local
minimization of the rigid all-atom model of either TYRP1 or
TYRP2 within these potentials was then performed. This search
finds the correct solution as the lowest energy conformation in
almost 100% of test cases in which interfaces do not change on
binding (Fernández-Recio et al., 2003; Fernandez-Recio et al.,
2005a). The global optimization of the interface side-chains of
up to 400 of the best solutions was then performed, in order to
improve accuracy for cases where the interfaces change
somewhat upon binding. Solutions were then ranked
according to the energy terms, which include van der Waals,
solvation electrostatics, hydrogen bonding and entropy. Once
the heterodimers were identified and optimized, each
heterodimer was then docked to the third protein in the
Tyrosinase family, i.e., TYR-TYRP1 dimer was docked to
TYRP2 and independently TYR-TYRP2 dimer was docked to
TYRP1. This approach was taken to ensure reproducibility of
the docking approach. If the heterotrimer complex obtained in
the first docking procedure is valid, we expected it to be
reproducible by docking using the second approach. Both
docking protocols converged on the same lowest energy
heterotrimer structure, within which the TYRP1 and TYRP2
conformations did not clash with each other despite being
unaware of the other during docking.

Model of Transmembrane Helix Bundle and
Linkers Between Transmembrane Helices
and Enzymatic Domains
The template (HIV gp41 PDB 3F4Y) for modeling a parallel,
transmembrane three-helix bundle formed by the three
Tyrosinase family proteins in a complex was identified
using the CC+ database (Testa et al., 2009). The sequences
of the C-terminal transmembrane domain of TYR (amino
acids 477-497: WLLGAAMVGAVLTALLAGLVS), TYRP1
(478-501: IIAIAVVGALLLVALIFGTASYL) and TYRP2
(473-493: LLVVMGTLVALVGLFVLLAFL) were modeled
on the central parallel three helix bundle from the template
using the same homology modeling approach as for the
enzymatic domains. This 3-helix bundle was placed
equidistant from the three C-termini of the three models in
the heterotrimeric complex at a distance suitable for the
shortest linker to reach between the two and the linkers
were energy minimized.
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RESULTS AND DISCUSSION

Models of TYR-TYRP Heterocomplexes:
Homology Models
In order to determine if TYR and the TRPs form molecular
surfaces that are complementary to each other in pairs or trimers
in terms of shape, electrostatics, and other physics-based
properties (hydrophobic effect in water), we built maximally
accurate, energy minimized models of TYR and TYRP2 based
on their homology to the TYRP1 crystal structure (PDB: 5M8L;
resolution 2.35 A) (Lai et al., 2017). We recently demonstrated
potential inaccuracies in models generated by the most
commonly used homology modeling methods (Martinez-Ortiz
and Cardozo, 2018). The state-of-the-art method requires the use
of zero-end-gap global alignment with an associated p-value for
structural similarity (Abagyan and Batalov, 1997) to identify the
best possible starting target-template sequence alignment, which
is then adjusted according to the structure. The sequence
alignment between the TYR residues 1–510 and the
corresponding intramelanosomal domain sequence from the
crystallographic structure of TYRP1 (residues 25–471) was
calculated to have highly significant 3D structural similarity
[sequence identity 45%, p � 10−40 (Abagyan and Batalov,
1997), Figure 1]. Based on prior studies, the quality of a
homology model built from a sequence alignment of this
strength is at least as good as an experimentally determined
structure determined with NMR spectroscopy techniques or
comparable to an X-ray crystallographic structure of moderate
resolution (e.g., 3.5 Å) (Cardozo et al., 1995; Abagyan and
Batalov, 1997; Abagyan and Totrov, 1997; Timothy et al.,
2000). Accordingly, we built these maximally accurate
homology models of TYR and of TYRP2 (residues 1–519),
which also shares a high structural similarity with TYRP1
(sequence identity 54%, p � 10−48).

Protein-Protein Docking
Because we were able to generate maximally accurate, low-energy
3D models of TYR, TYRP1 and TYRP2, we hypothesized that a
computational molecular docking algorithm, which is customized

for docking of pairs of protein domains and have proven highly
successful in the CAPRI blind prediction tests (Fernández-Recio
et al., 2003; Fernandez-Recio et al., 2005a), could be used to dock
the TYRP1 model with the structure of TYR. Eight energetically
reasonable conformations were identified in the search. The
lowest energy minimum conformation was separated by at
least five energy units (approx. kcal/mol) from the other seven
conformations, indicative of a highly energetically preferred
conformation for the complex. This process was repeated to
dock TYRP2 to TYR, and a similarly obvious result for a
heterotrimer conformation was obtained.

Models of TYR-TYRP Heterocomplexes:
TYR-TYRP1 Heterodimer
This docked model reveals an interaction surface between the
TYR intramelanosomal domain and TYRP1 (Figure 2). 24
contact residues were identified on the surface of TYR
exhibiting various strength of interactions. H256Y mutation
associated with OCA1A disease also maps on the interaction
surface between these two proteins (Farney et al., 2018). This
SNV is predicted by PolyPhen2 to be destabilizing to the 3D
structure (PolyPhen2 score 0.716): PolyPhen2 uses a machine-
learned, probabilistic mathematical model to predict structurally
destabilizing mutations on the basis of the evolutionary
substitution pattern and the surface accessibility at that amino
acid position (Adzhubei et al., 2010). The transmembrane
domains of both proteins and the linkers between the
transmembrane helices and the intramelanosomal domains
were modeled onto this docked complex to test whether they
were consistent with a transmembrane domain interaction
as well.

TYR-TYRP2 Heterodimer
37 contact residues were identified on the surface of TYR
exhibiting various strength of interactions with the surface of
TYRP2 structure in a docked model of the TYR-TYRP2
heterodimer (Figure 3). Among these residues, we identified
two glycosylation sites N111 and N230. Although we did not

FIGURE 1 | Global Needleman and Wunsch sequence alignment between TYR and TYRP1 (PDB: 5m8n) showing 45% homology with a p-value (p � −log of
pvalue) of 10−40.2 for structural similarity. Residues highlighted in green represent conserved residues. Residues highlighted in yellow represent non-identical but
homologous residues, which are expected to have little to no effect on the overall structure of the protein.
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model the effects of glycosylation, the presence of the sites on the
surface and specifically to the interface of protein-protein
interaction surface suggests a homing or chaperone function
for these glycans. In addition, six mutation sites associated
with OCA1A also map at the TYR-TYRP2 interaction surface.
G227 is missing in OCA1A, which could disrupt the formation of
the dimer. Two polymorphic residues S44 and G47, as well as S5,
G19, and D42 which have documented single nucleotide
polymorphisms are all linked to OCA1A and are located at
the interface with TYRP2 (Figure 3) (Simeonov et al., 2013).

TYR-TYRP1-TYRP2 Heterotrimeric
Complex
Remarkably, docking the TYRP2 structural model to the TYR-
TYRP1 heterodimer and docking TYRP1 to the TYR-TYRP2
heterodimer resulted in convergence to the same conformation of

a heterotrimeric TYR-TYRP1-TYRP2 complex (Figures 4A,B).
In addition, the heterotrimer model was independently consistent
with a parallel three-helix, coiled-coil transmembrane helix
bundle, as the C-terminii of all three intramelanosomal
domains were oriented in the same parallel direction by the
docking. The heterotrimer placed TYR and TYRP1 active sites
adjacent to each other (Figure 4C), while the TYRP2 active site
was isolated facing away on the other side of the complex. The
odds of this orientation occurring by random chance with an
artificially docked conformation are very low as there are
thousands of energetically reasonable conformations of
unconstrained heterotrimer assembly of these three domains,
and very few of them would be expected to place all of the
C-terminal linkers pointing in the same direction and positioned
so that the linker lengths could accommodate a helical bundle. All
of the parallel 3-helix bundles found as templates for our model
were from viruses and mediated membrane fusion, which may be

FIGURE 2 | Protein-protein interaction surface between TYR and TYRP1. Residues making key contacts are displayed in ball-and-stick (radius represents
contribution size). (A). Full size dimer with helix bundle. (B). 24 contact residues highlighted at the interface of the two proteins. H256 residue where mutation associated
with OCA1A occurs, is shown in black. Two Zn atoms in the active site of TYRP1 are shown in gray. Cu atoms in the active site of TYR are shown in orange.

