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Editorial on the Research Topic

Chemical Biology Tools for Peptide and Protein Research

INTRODUCTION

Peptides and proteins are important biological molecules for all living systems. The human body uses
different peptides as hormones for signal transduction, whereas proteins are indispensable for
cellular structure and function. Indeed, peptides and proteins are closely associated with nearly all
human diseases. Not surprisingly, many peptides and proteins have been utilized for disease
prevention or treatment. However, of the more than 10,000 different proteins that a human cell
can produce, many are not yet fully understood (Wilhelm et al., 2014). Even for peptides and proteins
that have been studied, developing them as research tools or clinical agents still faces different
obstacles.

The need to address the limitations in peptide and protein research has led to the
development of chemical biology tools in several aspects. Solid-phase peptide synthesis
(Jaradat, 2018) is particularly useful for the production of peptides with less than 50 amino
acid residues. The combination of solid-phase peptide synthesis and chemical ligation methods
provides access to longer peptides and proteins without size limitation. Key advantages of these
chemical approaches are the capability to include non-canonical amino acids containing diverse
functional groups, as well as the production of homogeneous materials, whereas peptides and
proteins isolated from cells can exist in a mixture of isoforms with different side-chain or
backbone modifications.

Nevertheless, genetic means enable production of the desired proteins in large scale with ease as
well as investigation of the target proteins in their native cellular environments. In addition, genetic
means allow engineering of proteins with different properties, such as allosteric site for functional
regulation or recognition of new substrates. Particularly, advances in analytical techniques facilitate
rapid identification of protein mutants with the desired properties, supporting the development of
protein engineering.

The ability to site-specifically modify proteins has also opened many opportunities for
biological and medical applications. This can be achieved through bioorthogonal reactions
with genetically incorporated non-canonical amino acids (de la Torre and Chin, 2021) or
enzyme-mediated ligations (Xu et al., 2018). Fluorescent labeling of the target protein allows
determination of its subcellular localization. Conjugation of recombinant proteins with targeting
motifs may afford a target-specific delivery system. Enzyme-mediated ligation is especially useful
for making backbone cyclized proteins, which often have superior stability to their linear
counterparts (Hayes et al., 2021).
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Below, we discuss the nine original articles and one review
within this series in three categories: chemical synthesis of
peptides and proteins, genetic means for protein engineering,
and applications of site-specific protein modification.

CHEMICAL SYNTHESIS OF PEPTIDES AND
PROTEINS

Chemical synthesis of peptides and proteins is not limited to the
reservoir of canonical amino acids and enables access to their
derivatives, thus facilitating elucidation of the structure-activity
relationship. Towards the synthesis of human selenoprotein F
(SelF), which is believed to play important roles in the quality
control of the endoplasmic reticulum, Liao and He optimized the
synthesis of a SelF homolog through a three-segment two-ligation
strategy. Improvement in the synthetic strategy not only enabled
the production of multi-milligrams of the folded synthetic protein
but also set the stage for the synthesis of the native selenoprotein,
of which the exact physiological functions remain largely elusive.
An additional outcome of the study was the elucidation of the
disulfide pairing mode of SelF. The data provided useful
structural insights into the previously unresolved UGGT-
binding domain of SelF.

On the other hand, Wu and Chu presented a neat synthetic
route to a macrocyclic depsipeptide, pagoamide A, and evaluated
its antimicrobial activity. Pagoamide A is a marine natural
product, and the authors achieved its total synthesis by
incorporating two thiazole building blocks in the solid-phase
peptide synthesis. While the antimicrobial activity of pagoamide
A was moderate against Bacillus subtilis, the synthetic approach
was modular and is theoretically applicable to synthesizing
molecules with common structural features found in peptide
natural products, among them heterocycles, N-methylations, and
backbone macrocyclization.

Lastly, Miret-Casals et al. employed solid-phase peptide
synthesis to study furan-mediated chemical crosslinking.
Although furan has been used as a warhead for chemical
crosslinking, its crosslinking partners had not been
experimentally characterized in detail. The authors synthesized
a series of α-helical peptides, which can form coiled-coil peptide
dimers. They then used these peptides to explore furan reactivity
and its site-specific crosslinking. Activated furan warheads were
shown to react with lysine, cysteine, and tyrosine. This in vitro
validation demonstrates the versatility of the furan crosslinkers
and provides further ground for exploiting furan-technology in
developing furan-modified ligands/proteins for covalent
tethering to target proteins through various amino acid side
chains.