FIGURE 3 | Protein-protein interaction surface between TYR and TYRP2. Residues making key contacts are displayed in ball-and-stick (radius represents
contribution size). (A). Full size dimer with helix bundle. (B). 37 contact residues highlighted at the interface of the two proteins. Residues where mutation associated with
OCA1A occurs, is shown in black. Two Zn atoms in the active site of TYRP2 are shown in gray. Cu atoms in the active site of TYR are shown in orange.
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significant in this case. In addition, the surface of the heterotrimer
facing the membrane in the model is highly electronegative,
which is consistent with the need for transmembrane anchors
to oppose repulsion between this surface and the negatively
charged phospholipid headgroups (Figure 4D).

The active site of TYR and its equivalent in the TYRP1 are
connected by a contiguous channel, with a continuous pocket
through which a substrate or a reactive metabolite may be easily
shuttled between the active sites of the two enzymes
(Figure 4C). Substrate/metabolite channeling has not been
studied for human melanogenic proteins; however, it has
been proposed to have a significant advantage for the human
melanin synthesis cascade such as reduction of cellular toxicity
and increase in substrate flux (Sugumaran et al., 2000; Sweetlove
and Fernie, 2018). Tyrosinase family enzymes, just like many
Cu and Zn containing metalloenzymes, produce highly reactive
and unstable intermediates. Thus, metabolic intermediate
shuttling, which prevents diffusion of the reactive metabolite
into the bulk solution, can have important consequences on the
melanin production cascade. Many metalloenzymes achieve
substrate channeling by the formation of the multienzyme
complexes. Tyrosinase produces o-benzoquinones as
products of its enzymatic activity. Quinones are highly
reactive electrophiles and can be toxic on cellular

environment due to their reactivity (O’Brien, 1991).
Although metabolite channeling is a controversial topic,
available evidence suggests that complex formation would be
desirable for safe processing of quinone derivatives in the
cellular environment. Our trimer complex model shows that
metabolite channeling is possible between TYR and TYRP1
based on their interaction surface (Table 1). The orientation of
the two proteins in the complex and location of the two active
sites in close proximity to each other.

Interestingly, TYRP2 has a very different binding mode to
TYR than TYRP1. The cys-rich subdomain (Lai et al., 2018) of
TYR is involved in binding with TYRP2 in our model. The TYR-
TYRP2 interaction has the larger contact area and number of
residues involved (Table 2), suggestive of a higher affinity
protein-protein interaction. Evidence for the evolutionary
significance of the TYR-TYRP2 interaction is represented by
the two glycosylation sites present in this domain.

OCA1 Pathogenic Mutations Associated
With ER Retention Map Onto a Unique
Surface of TYR
While mapping of common mutations of TYR onto a structural
model was performed previously (Lai et al., 2018) and is

FIGURE 4 | TYR-TYRP1-TYRP2 heterotrimeric complex. (A). Side view, highlighting compatibility of the docked locations of the three N-terminii and their linker
lengths between intramelanosomal domains and N-terminal TM-helices with formation of three-helix TM bundle. (B). Top view. (C). Electrostatic surfaces of the TYR-
TYRP1 interface is shown, revealing continuity of active sites of TYR and TYRP1 in heterotimer (zinc ions are green spheres marking active sites) (D). Electrostatic surface
of heterotrimer surface facing the membrane (red � electronegative/acidic, blue � electropositive/basic).
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consistent with our model, we sought to examine mutations that
have been linked to ER retention in OCA1A. Halaban et al. first
demonstrated that human TYR substitutions T373K and R402Q
resulted in the production of defective proteins and caused their
ER retention (Halaban et al., 2000). In addition, the R402Q
mutant showed temperature dependence for proper Golgi
processing and transport. Toyofuku et al. expanded this list
to include thermally sensitive variants P406L and R422Q
(Toyofuku et al., 2001a). These mutants are functional at
reduced temperatures, but lose catalytic activity at elevated
temperatures, often resulting in the loss of pigmentation
around warmer parts of the body. We mapped these
mutations known to cause TYR retention in the ER onto the
model. Mutations were color-coded to distinguish between the
temperature-sensitive mutants of Tyrosinase and those that
cause the ER retention but do not produce thermolabile TYR
(Figure 5). The map suggests that mutations known to cause ER
retention and thermal instability localize to a unique cluster on
the surface of TYR.

In the past, it was postulated that these mutations result in
loss of TYR catalytic activity by disrupting the copper B
binding site. Yet, the R402Q and P406L variants were later
shown to still be able to bind copper (Spritz et al., 1997) and as
evident from the map in Figure 5, the surface localization of
these mutations would make their direct effect on the active
site unlikely.

Because these residues localize to a surface of the protein not
predicted by our model to be an interface for the TYRPs, the
mechanism by which they destabilize the protein remains
unclear. However, the OCA1 mutations of these residues on

the surface of TYR do cause a change of net surface charge. One
plausible explanation for the effect of these mutations is
involvement in association with membrane phospholipids, or
another currently unidentified protein partner, which would aid
in the protein’s stability (Figure 6). Several binding partners for
TYR have been identified, including TYRP1, TYRP2 (Orlow
et al., 1994; Manga et al., 2000) as well as G Protein-Coupled
Receptor 143 (De Filippo et al., 2017), while OCA4 mutations
have been shown to result in reduced TYR maturation (Costin
et al., 2003). Perhaps the most intriguing potential partner
binding to this surface is OCA2, which is a putative anion
channel. OCA2 mutations result in similar, albeit milder,
pigmentary phenotypes as OCA1A and significant reduction
in TYR maturation. The negative charge of the
intramelanosomal heterotrimer surface suggests that the
complex needs to be free to rotate and translate away from
the membrane surface in order to dock this potential OCA2
surface into the membrane embedded OCA2, however such
Brownian freedom would need to be constrained by the
transmembrane domains. The transmembrane consistency of
our heterotrimeric model thus suggests the possibility of a larger
complex of this heterotrimer with OCA2, which, based on the
phenotypes of mutations in the surface we have identified and
the phenotype of OCA2 as preventing transit of TYR from the
ER to the melanosome, may be required for transit of TYR out of
the ER.

Validation
Although monomeric TYR has been reported in purely
biochemical studies (Kus et al., 2018), our model suggests that

TABLE 1 | Residue contacts at the TYR-TYRP1 binding interface. Contact residues on TYR are ranked by decreasing strength of interactions, which is determined by a
combination of the contact area, exposed area, the percentage of contact area compared to exposed (% buried) and closest distance to the atom on TYRP1.

TYR residue Contact area Exposed area % Buried Closest atom Mutation Disease

H143 95.2 144.3 66 TYRP1/pro/ca
F268 69.9 125.1 56 TYRP1/pro/o
P265 68.5 86.6 79 TYRP1/lys/ce
I145 64.5 123.1 52 TYRP1/asn/od1
R504 63.9 159.3 40 TYRP1/ala/o
S271 60.0 79.4 76 TYRP1/asn/o
T292 43.3 94.3 46 TYRP1/gln/o
Q273 32.7 91.3 36 TYRP1/asn/nd2
C500 26.2 67.3 39 TYRP1/arg/nh1
N168 23.8 75.9 31 TYRP1/pro/cb
H256 22.9 45.3 50 TYRP1/asp/od2 H to Y OCA1A
S270 18.4 55.3 33 TYRP1/TYR/ce2
G291 18.2 50.6 36 TYRP1/pro/cb
L262 13.2 55.4 24 TYRP1/pro/cg
D169 13.1 80.4 16 TYRP1/pro/cb
N171 12.5 38.9 32 TYRP1/pro/cg
P293 8.2 65.5 13 TYRP1/gln/cg
P257 8.1 111.8 7 TYRP1/lys/nz
I170 7.6 37.4 20 TYRP1/pro/cb
A266 7.1 72.4 10 TYRP1/lys/cd
T258 7.0 103.1 7 TYRP1/asp/od2
L140 5.4 97.6 5 TYRP1/pro/cg
T144 4.7 46.2 10 TYRP1/asn/nd2
I153 3.1 62.8 5 TYRP1/pro/cb
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TYR and the TYRPs have evolved to form a membrane-anchored
heterotrimeric TYR-TYRP1-TYRP2 complex in vivo. TYRP1 and
TYRP2 docked unambiguously to their heterotrimeric
conformations, constrained only by fundamental free energy
terms, i.e., van der Waals, electrostatics, etc. If either the
TYRP1-TYR or TYRP2-TYR docked conformation were
artificial, clashing with the remaining TYRP docked
conformation and failing to form a compatible inter-TYRP
interface would be a virtual certainty. Similarly, even if an
artificial docked conformation somehow survived the
constraint of an independently docked counter-TYRP, the
likelihood that the resulting docked conformation would also
place the C-terminii of the intramelanosomal domains of all three
proteins in the ideal positions to allow the linkers to form a
transmembrane parallel 3-helix bundle (Figures 3–5) is very low.
Finally, the consistency of all these constraints with ideal
exposure of the ER retention surface in the heterotrimer
(Figure 5) in the model belies an alternative molecular
explanation.

CONCLUSION

We built highly accurate 3D models of the structure of human
Tyrosinase and TYRP2, based on the crystallographic structure of
TYRP1 and comparable to experimentally determined atomic
resolution structures by several informatics criteria. The models
were sufficiently accurate to allow computational molecular
docking to discover, using conformational search and free
energy calculation alone, a model for a heterotrimeric TYR-
TYRP1-TYRP2 complex that is independently consistent with
voluminous independent data, including the active sites, cys-rich
domain, linker and transmembrane domains of the proteins,
Mendelian and pathogenic mutations and SNVs.

As noted in the Introduction, prior studies in the literature
reveal a discrepancy as to whether TYR-TYRP1-TYRP2
heterocomplexes, including heterodimers of pairs of these,
form. We suggest that this discrepancy derives from the
inability to biochemically reconstitute the true intra-ER,
transitional or intramelanosomal environment in vitro. The

TABLE 2 | Residue contacts at the TYR-TYRP2 binding interface. Contact residues on TYR are ranked by decreasing strength of interactions, determined by a combination
of contact area, exposed area, percentage of contact area compared to exposed (% buried) and closest distance to the atom on TYRP2.

TYR residue Contact area Exposed area % Buried Closest atom Mutation Disease

L49 144.0 161.4 89 TYRP2/gln/c
K503 107.3 120.4 89 TYRP2/phe/cd2
P110 85.3 113.1 75 TYRP2/asn/o
Q506 75.9 117.2 65 TYRP2/arg/cd
R473 68.3 168.9 40 TYRP2/leu/cd2
N111 67.3 100.2 67 TYRP2/thr/n Glycosylation site
P45 63.2 105.9 60 TYRP2/thr/o
R52 54.4 121.9 45 TYRP2/asn/n
L499 52.2 104.5 50 TYRP2/phe/ce2
E229 49.7 67.9 73 TYRP2/lys/cb
W108 48.9 141.4 35 TYRP2/lys/o
R116 44.5 106.2 42 TYRP2/lys/cd
W39 43.5 187.1 23 TYRP2/val/cg1
E114 42.3 102.8 41 TYRP2/TYR/ce1
L492 33.0 117.9 28 TYRP2/leu/cd2
T113 30.1 98.1 31 TYRP2/TYR/ce1
Q48 27.4 105.9 26 TYRP2/gln/ne2
L507 26.9 162.7 17 TYRP2/arg/c
G227 26.2 56.2 47 TYRP2/arg/nh2 Missing OCA1A
S44 24.6 67.3 37 TYRP2/asp/od1 S to G, S to R OCA1A
P508 22.2 80.7 27 TYRP2/TYR/c
H502 22.1 109.6 20 TYRP2/arg/nh2
S50 21.5 68.7 31 TYRP2/phe/o S to L OCA1A
R43 16.8 208.0 8 TYRP2/asp/od2
N230 15.3 86.0 18 TYRP2/leu/cd2 Glycosylation site
G101 14.0 47.2 30 TYRP2/asn/nd2
V496 11.3 83.5 14 TYRP2/phe/ce2
G47 11.2 49.7 23 TYRP2/pro/cd G to V, G to D OCA1A
D228 10.5 50.5 21 TYRP2/arg/nh2
W477 10.2 115.0 9 TYRP2/trp/ch2
K224 9.0 159.2 6 TYRP2/pro/cb
G109 6.6 27.1 24 TYRP2/TYR/oh G to R OCA1A
D42 4.8 110.3 4 TYRP2/asp/od2 D to G OCA1A
I474 4.1 51.6 8 TYRP2/trp/cz3
T226 2.6 41.5 6 TYRP2/leu/o
C112 0.8 20.8 4 TYRP2/TYR/oh
E509 0.3 157.8 0 TYRP2/TYR/cb
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demonstration that purified intramelanosomal domains of both
TYRP1 and TYR elute as monomers on size-exclusion columns
and that co-elution of TYRP1 and TYR showed no heterodimer
(Lai et al., 2017) by nomeans equates with the conclusion that there
is no formation of intramelanosomal TYR-TYRP1 heterodimer or
the heterotrimer proposed in this report in cells. The term
“intramelanosomal” has frequently been used in these prior
studies to refer to the “intramelanosomal domain” of TYR/
TYRP1 (Lai et al., 2017), so basically the soluble folded domain
absent the transmembrane portion and the linker. This meaning
would be no different biochemically than saying “lumenal” or even
“extracellular” TYR. Thus, this use of the term is somewhat
misleading as these studies do not mimic the biochemical
environment of the melanosome or the ER, within which
physiologically relevant heterocomplex formation would take
place. In addition, these studies use recombinant baculovirus
expressed proteins with synthetic tags, in buffers optimized for
monomer stability and crystallization, which may be very different
from the in vivo environment. Our argument is that the in vivo
environment is reflected more clearly in the evolution of these
proteins, i.e., in their amino acid sequences. So, in our study, which
relies only on this evolutionary signal, i.e., only on the biophysics of
the amino acids, we see a heterotrimer. We conclude that this is
evidence of the physiologically relevant in vivo complex, which
may be hard to detect in its entirety by traditional in vitro
biochemical means. We suspect that certain in vitro biochemical
conditions (construct, cellular lysates, pH, concentration,
temperature, etc) were ideal for heterodimer formation in the
many studies leaning towards heterodimer formation and ideal for
monomer formation in the conflicting studies, hence the
discrepancy. The strong biophysical compatibility of evolved
vertebrate TYR, TYRP1, and TYRP2 sequences, 3D structures
and independent phenotype-genotype associations with a
heterotrimer would be very unlikely by random chance and
suggests in vivo relevance of the heterotrimer.