GENETIC MEANS FOR PROTEIN
ENGINEERING

Mutagenesis is a common genetic approach to engineer proteins
with novel properties. Using mutagenesis, Senoo et al. engineered
metabotropic glutamate receptor 1 (mGlu1) with a novel

allosteric metal-binding site. Specifically, they identified mGlu1
mutants, of which activity can be artificially induced by a protein
conformational change in response to a palladium complex, Cu2+

or Zn2+. Notably, the activation of the mutants was mutually
orthogonal, resulting in cell-type selective activation
demonstrated in differentially transfected HEK293 cells. This
direct activation via a coordination-based chemogenetic
approach allows cell-specific activation of the target receptor,
providing a useful way for investigating the physiological
function of a protein in different cells.

Mutagenesis also forms the basis of directed evolution, where a
protein can be transformed to equip a completely different
property, such as novel enzymes that catalyze reactions
invented by synthetic chemists (Arnold, 2019). A key
challenge in directed evolution is to identify the desired
mutants from a pool of millions or more variants. Fu et al.
reviewed recent advances on sorting methods of high-throughput
droplet-based microfluidics in enzyme-directed evolution. They
highlighted successful cases, as well as discussed the advantages
and challenges of different sorting methods.

APPLICATIONS OF SITE-SPECIFIC
PROTEIN MODIFICATION

Site-specific modification is a powerful strategy for studying the
structure and function of peptides and proteins (Tamura and
Hamachi, 2019). To study proteins within their natural
environment, various bioorthogonal reactions have been
developed. Since canonical amino acids lack bioorthogonal
functionalities, a bioorthogonal group must be introduced into
the target protein to enable site-specific modifications. This can
be readily achieved through genetic code expansion, where a non-
canonical amino acid can be co-translationally introduced into
the desired position of the target protein (de la Torre and Chin,
2021).

In this Research Topic, Meineke et al. expanded the scope of
genetic code expansion to incorporate a copper-chelating amino
acid, picolyl azide lysine (PazK). They demonstrated efficient
incorporation of PazK into proteins in mammalian cells, enabling
improvement in copper-catalyzed azide–alkyne cycloaddition
and live-cell fluorescent labeling. Results of this work can be
combined with their previous finding for simultaneous dual or
multiple bioorthogonal labeling on live mammalian cells.

In addition to copper-catalyzed azide–alkyne cycloaddition,
azides can also react with strained alkenes and alkynes
bioorthogonally. Using genetic code expansion, Johnson et al.
generated two monomeric proteins containing either a
p-azidophenylalanine (AzF) or a cyclooctyne lysine residue
and demonstrated the formation of heterodimers by the two
proteins. On the other hand, Wang et al. identified a variant of
Methanosarcina mazei pyrrolysyl-tRNA synthetase for efficient
incorporation of AzF. This synthetase variant enabled a
generation of a model protein containing up to ten AzF
residues in Escherichia coli. Using this pyrrolysyl-tRNA
synthetase variant, they produced AzF-containing protein
nanocages composed of a HER2 receptor recognition peptide

Frontiers in Chemistry | www.frontiersin.org February 2022 | Volume 10 | Article 8616992

Tsai et al. Editorial: Peptide and Protein Research Tools

5

https://www.frontiersin.org/articles/10.3389/fchem.2021.735149/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.741290/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.799706/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.825669/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.666867/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.768535/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.733550/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.779976/full
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


and human heavy chain ferritin. Conjugation of the protein
nanocages with doxorubicin by strain-promoted azide-alkyne
cycloaddition afforded a cell-specific delivery system, which
was demonstrated using Her2+ breast cancer cells and showed
prolonged drug release.

Besides bioorthogonal chemistry, enzyme-mediated ligations
are also useful for site-specific protein modification. Among
different enzymes, asparaginyl endopeptidases (AEPs) have
attracted much attention in recent years due to their superior
kinetics. However, a major drawback in most enzyme-catalyzed
reactions is the need of large excess of a reacting partner to drive
the reaction toward completion. This is due to the reversibility
and/or hydrolytic nature of the enzymes. Based on their prior
knowledge of AEPs, Chen et al. engineered an AEP from Viola
canadensis so that the enzyme variant mainly functions as a ligase
for amide bond formation instead of a protease for cleavage. They
achieved this by mutating residues in the non-conserved
substrate-binding pockets of the enzyme. The authors also
demonstrated the use of this AEP variant in generating a
backbone cyclized protein as well as fluorescent labeling on
live MCF7 cells.