Themodel suggests the presence of a newly identified protein or
membrane interaction surface that results in thermal instability
when it is perturbed by mutation. We speculate that OCA2may be
an intriguing candidate as the binding partner for this surface and
that its binding may be required for ER-melanosome transit. This
model can account for the observation that TYR transit out of the
ER is a “bottleneck” step of melanogenesis and requires TYRP1,
TYRP2, and OCA2: the normal function of TYR that produces its
baseline phenotype is highly dependent on the normal
composition, architecture and sequence of ER environments, as
well as ER-melanosome membrane events. The diverse
pathological phenotypes associated with TYR may all have in
common perturbation of this complex or of the ER
environment it requires or of the membrane fusion events that
transit this complex from the ER to the melanosome.
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The angiogenesis process is an essential issue in tissue engineering. Zinc oxide
nanorods are biocompatible metals capable of generating reactive oxygen species
(ROS) that respond to induced angiogenesis through various mechanisms; however,
released Zn (II) ions suppress the angiogenesis process. In this study, we fabricated
green ZnO nanorods using albumin eggshell as a bio-template and investigate its
angiogenic potential through chorioallantoic membrane assay and excision wound
healing assay. This study demonstrated that angiogenesis and wound healing
processes depend on pro-angiogenic factors as VEGF expression due to ZnO
nanorods’ exiting. Angiogenesis induced via zinc oxide nanorods may develop
sophisticated materials to apply in the wound healing field.

Keywords: zinc oxide nanorods, angiogenesis, wound healing, VEGF, ROS

INTRODUCTION

Neovascularization is considered as an essential issue in regenerative medicine and tissue
engineering (Ennett and Mooney, 2002). This issue has occurred via the microvascular process
(Rouwkema et al., 2008). The angiogenesis process is the formation of novel capillary network
to provide nutrients to cells (Folkman, 1984). Angiogenesis depends on factors like VEGF
(Petrova et al., 1999), FGF (Ma, 2000), and angiopoietin activators of integrins (Suri et al.,
1996). Although VEGF is an excellent, effective regulator to induce the angiogenesis process,
there are enormous challenges to applying tissue engineering. The half-live of scaffolds
is only a few minutes (Eliceiri and Cheresh, 1999). So, the presence of the material
induces cells to produce VEGF, and FGF as a growth factor may help overcome these
challenges. Previous studies reported that ROS functionalized in wound healing and cell
proliferation throughout the activation of growth factors (Sen et al., 2002; Roy et al., 2006; Huo
et al., 2009).
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Interestingly, ROS plays a prominent role in the angiogenesis
process by activating key steps of cell proliferation, migration,
and tube formation (Lelkes et al., 1998; Rhee, 2006; Xia et al.,
2007; Augustine et al., 2014). H2O2 is considered as one of the
ROS components, including in stages of angiogenesis. It
contributes to the wound healing process by inducing VEGF
expression in mice (Sen et al., 2002) and FGF in rat astrocyte
cells (Pechan et al., 1992). Today, nanomedicine becomes one of
the most important fields of nanotechnology and material
science (Augustine et al., 2014). Over the past decade, there
were many metal nanoparticle applications in biomedical
applications such as diagnostic and therapeutic fields
(quantum dots and semiconductors), anticancer therapy,
antimicrobial therapy, and antiviral therapy. Zinc oxide
(ZnO) is an inorganic material classified as an FDA-
approved material based upon its stability, safety, and
intrinsic potential to neutralize UV radiations (Zhang et al.,
2013). It has wide applications. ZnO nanoparticle is a promising
material in biomedical applications such as antimicrobial,
antigen, gene, drug delivery (Rasmussen et al., 2010),
biosensor, and tissue engineering applications. Furthermore,
Ayan et al. reported that ZnO nanoflowers could be inducing
angiogenesis through proliferation and migration of endothelial
cells (Barui et al., 2012; Augustine et al., 2014). Also, they
mention that ROS stimulates angiogenesis by europium
hydroxide [EuIII (OH)3] nanorods (Patra et al., 2011).

MATERIALS AND METHODS

Chemicals
Zinc acetate hydrate was purchased from Sigma-Aldrich,
United States, and albumin eggshells from Loba Chemical Co.,
Mumbai, India.

Animals and Experimental Design
We applied all the European Communities Council Directive
(Directive 2010/63/EU of 22 September, 2010). According to the
Institutional Animal Care and Use Committee at Cairo
University, Egypt (IACUC, CU-II-F-10–19), we carried out
the experimental procedure after the Animal Protocols
Evaluation Committee’s affirmative opinion. Sixty male
albino Wister rats weighing approximately 170–200 g were
brought from the Department of Veterinary Hygiene, Faculty
of Veterinary Medicine, Sadat University, Egypt. According to
the protocol, standard conditions for feeding, and living rats’
before occurred experiments for ensuring animals in a healthy
status

Synthesis of ZnO Nanorods
Several routes synthesized ZnO nanorods, but one of the best
methods is the sol–gel method with some modifications
(Nouroozi and Farzaneh, 2011). In a typical synthesis, 1.1 gram
of zinc acetate dihydrate [Zn (CH3COO)2.2H2O] was added in
10 ml of ultrapure water (Milli-Q water, United States) (18 MΩ)
containing 2 gm of albumin added gradually with 30 min stirring.
The oven performed the calcination process at 300°C for 6 h, and

then, the precipitates were annealed slowly and characterized
(Supplementary Figure S1).

Zinc Oxide Nanorod Characterization
A Fourier Transformed- Infrared spectrum (FT-IR) of the sample
was recorded using the Nicolet 6700 apparatus (Thermo Scientific
Inc., USA). The crystalline nature and grain size were studied by
XRD patterns at 25–28°C with a D8 Advance X-ray
diffractometer (Bruker, Germany). Shape and size of ZnO
nanorods were determined using HRTEM, JSM-2100F, and
JEOL Inc. (Tokyo, Japan) with a voltage of 15 Kv and 200 KeV.

Measurement of Released Zn (II) From Zinc
Oxide Nanorods
The protocol of measurement of released Zn (II) from zinc oxide
nanorods was determined as previously described (Tada-Oikawa
et al., 2015). The suspension solutions were diluted to 15 ml of
DMEM (GIBCO, United States) at 100 μg/ml concentration of
ZnO nanorods. All samples were incubated at 37°C in a 5% CO2

incubator for 1, 3, 6, 12, 18, and 24 h, and then cold-centrifuged at
10,000 × g for half an hour. Followed by which, the supernatant
was aspirated and transferred into a test tube containing 0.5 ml of
concentrated nitric acid (HNO3; Merck Inc, Germany). The
resultant solution was completed up to 50 ml with ultrapure
water. So, the liberated Zn (II) was measured by ICP-AES-7500
(Perkin-Elmer, United States).

Angiogenesis Mechanism by Quantitative RT-PCR
Human dermal fibroblast cells (HDF4) (ATCC PCS201012,
United States) were harvested in six-well plates, and then
exposed to 10 and 20 μg/ml of suspended ZnO nanorods and
Zn (II) ion (released from 100 mg/ml) for 24 h. Total RNA was
isolated from cells posttreatment by using the RNeasy Mini Kit
(Qiagen, Valencia CA, United States). The technical protocol for
RNA extraction was according to the manufacturer’s instructions
(Pfaffl, 2001). The RNA concentration was measured through a
Beckman dual spectrophotometer (United States). To quantify
VEGF gene expression, the cDNA reverse transcriptase kit
(Applied Biosystems, United States) was used to transfer the
total RNA to cDNA. Then quantitative RT-PCR was carried out
using the Syber Green I PCR Master Kit (Fermentas) (Applied
Biosystems, USA); 2 μl of template cDNA was then added to the
final volume of 20 μl of the reactionmixture. The procedures were
carried out as the following enzyme activation for 10 min at 95°C,
followed by forty cycles to denature for 15 s at 95°C, then
annealing step for 20 s at 55°C and elongation step at 72°C for
20 s. We used specific sets of primers for the target gene VEGF:
TGCAGATTATGCGGATCAAACC-3′ (forward) and 5′- GCA
TTCACATTTGTTGTGCTGTAG-3′ (reverse), and VEGF gene
was normalized with β-actin gene which was used as an internal
control. RT-PCR experiments were repeated three independent
times.