Head-to-tail backbone cyclization of proteins and peptides has
been shown to greatly enhance protein and peptide stability. By
taking advantage of enzyme-mediated ligation, Hsu et al. took
one step further to generate a backbone cyclized knotted protein
that cannot be untied. Over a thousand knotted proteins
possessing loose peptide ends (i.e., mathematically linear
polypeptide chains) have been identified in nature. A
mathematical knotted protein without the loose ends has
opened the possibility of investigating the effect of the protein
backbone topology. It is generally not possible to control the
topology of the unfolded states of knotted proteins with loose

ends, posing challenges in their characterization. The authors
addressed this problem by performing head-to-tail cyclization of
a model knotted protein. In this way, they studied the deeply
trefoil-knotted YibK from Pseudomonas aeruginosa and
investigated the effect of topological knotting in
conformational entropy and protein folding.

PERSPECTIVES

This collection of articles showcases different chemical biology
tools for peptide and protein research, including solid-phase
peptide synthesis, protein engineering, genetic code expansion,
bioorthogonal chemistry, and enzyme-mediated ligations. Close
collaboration and interplay between chemists and biologists will
further expand the scope and applications of these tools. Indeed,
the outcomes of this interdisciplinary field are facilitating and will
certainly accelerate biological and medical research.
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Droplet-based microfluidics has been widely applied in enzyme directed evolution (DE),

in either cell or cell-free system, due to its low cost and high throughput. As the isolation

principles are based on the labeled or label-free characteristics in the droplets, sorting

method contributes mostly to the efficiency of the whole system. Fluorescence-activated

droplet sorting (FADS) is the mostly applied labeled method but faces challenges of

target enzyme scope. Label-free sorting methods show potential to greatly broaden

the microfluidic application range. Here, we review the developments of droplet

sorting methods through a comprehensive literature survey, including labeled detections

[FADS and absorbance-activated droplet sorting (AADS)] and label-free detections

[electrochemical-based droplet sorting (ECDS), mass-activated droplet sorting (MADS),

Raman-activated droplet sorting (RADS), and nuclear magnetic resonance-based droplet

sorting (NMR-DS)]. We highlight recent cases in the last 5 years in which novel enzymes

or highly efficient variants are generated by microfluidic DE. In addition, the advantages

and challenges of different sorting methods are briefly discussed to provide an outlook

for future applications in enzyme DE.

Keywords: sorting methods, enzyme directed evolution, microfluidics, droplet, high-throughput

INTRODUCTION

Nature itself is a great reservoir of various enzymes whose catalysis of substrates makes life and
industry possible. Many ancestral enzymes have low catalytic efficiency and low specificity but
might go through rounds of mutations and natural selection toward more specific and efficient
variants. This process might take millions of years, which is part of natural evolution. Over the
recent two decades, scientists are trying to mimic natural selection conditions in the laboratories
and accelerate the selection toward desirable properties, which is called directed evolution (DE).
The whole process starts from amutant library of one existing enzyme, or de novo synthetic enzyme;
and themutant library could be generated by rational/semi-rational design or randommutagenesis.
The variants are expressed in vivo/in vitro or in cell-free system and then selected for improved
properties. An effective assay requires tight linkage of genotype and phenotype, so that promising
variants could be subjected to further cycles of optimization (Zeymer and Hilvert, 2018).
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High-throughput screening (HTS) is commonly defined as
screening no <100,000 samples per day (Attene-Ramos et al.,
2014), which equals to 1.16 test per second, i.e., 1.16Hz.
Traditional HTS is performed with microliter plates (MTPs)
in 96-, 384-, or 1,536-well formats and agar plates whose
throughput is ∼104 variants with manual operation or ∼106

variants with robots per day (Markel et al., 2020). While
libraries of 1010 variants could be easily generated by error-
prone PCR (You and Percival Zhang, 2012), traditional screening
process is still time-consuming and labor-intensive. Automated
fluorescence measurement and robotic colony picking lighten
the tedious screening workload, but the physical and material
constraints associated with spatial separation inherently limit
throughput (Packer and Liu, 2015) and always come with
significantly increased reagent consumption (Martis et al., 2011).
The developments of microfluidics with integrated droplet
generation, droplet manipulation, and screening modules make
automation possible for the whole enzyme screening process. By
inputting a library of enzyme variants, researchers could collect
outputs of desired ones from up to 108 candidates per day, while
consuming 106-fold less sample volume (Vallejo et al., 2019).

In a typical microfluidic droplet workflow (Figure 1) for
enzyme DE, a single cell from the mutant enzyme-expression
library is encapsulated in a water-in-oil (w/o) droplet with their
substrates. The droplets could be incubated for a specific time
for the enzyme to fully react with the substrate. Both on-
chip and off-chip incubations are possible. If the enzymes are
expressed in vivo, cell lysis buffer will also be encapsulated into
the droplet in the droplet generation step. Then the droplets
could be sorted based on specific detectable signals. According to
the signals, dielectrophoresis (DEP) usually drags droplets with
active enzymes inside toward a sorting channel by high-voltage
electric pulses. The sorting methods determine the selection
threshold for DEP at the junction. Many researches have been
done in droplet generation step in the last decade, including w/o
droplets (Bransky et al., 2009; Tarchichi et al., 2013), w/o-in-
water (w/o/w) droplets (Nabavi et al., 2015), and hydrogel beads
(Um et al., 2008; Marquis et al., 2015) from picoliter to nanoliter
volumes; recently, there emerges rapid development of different
sorting methods, along with practical applications in enzyme DE.

Since droplet generation frequency could reach 10∼30 kHz,
which means ∼10,000–30,000 droplets per second, the efficiency
of droplet sorting limits the efficiency of the whole microfluidics
throughput. The sorting method constrains limits for droplet
size and substrate concentration and affects the droplet recovery
viability. Traditional microfluidic-based droplet sorting mainly
relies on laser-induced fluorescence (LIF) detection. However,
there have emerged other novel sorting methods for on-chip
droplet HTS sorting recently and shows the trend of label-
free sorting. In this work, both traditional labeled sorting
methods and new label-free approaches in the past 5 years have
been reviewed.

LABELED SORTING

Labeled sorting is defined as sorting methods based on
characteristics that do not result directly from the enzymatic
reaction itself. Chemicals or tagged groups are added into the

reaction so that labeled sorting methods could work on them or
their derivatives. Fluorescence-activated droplet sorting (FADS)
and absorbance-activated droplet sorting (AADS) are two
commonly applied labeled sorting methods and also regarded
as optical sorting. FADS relies on the fluorophore yield or
fluorescent tagging in the droplet. AADS is based on changes in
UV or visible light absorption. Its absorption changes are always
caused by absorbing reagent yield in the enzymatic reaction or in
its coupled assays.

Fluorescence-Activated Droplet Sorting
FADS is based on a very similar principle to fluorescence-
activated cell sorting (FACS). FACS has been considered as the
gold standard for single cell sorting (Attene-Ramos et al., 2014)
and could also be used for droplet sorting. Compared with FACS,
FADS is performed on-chip and advantageous in the following
aspects. Firstly, only hydrophilic w/o/w droplets could be sorted
by FACS, while FADS could detect both w/o or oil in water (o/w)
droplets and double emulsions. Secondly, high-speed camera
makes it possible to visualize each droplet sorting event, which
is not yet possible with FACS. Lastly, FADS devices are much
cheaper than the dedicated FACS instrument.

FADS has been used for DE of aldolases (Obexer et al., 2017),
DNA polymerases (Vallejo et al., 2019), NAD(P)-dependent
oxidoreductases (Oyobiki et al., 2014), xylanase (Ma et al., 2019),
lipases (Qiao et al., 2018), and oxidase (Debon et al., 2019) in
bacteria (Qiao et al., 2018; Vallejo et al., 2019), yeast (Ma et al.,
2019), and even filamentous fungi (Beneyton et al., 2016). It
proves to be a powerful tool for enzyme DE.