Reactive Oxygen Species Assay
Human Dermal Fibroblast Cells (HDF4) (ATCC PCS201012,
USA) were treated with ZnO nanorods at 10 μg/ml, 20 μg/ml,
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and 50 μg/ml concentrations, and Zn (II) ions were released at
100 μg/ml concentration for 24 h. After treatment, the cells were
washed and harvested in cold PBS (+4 C). Then lysis of the cell
pellets was performed by using a cell lysis buffer. Then cell pellets
were centrifuged at a speed of 15,000 g for 10 min at +4 C; the
supernatant was maintained on ice until assayed for ROS assay.
ROS was determined by using a ROS assay kit from Life Span
Bioscience Inc. (Seattle WA, United States) following the
manufacturer’s instructions. Then 100 μl of the sample,
standard, and blank was added to each well, followed by an
incubation period of 90 min at a temperature of 37°C. All models
were then aspirated, 100 μl of biotinylated detection antibody was
added to the plate, and then the latter was incubated for 1 h at
37°C. After centrifugation (3,000 g), aspirate supernatants were
washed in the plates three times by adding 100 μl of HRP
conjugate incubated at 37°C for half an hour. Supernatants
were removed, and then, plates were washed several times.
Before adding 90 μl of TMB substrate solution and incubating
at 37°C for 15 min. Then, a stopping reaction occurred by adding
50 μl of stop solution, followed which, the measurement of the
absorbance at a wavelength of 450 nm was carried out via an
ELISA plate reader, ELX-800 (Biotek, United States).

Antioxidant Stress Biomarker
Ellman’s protocol was applied for evaluating a level of reduced
glutathione (GSH) (Ellman, 1959). Measurement of glutathione
was at 412 nm, and the unit of GSH protein is nmol/mg.

Chicken Chorioallantoic Membrane Assay
For fertilizing, chicken eggs were supplied from the poultry
station (Giza, Egypt). Under the aseptic condition, eggs were
cracked gently, and their yolks were put in sterile plastic dishes.
We were soaking filter paper discs with ZnO nanorod
suspension solution with different concentrations (10, 20,
and 50 μg/ml), Zn (II) ions (released at 100 μg/ml
concentration and incubated at a temperature of 37°C for
24 h), and 10 ng of VEGF that is known as a promoter of
angiogenesis. It had worked as a positive control, while
dimethyl sulphoxide (DMSO) worked as a negative control.
We then placed all material (test, materials, and control
(positive and negative)) on the egg yolks, and then incubated
for 24 h. After 24 h of the explosion, we took images using an
Olympus camera of 10 MP connected with a stereomicroscope.
We used a manual method to count the new blood capillaries in
a clockwise direction. The blood vessel branch was counted
manually in a clockwise direction. Results were presented as the
mean with standard deviation.

Histopathological Examination of Chicken
Chorioallantoic Membrane Assay
On the second day after injection, the egg yolks were collected
from each group (ZnO nanorods (10, 20, and 50 μg/ml), Zn (II)
ions (released at 100 μg/ml), and 10 ng of VEGF) in PBS of pH 7.4
solutions, followed by a fixation step with 10% neutral-buffered
formalin. The preparation of specimens for histological
examination was according to Bancroft et al. (Velnar et al.,
2009). The interpretation of results by a ranking score

indicated the degree of branching vessel and branching
patterns. The specimen section photographs were taken and
observed for angiogenesis (Ausprunk et al., 1975; Norrby,
2006). Repeat experiments were carried out with three
independent experiments.

Wound Healing Study (Excision Wound Model)
Initially, the animals were anesthetized using ketamine (100 mg/
ml) and xylazine (20 mg/ml) in a 3:1 v/v ratio, and subsequently, a
piece of the skin (14 mm) was removed surgically from the dorsal
region of each mouse. After skin excision, the wound was cleaned
initially with diluted soap 50% in saline and rinsed with saline
solution. Then wound groups (II and III) were treated with ZnO
nanorods at concentration of 10 μg/200 μl and 20 μg/200μl.
Phenytoin (Pitiakoudis et al., 2004) was applied as a standard
positive control for group IV. The mice’s maintenance was
followed in individual cages with total care under a warming
lamp until its recovery from anesthesia. The total wound area was
scaled daily for 14 days (the experiment time). Alternatively, the
clinical condition of mice (Thomas, 1990) (e.g., total wound area
and the healing process’s progress) was recorded daily for 14 days
(the experiment time). Skin images for photo documentation
were acquired using an Olympus camera (Olympus, Tokyo,
Japan) at a fixed distance of 30 cm perpendicular to the
subject. The photographs were digitized, and the wound area
was measured using Adobe Photoshop C5. After 14 days,
acceptable euthanasia methods (decapitation method) were
applied to sacrifice the mice (Clifford, 1984). Followed by
excised skin tissue, skin sections of specimens from all groups
were performed using a paraffin microtome (Shandon Finesse,
Thermo Fisher Scientific, Cheshire, United Kingdom) and
stained with hematoxylin and eosin stain kit (Atom Scientific,
Cheshire, United Kingdom). Parameters such as inflammation
and skin structure were estimated. The Walker equation
evaluated the wound healing percentages after measurement of
the wound area.

Wound area � Wound area in the day X
Wound area at the beginning

× 100.

STATISTICAL ANALYSIS

Statistical analysis was carried out using the variance (ANOVA)
single factor test analysis with significance at p < 0.05.

RESULTS

Zinc Oxide Nanorod Characterization
FT-IR Spectroscopy
FT-IR spectra of zinc oxide nanorods (ZnO-NRs) are shown in
Figure 1. The wave band at 3415–3503 cm−1 indicated O–H
stretching vibration that of Jong-hun et al. Borah et al. (2016)
mentioned a band at 3503 cm−1 for O–H stretching vibration in
the ZnO nanomaterials. Furthermore, hydroxyl groups’ presence
is due to a sharp band’s appearance with intensity at 1136 cm−1.
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This peak refers to O–H in-plane bending vibration. A strong
band at 458 cm−1 was indicated or referred to as the Zn–O bond.
The result supported that the appearance of hydroxo, oxo, or
aqua species on the surface of zinc oxide nanorods was due to the
existence of excess oxygen content in the nanomaterial
(Silverstein and Bassler, 1962; Farmer, 1974).

X-Ray Diffraction
XRD patterns of ZnO nanorods are shown in Figure 2. The peaks
at 2 θ � 31.746, 34.395, 36.226, 47.526, 56.549, 62.832, 67.893, and
69.028 were assigned to (100), (002), (101), (110), (103), (200),
(112), and (201) of ZnO nanorods. All peaks indicated a hexagon
wurtzite structure (Zincite, JCPDS no, 89–0510). The results
indicated the high quality of ZnO nanorods. The average
crystal sizes of ZnO-NRs obtained after calcination at 300°C
for five hours have confirmed their rod shape with 285 nm

length and 84 nm diameter. Scherer’s equation (Patterson,
1939; Cullity and Stock, 2001) evaluated the average crystallite
size (4) of ZnO-NRs.

d � kλ⁄β cosθ,

where k � 0.9 is the shape factor, ß is the measured FWHM, θ
is the Bragg angle of the peak, and λ is the XRD wavelength.

Morphological Studies of ZnO-NRs
The identification of morphology, size, and diffraction lattice of
zinc oxide nanorods was carried out using transmission electron
microscopy. TEM analysis of ZnO-NRs confirmed their rod shape
with the dimensions of 285 nm length and 84 nm diameter and
diffraction index as shown in Figures 3, 4; Supplementary
Figure S2. The obtained results are in total agreement with
the results of the XRD data presented in Figure 2.

FIGURE 1 | FT-IR spectra ZnO nanorods (ZnO-NRs).

FIGURE 2 | XRD patterns of ZnO nanorods (ZnO-NRs).
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Measurement of Released Zn (II) From Zinc
Oxide Nanorods
ICP-AES was used tomeasure the quantity of Zn (II) ion liberated
to the supernatant of the dispersed 100 μg of ZnO-NRs after 24 h.
As shown in Figure 5, the Zn (II) ion’s total amount was altered
with different time intervals. The data also indicated that the
amounts of Zn (II) ion released from ZnO-NRs were 23 ppm after
24 h, 18 ppm after 18 h, 15 ppm after 12 h, 11.5 ppm after 6 h,
6.5 ppm after 3 h, and 1.5 ppm at 1 h.

Quantitative RT-PCR
Real-time PCR was used to investigate the gene expression of
VEGF. As shown in Figure 6, the VEFG gene was significantly
upregulated with ZnO-NR concentrations (10 μg, 20 μg, and 50 μg),
while the VEFG gene was significantly downregulated in the case of
released Zn(II) ion (p < 0.05). The fold change of 10 μg of ZnO-NRs
is double-fold superior to that of the non-treated control cells. Also,
20 μg of ZnO-NRs is fourfold superior to that of the non-treated
control cells; also, 50 μg of ZnO-NRs is tenfold more remarkable
than the control cells. VEFG expressions were increased relative to
the increased ZnO-NRs. In contrast, the released Zn (II) ion was
half of the value control cell, as shown in Figure 6.

Reactive Oxygen Species Assay
Figure 7 showed that ROS increased relatively to concentration of
ZnO-NRs: 10 μg/ml (14%), 20 μg/ml (29%), and 50 μg/ml (49%)
compared with the untreated cell control value. Released Zn (II)
ion showed no positive effect, indicating that only ZnO-NRs
induced reactive oxygen species, and Zn (II) ion released did not
contribute to the angiogenesis process.

Antioxidant Stress Biomarker
Glutathione peroxidase enzyme favors the removal of hydrogen
peroxide by catalyzing its reaction with reduced glutathione
(GSH) according to the following reaction (Marklund s., 1982):

H2O2 + 2GSH→ 2H2O2 + GSSG.

Figure 8 showed that glutathione of ZnO-NR concentrations
of 10 μg/ml, 20 μg/ml, and 50 μg/ml treated with HDF4 cells
increased compared to the untreated cell control. It indicated that
ZnO-NRs behaved as an influential precursor of hydrogen
peroxides. Due to GSH peroxidase with ZnO-NR–treated cells,
glutathione decreased by 25%, 35%, and 40% compared to the
untreated cell control, while released Zn (II) ion had no positive
effect, indicating that ZnO-NRs contribute to producing H2O2

that promotes the angiogenesis process.

Chicken Chorioallantoic Membrane Assay
The chicken chorioallantoic membrane (CAM) assay considers a
standard assay that measures the pro-angiogenic material
potential. CAM assay has investigated the performance of
ZnO-NRs to induce the microvascular process. After 24 h of
remediation, the images were taken by Olympus camera.
Interestingly, there was an increase in length, size, and
junction as shown in Figures 9,10A–D that revealed ZnO-
NRs with concentrations of 10 μg/ml and 20 μg/ml, and
positive control VEGF (10 ng) increased the formation of
matured vascular sprouting significantly as compared with a
negative control. The percentages of increase in the length
were 2.5, 3.5, and 4.5 fold. Also, the percentage of increase in
size was 2.25, 3.25, and 3.75, and the injunction was 2, 2.5, and 4
fold for ZnO-NRs (10 μg/ml and 20 μg/ml) and VEGF (10 ng),

FIGURE 3 | Transmission electron microscopy of ZnO nanorods
(ZnO-NRs).

FIGURE 4 | Diffraction index of ZnO nanorods (ZnO-NRs).
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respectively, superior to that of the control. In contrast, Figures
9,10E,F demonstrated that ZnO-NRs 50 μg and liberated Zn (II)
ions decreased vascular sprouting in length were 0.5 and 0.75, in
sizes were 0.4 and 0.5, and injunctions were 0.6 and 0.5. Figures
9,10 displayed the effective influence of ZnO-NR concentrations
with 10 μg/ml and 20 μg/ml on length and size, respectively, and
junction as pro-angiogenic material potential.

CAM Histopathological Examination
The histopathological pattern of the chick embryo chorioallantoic
membrane treated with ZnO-NRs, VEGF, and released Zn (II) ion
investigates angiogenesis. Hematoxylin and eosin–stained CAM
sections, as shown in Figure 11C revealed CAM exposed to ZnO-

NR concentration of 20 μg/ml showed well-developed
neovascularization with a score of +3, which represented
numerous branching patterns of blood vessels more than ZnO-
NR concentration of 10 μg/ml with a score of +2 in Figure 11B.
Both of ZnO-NR concentrations, 10 μg/ml and 20 μg/ml, had had
better vascularization than the negative control (score 0), as shown
in Figure 11A. Similarly, Figure 11D represented the CAM
exposed to 10 ng of VEGF as a positive control with a score of
+4. However, Figure 11E showed fewer vascular vessels due to
exposure to released Zn (II) ions with a score of +1, and Figure 11F
showed a minor vascular vessel due to exposure to 50 μg with a
score of zero. Table 1 interpreted the scores of the histological
feature according to Ejaz et al. (2006) and Bao et al. (2012). The

FIGURE 5 | Released zinc (II) ions from ZnO nanorods by ICP-AES.

FIGURE 6 | Quantitative real-time PCR measures mRNA levels of the vascular endothelial growth factor gene (VEGF).
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histological examination displayed those excess blood vessels with
the highly branched network. These views support the angiogenesis
activity induced by ZnO nanorods.

In Vivo Implantation Study (Morphology of Wound
Healing)
Based on the results of the in vitro assay and CAM assay studies,
ZnO-NRs with concentrations of 10 μg/ml and 20 μg/ml and
phenytoin (used as standard positive control) were selected for
animal implantation studies to investigate in vivo angiogenesis.
As shown in Figure 12, the initial skin wound appeared clearly
with 14 mm. After 5 days, the wound healing percentage
increased slightly compared with the non-treated control
group (I). The percentages of wound healing using ZnO-NRs
with concentrations of 10 μg/ml and 20 μg/ml were 20 and 28%,
respectively, compared with 12% of the negative control (non-

treated). Similarly, the percentage of wound healing using
phenytoin was 35%. After ten days, the percentages of wound
healing increased to 46%, 59%, and 67% for ZnO-NRs with
concentrations of 10 μg/ml and 20 μg/ml and phenytoin
compared with the percentage of wound healing in negative
control, which was 35%. After 14 days, the percentages of
wound healing increased to 63%, 84%, and 93% for 10 μg/ml,
20 μg/ml, and phenytoin, respectively, compared with the
negative control with a percentage of 55%. This result
indicated that dressing with ZnO-NRs accelerates the healing
of open-excision type wounds in vivo. Figure 13 displayed the
wound healing mechanism. After five days of treatment, Figures
13E–H demonstrated the thickening edematous and hotness of
the epidermis at the injury edge. Interestingly, filling the wound
gap with necrotic tissues and then filling the wound area with
mature granulation tissues are shown in Figures 13E–H. Finally,

FIGURE 7 | Reactive oxygen species (ROS) of ZnO nanorods (ZnO-NRs) and released zinc (II) ions from ZnO nanorods (ZnO-NRs).

FIGURE 8 | Glutathione peroxidase enzyme of ZnO nanorods (ZnO-NRs) and released zinc (II) ions from ZnO nanorods (ZnO-NRs).
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Figures 13I–L displayed that wound gaps were shrinking due to
the rate of epithelialization. As a result, ZnO-NR concentrations
were found to show their contributory role in the accelerating
epithelialization rate and required lesser time to complete the
epithelialization process than the negative control.