In most cases, fluorogenic reporter substrate is needed
for FADS. Ma et al. (2019) utilized the conversion of
fluorogenic substrate 6,8-difluoro-4-methylumbelliferyl b-D-
xylobiose (DiFMUX2) to fluorophore DiFMU by xylanase to
evolve xylanase-producing Pichia pastoris and screened out a
1.3-fold mutant. Fenneteau et al. (2017) synthesized a new
sulfonylated rhodamine for more sensitive peptidase activity
detection with droplet-based microfluidics, so that absorption
and emission ranges of yield product are separated. Larsen et al.
(2016) found that Cy3-Iowa Black fluorophore–quencher pair
for DNA labeling maintains a higher signal-to-noise ratio than
commonly used fluorophore–quencher pairs. Vallejo et al. (2019)
further applied 5′-Cy3 DNA labeling in the DE of nucleic acid
enzymes, like polymerase, T4 ligase, and restriction enzyme with
FADS. Vallejo et al. (2019, 2020) summarized this strategy as
droplet-based optical polymerase sorting (DrOPS) (Figure 2A).
Polymerase variant library is expressed in Escherichia coli, and
single bacteria cells are encapsulated in microfluidic droplets.
The polymerase is released into the droplet microcompartment
upon cell lysis and will produce Cy3-based fluorescence signals
by disrupting a donor–quencher pair. Fluorescent droplets with
active polymerase variants could be sorted by FADS, and the
plasmid encoding the variant could be recovered.

Instead of using fluorophore-labeling substrate directly,
in other cases, researchers design secondary or tertiary
reactions for the generation reporter chemicals of particular
excitation/emission patterns. Debon et al. (2019) obtained
a cyclohexylamine oxidase (CHAO) variant of 960-fold
improvement compared with the wild type. In their case, amines
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FIGURE 1 | Typical microfluidic droplet workflow for enzyme directed evolution.

FIGURE 2 | Labeled sorting methods based on fluorescence-activated droplet sorting (FADS) (A) [adapted with permission from Vallejo et al. (2019) Copyright ©

American Chemical Society] and absorbance-activated droplet sorting (AADS) (B) [adapted with permission from Gielen et al. (2016) Copyright © National Academy

of Sciences].

are converted into imine by CHAO, meanwhile reducing 1
equiv. of flavin adenine dinucleotide (FAD). Oxygen-dependent
cofactor recycling produces equimolar amounts of hydrogen
peroxide (H2O2), which is detected by the downstream oxidation
of a fluorogenic dye Amplex by horseradish peroxidase. This
coupled-enzyme assay is applicable to other oxidases or relative
enzymes, like L-asparaginase (Lim and Gruner, 2020) and
glucose oxidase (Prodanović et al., 2020), which produced H2O2

and secondary reactions were added so that fluorophore was
further produced.

Researchers have developed some upgraded versions of
commonly used FADS system. Two fluorescence-activated
droplet sorters were set in series along the chip and equipped with
two sets of excitation/emission wavelengths (Ma et al., 2018). A
double-gated control algorithm could process both fluorescence
signals from the same droplets. Two chemical reactions happened
simultaneously in one droplet so that esterase mutants from
Archaeoglobus fulgidus with both high enzymatic activity and
high enantioselectivity could be sorted.

Researchers also look into other characteristics of fluorescence
and newly developed fluorescence lifetime-activated droplet
sorting (FLADS) (Hasan et al., 2019) based on the lifetime of

fluorophore. FLADS has been successfully applied to distinguish
droplets containing either pyronine or fluorescein, or both, since
both chemicals are excited at the wavelength of 470 nm (Hasan
et al., 2019) but have different fluorescence lifetime. This might
help broaden the scope of fluorescence sorting but presently is
limited by the throughput, whose frequency of only up to 50Hz
was achieved till now (Haidas et al., 2019).

Absorbance-Activated Droplet Sorting
AADS helps extend the application of microfluidics, by breaking
the exclusive boundary of fluorescent readouts. Gielen et al.
(2016) firstly set up an AADS coupled droplet microfluidic for
enzyme DE (Figure 2B), by embedding two optical fibers aligned
face-to-face across the droplet channel. With this device, the
activity of phenylalanine dehydrogenase Rhodococcus sp. M4 was
improved >4.5-fold in lysate and kcat increased >2.7-fold after
two rounds of DE. The reduction of the cofactor NAD+ to
NADH in the deamination direction is detected by a coupled
assay involving the electron coupling reagent 1-methoxy-5-
methylphenazinium methyl sulfate (mPMS) and the reduction
of the water-soluble tetrazolium salt 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) to
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TABLE 1 | Optimal specification of different sorting methods.