Histological Explanation of Wound Healing
After three days of treatment with ZnO-NRs with concentrations
of 10 μg/ml and 20 μg/ml and phenytoin as standard drugs,
Figures 14B–D showed that the dermis near the excision was
rich with inflammatory cells, mainly polymorphonuclear cells
with an insufficient number of fibrosis in the outer skin near the

injury area. On the other side, a control skin tissue section
(untreated skin tissue) shows cellular or rare endothelial cells
with zero scores, as Figure 14A showed. As Figures 14B–D
indicated, the healing process started and the neo-angiogenesis
process begun with a score of +1. After five days of treatment with
ZnO-NRs with concentrations of 10 μg/ml and 20 μg/ml and
phenytoin as standard drugs, Figures 14E–H showed the fibrin
net rich in inflammatory cells, mainly neutrophils, macrophages,
and lymphocyte skin tissue of all groups (control, standard, and
test material). Moreover, the reform of a cuticle was inhibited
ultimately—also, observation of moderate propagation
emigration of fibroblasts and mild new collagen. Control

FIGURE 9 | Angiogenesis parameter quantitative of ZnO nanorods (ZnO-NRs) and released zinc (II) ions using chicken chorioallantoic membrane (CAM) assay.

FIGURE 10 | Chicken chorioallantoic membrane (CAM) assay. (A) Negative control (non-treated). (B) CAM treated with 10 μg/ml of ZnO nanorods (ZnO-NRs). (C)
CAM treated with 20 μg/ml of ZnO nanorods (ZnO-NRs). (D) CAM treated with 10 ng of positive control VEGF. (E) CAM treated with 50 μg/ml of ZnO nanorods (ZnO-
NRs). (F) CAM treated with released Zn (II) ions.
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FIGURE 11 | Histopathology pattern of chick embryo chorioallantoic (CAM) assay. (A) Negative control (non-treated). (B) CAM treated with 10 μg/ml of ZnO
nanorods (ZnO-NRs). (C) CAM treated with 20 μg/ml of ZnO nanorods (ZnO-NRs). (D) CAM treated with 10 ng of positive control VEGF. (E) CAM treated with 50 μg/ml
of ZnO nanorods (ZnO-NRs). (F) CAM treated with released Zn (II) ions.

TABLE 1 | Angiogenesis score concerning histological feature

Score Histological feature

0 It referred to cellular or rare endothelial cells
1 It illustrated that dispersed small aggregate endothelial cells without lumens
2 It indicated those endothelial cells in all parts of the section with some tube formation
3 It elucidates that readily identified capillary tube forming that includes RBCs and small amounts of collagen
4 It represented that those vast vessels have more than four red cells containing layers of collagen in vessel walls

FIGURE 12 | Wound healing percentages after remediation with ZnO nanorods (ZnO-NRs), phenytoin compared with control (non-treated).
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animal groups reveal cellular or rare endothelial cells with a score
of zero, as shown in Figure 14E. However, in Figure 14 (F, G, and
H), a dermal layer indicated the beginning of neo-angiogenesis
with a score of +2 for ZnO-NRs with 20 μg/ml phenytoin,
characterized by prominent linear arrangements and some
tube formation. The animal group treated with 10 μg/ml of
ZnO-NRs revealed dispersed small aggregate endothelial cells
without lumens with a score of +1. Seven days after treatment, as
Figures 14I–L (I, J, K, and L) revealed, wound tissues were filled
with necrotic tissue and inflammatory neutrophils. The epidermis
regeneration was significantly inhibited. Interestingly, new
granulation tissues were created at the bottom of wounds in
all animal groups, consisting of endothelial cells, fibroblast, and
newly synthesized non-organized collagen. Figure 14I displayed
that the control animal group has a score of +1 that revealed
dispersed small aggregate endothelial cells without lumens.
Figures 14J,K displayed the treated animal groups with ZnO-
NR concentrations of 10 μg/ml and 20 μg μg/ml, and phenytoin
showed endothelial cells in all parts of the section with some tube
formation with a score of +2.

Interestingly, endothelial cell proliferation was accompanied by
a new vessel number. It was assigned for readily identified capillary
tube forming that included RBCs and small amounts of collagen,
especially in animals treated at concentration of 20 μg/ml and had a
score of +3. Ten days after treatment, control prominent linear
arrangements and some tube formation (score 1) were observed, as

shown in Figure 14M. Otherwise, animal groups treated with
phenytoin and ZnO-NR concentration of 20 μg/ml showed
capillary tube forming that includes RBCs and small amounts
of collagen with a score of +3, as shown in Figures 14O,P, while
ZnO-NR concentration of 10 μg/ml had a score of +2, as shown in
Figure 14N. Fourteen days after treatment, fibroblasts and
endothelial cells decreased in granulation with an excess of
collagen fibers in the negative control (non-treated) with a score
+2, as shown in Figure 14Q. The negative control (untreated
animals) and animal treated with 10 μg/μl of ZnO-NR showed
capillary tube formation which contained a red blood cell score of
+3 as Figure 14R revealed. The animal group treated by ZnO-NR
concentration of 20 μg/μl and phenytoin showed vast vessels have
more than four red cells containing layers of collagen in vessel walls
with a score of four as Figures 14S,T showed. Finally, histological
examination demonstrated that re-epithelization and new tissue
formation in the treated groups’ wound area.

DISCUSSION

Zinc oxide nanoparticles and their application in tissue
engineering, as well as angiogenesis, were studied. Here in this
study, we successfully fabricated green zinc oxide nanorods
without complicated procedure or toxic chemicals to obtain a
rod shape as other methods (Nouroozi and Farzaneh, 2011).

FIGURE 13 | Morphology of wound healing after exposure with ZnO nanorods (ZnO-NRs), phenytoin compared with control (non-treated). (A) Negative control
(non-treated) after 5 days. (B)Wound healing after exposure with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 5 days. (C)Wound healing after exposure with 20 μg/ml of
ZnO nanorods (ZnO-NRs) after 5 days. (D)Wound healing after exposure with phenytoin as positive control after 5 days. (E)Negative control (non-treated) after 10 days.
(F) Wound healing after exposure with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 10 days. (G) Wound healing after exposure with 20 μg/ml of ZnO nanorods
(ZnO-NRs) after 10 days. (H)Wound healing after exposure with phenytoin as positive control after 10 days. (I) Negative control (non-treated) after 15 days. (J)Wound
healing after exposure with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 15 days. (K) Wound healing after exposure with 20 μg/ml of ZnO nanorods (ZnO-NRs) after
15 days. (L) Wound healing after exposure with phenytoin as positive control after 15 days
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FTIR, XRD, and HR-TEM results confirmed the fabrication of
ZnO nanorods. The plausible mechanism of synthesis of zinc
oxide nanorods (ZnO-NRs) was carried out according to Bao
et al. (2012). They mentioned that ZnCl2 dissolution to Zn2+

accumulated and oriented on the surface of the albumin template.
The ions covered the albumin molecule, followed by thermal

treatment for calcination at 300°C for 5 h so that Zn ion after
thermal treatment will reshape ZnO into a rod shape (Bao et al.,
2012). Our ICP results reveal quantitative zinc ions released from
zinc oxide nanorods after time intervals. According to Oikawa
et al., the Zn released from zinc oxide nanorods is time dependent
(Tada-Oikawa et al., 2015). This report successfully investigated

FIGURE 14 |Histopathology pattern of wound healing after treatment with ZnO nanorods (ZnO-NRs), phenytoin compared with control (non-treated). (A)Negative
control (non-treated) after 3 days. (B) Wound healing after treatment with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 3 days. (C) Wound healing after treatment with
20 μg/ml of ZnO nanorods (ZnO-NRs) after 3 days. (D)Wound healing after treatment with phenytoin as positive control after 3 days. (E) Negative control (non-treated)
after 5 days. (F) Wound healing after treatment with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 5 days. (G) Wound healing after treatment with 20 μg/ml of ZnO
nanorods (ZnO-NRs) after 5 days. (H) Wound healing after treatment with phenytoin as positive control after 5 days. (I) Negative control (non-treated) after 7 days. (J)
Wound healing after treatment with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 7 days. (K) Wound healing after treatment with 20 μg/ml of ZnO nanorods (ZnO-NRs)
after 7 days. (L)Wound healing after treatment with phenytoin as positive control after 7 days. (M) Negative control (non-treated) after 10 days. (N)Wound healing after
treatment with 10 μg/ml of ZnO nanorods (ZnO-NRs) after 10 days. (O) Wound healing after treatment with 20 μg/ml of ZnO nanorods (ZnO-NRs) after 10 days. (P)
Wound healing after treatment with phenytoin as positive control after 10 days. (Q) Negative control (non-treated) after 14 days. (R)Wound healing after treatment with
10 μg/ml of ZnO nanorods (ZnO-NRs) after 14 days. (S)Wound healing after treatment with 20 μg/ml of ZnO nanorods (ZnO-NRs) after 14 days. (T)Wound healing after
treatment with phenytoin as positive control after 14 days.
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the effect of zinc oxide nanorods and Zn (II) ion released on
angiogenesis markers using RT-PCR. The results of RT-PCR
confirmed that Zn (II) ion released decreased VEGF gene
expression. Hence, it suppresses the angiogenesis process. As
Oikawa et al. mentioned, VEGF and its receptors can develop
vascularization (Tada-Oikawa et al., 2015). On the other hand,
upregulation of ZnO-NR expression is concentration dependent.
Previous studies reported that zinc ions released from suspended
zinc oxide nanoparticles and zinc chloride restricted the
expression of receptors related to vascularization (Tada-
Oikawa et al., 2015). Interestingly, many preclinical models of
micro-blood vessels grown on VEGF-A were capable of inducing
cells to invade the underlying matrix to form capillary-like
tubules (Pepper et al., 1992). VEGF is considered as the most
important angiogenic mediator characterized to date (Cisowski
et al., 2005). Previous studies suggest that hydrogen peroxide can
induce VEGF in many cells and organs such as human
keratinocytes (Sen et al., 2002), retinal pigment epithelial cells
(Cisowski et al., 2005), endothelial cells (Sanchez et al., 2013),
murine fibroblasts (Pepper et al., 1992), and macrophages (Cho
et al., 2001). Also, H2O2 enhanced the skin wound healing in mice
by the expression of VEGF (Sen et al., 2002). Interestingly, ZnO-
NRs contribute to making new blood vessels
(neovascularization). As previously reported, reactive oxygen
species (ROS) have a great role in the microvascular process
due to stimulating all angiogenic stages such as migration, cell
proliferation, tube formation, and redox signaling. Our results
confirmed that ROS generation by ZnO-NRs is related to
concentration. In contrast, Zn ions released showed no effect.
Also, GSH is reduced with ZnO-NRs concentration increased
relatively due to the presence of ROS and H2O2. Also, the
previous issue established that zinc oxide nanoparticles
generate ROS components like H2O2 throughout
photocatalysis (Hoffman et al., 1994). Both egg yolk and
wound healing assay studies had displayed that ZnO nanorods
were pro-angiogenic and mentioned that zinc oxide nanoflowers
could make a new blood vessel. Patra et al. (2011) suggested that
ROS activated angiogenesis by [EuIII (OH) 3] nanorods (Patra
et al., 2011; Makhluf et al., 2008; Makhluf et al., 2008;
Bhattacharya et al., 2007). In CAM assay, the decreased
angiogenic property of ZnO-NRs at higher concentration
(50 μg) due to the higher level ROS induced cell damage. Also,
the released Zn (II) ions decreased the angiogenic property due to
a negative effect on the angiogenic factors. The wound healing
assay had shown the presence of a broad blood vessel network
throughout. Endothelial cells contributed to reform and reshape
the inner wall of blood vessels surrounding basal lamina and
pericytes. It extends to a large cytoplasmic process over the
surface of the vessel tube. The presence of pericytes around
the blood vessels indicated mature vessels. Wound healing is
considered as a complicated process following harm to the skin of
the whole body. It included coordinated interactions between
diverse immunological and biological systems for restoring the
damaged cellular structure to its original state (Clark, 1985).
Wound healing mechanisms including the processes above
involve (1) growth factors; (2) cell proliferation, migration,
and differentiation; (3) epithelialization, fibroplasia, and

angiogenesis; (4) wound contraction; and (5) remodeling
(Velnar et al., 2009). Many mechanisms were accelerating
injury healing, such as wound diminishing, epithelialization,
and prevention of wound infection by bacteria that would delay
and complicate the wound healing process (Lodhi and Singhai,
2013; Li et al., 2011). Zinc oxide nanomaterial has been known
as an antibacterial agent (Jin et al., 2009). Collagen has a main
role in extracellular protein in the granulation tissue of the
wound healing process. Interestingly, it is a vital component that
has a main role in incision solidity and impartiality of tissue
matrix (Hassan et al., 2011). The wound healing process
depends upon the controlled formation and deposition of
novel collagens and their consequent maturation
(Puratchikody et al., 2006). In our study, ZnO-NRs succeed
in synthesizing a multilayer of collagen layers in vessel walls
with red blood cells with a score of +4, which means large
vascular contains more than four red cells and multilayered
blood vessels, including layers of collagen in vessel walls. There
was a plausible mechanism about zinc oxide nanorod
methodology, as Figure 15 displayed. We assumed that the
ZnO nanorods could play an important role in ROS generation,
especially H2O2. There are enormous mechanisms able to
generate hydrogen peroxide in the cells. One of these
mechanisms is the direct production of O2 and its interaction
with water (Fridovich, 1975). Another one is converting
superoxide to H2O2 through superoxide dismutase enzyme
inside the cell generating H2O2 (Velnar et al., 2009; Bancroft
et al., 2013). Hydrogen peroxide induces cells to express VEGF.

Interestingly, zinc oxide nanoparticles’ exposure at a low
dose (10 mg/l and 20 mg/l) does not have significant root
growth inhibition for hormetic dose response for radish and
ryegrass, respectively. Also, the hermetic phenomenon is
evaluated by ATP measurement. The application of Zn-
NPs on seed germination and root growth of radish and
ryegrass showed a hermetic dose response. In contrast, the
plant species’ root growth was restricted at a high
concentration up to 200 mg/l (Iavicoli et al., 2018).
Furthermore, Calabrese et al. (2010) managed the
hormetic responses of cells to a range of metabolic and
oxidative stressors (Calabrese et al., 2010). The presence of
high concentration of zinc oxide nanoparticle generated
oxidative stress. However, hydrogen peroxide can generate

FIGURE 15 | A plausible mechanism of angiogenesis
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hydroxyl radical, a potent inducer of membrane lipid
peroxidation (Calabrese et al., 2010).

Furthermore, endothelial cell proliferation, migration, and
tube formation occurred due to due to the exiting of ZnO-
NRs. Finally, the fabrication of ZnO-NRs could be applied in
many tissue engineering applications such as skin tissue
engineering, bone regeneration, and wound healing.

CONCLUSION

In this study, zinc oxide nanorods were fabricated and
characterized. It has been synthesized via the green method
using albumin eggshell. FTIR, XRD, and HR-TEM confirmed
ZnO in a rod shape with a diameter of 84 mm and length of
281 nm. Also, ICP evidence the presence of Zn ions released
from ZnO nanorods, and quantitative release of Zn ions is time
dependent. Egg yolk assay investigates the performance of zinc
oxide nanorods to induce angiogenesis. In the case of 20 μg/ml
of ZnO nanorods, there is an increase in the length of the blood
vessel and size and junction. However, excess of ZnO nanorods
and released Zn ions had reverse results. In the in vivo wound
study, the data emphasized ZnO nanorods’ ability for
vascularization and rapid rate to remodeling the skin to its
original shape due to epithelialization. Gene expression study
demonstrated that enhancement of ZnO nanorods is a key of
the angiogenic factors such as VEGF. Therefore, this report
confirmed the importance of ZnO nanorods in tissue
engineering material due to their ability to induce
angiogenesis.
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