Sorting

methods

Sensitivity Highest

frequency

Minimal droplet

size

FADS 2.5 nM

(Colin et al., 2015)

5 kHz

(Neun et al., 2019)

2 pl

(Colin et al., 2015)

AADS 10µM

(Gielen et al., 2016)

100Hz

(Gielen et al., 2016)

100 pl

(Maceiczyk et al.,

2017)

ECDS 1µM

(Goto et al., 2020)

10Hz

(Goto et al., 2020)

30 nl

(Goto et al., 2020)

MADS 5µM

(Kempa et al., 2020)

35Hz

(Kempa et al., 2020)

0.8 nl

(Kempa et al., 2020)

RADS 200µM

(Sobota et al., 2019)

4.3Hz

(Wang et al., 2017)

65 pl

(Wang et al., 2017)

NMR-DS 1mM

(Davoodi et al., 2020)

— 130 pl

(Hale et al., 2018)

—means not reported.

give the absorbing dye WST-1 formazan. The sorting frequency
could achieve ∼1 million droplets per hour. Theoretically,
AADS could have much more applications since most small
molecules exhibit absorption in the UV and visible regions of
electromagnetic spectrum.

AADS has the inert disadvantage of reduced optical
pathlength together; its sensitivity is three to four magnitude
lower than that of FADS (Table 1). To address the sensitivity
problem, Maceiczyk et al. (2017) combined differential detection
photothermal interferometry (DDPI) with absorbance detection
in droplet-based microfluidics. DDPI allows for quantitative,
single-point absorbance detection in femtoliter–picoliter volume
droplets and is weakly dependent on the optical pathlength. They
applied this method to detect 100 pl with as low as 1.4µM
of erythrosine B at 1-kHz frequency and femtoliter droplets
at 10-kHz frequency. This method was proved workable for
colorimetric assay of HL-60 cells growth and β-galactosidase
activity, but it has not been applied in enzyme DE yet.

Instead of improving the sensitivity of AADS itself, Zurek
et al. (2021) recently developed a strategy by increasing
enzyme molecules in the droplets. They set up a workflow
for clonal amplification in droplets and demonstrated that
around 400 E. coli cells will be in one 100-pl droplet after
single-cell cultivation overnight. Through increasing enzyme
molecules, the reaction rate of phenylalanine dehydrogenases
(PheDH) improved 12-fold as detected in absorbance assay of
droplets. The same strategy might also be applied for other less
sensitive sorting methods.

LABEL-FREE SORTING

Apart from the two common optical (labeled) sorting
approaches, a trend of developing label-free detections emerged,
which uses intrinsic physical or chemical biomarkers to separate
and sort cells. Several major label-free sorting methods are
like electrochemical detection, mass spectrometry (MS), and
Raman and nuclear magnetic resonance (NMR) coupling with a

microfluidic chip. Different from easy coupling of optical sorting
set up with microfluidic devices, the following label-free sorting
methods often need a specific design or coupling techniques.

Electrochemical-Based Droplet Sorting
Electrochemical detection is label free and can be applied
to complex samples without interference from suspension,
autofluorescence, or staining. Due to the limitation of detection
electrode surface size, which should not be larger than the
droplet, the size of droplets applied is normally limited to
nanoliter. The detection device on a microfluidic chip could
also be coupled with a DEP sorting device, by converting
electrochemical signal into digital signal and then into alternating
current (AC) signal to turn on DEP sorter.

Goto et al. (2020) applied a boron-doped diamond (BDD)
electrode to measure the current change in 30-nl droplets for
the DE of a NAD(P)-dependent oxidoreductase. As low as
1µM of NADH could be detected, and a 3-fold higher activity
of isocitrate dehydrogenase (IDH) mutant from Streptococcus
mutants was screened (Figure 3A). Oyobiki et al. (2014) proved
previously that the characteristics of BDD, such as wide potential
window, a low background current, and the higher stability
against deactivation, are suitable formeasuringNADHoxidation.

A Sorting based on Interfacial Tension (SIFT) method was
developed even without extra electrodes to differentiate droplets
of various interfacial tension due to different pH values in
droplets (Abbyad et al., 2019). Low pH leads to high interfacial
tension of droplets, and droplets of lower pH tend to flow along a
trail on a chip. The method has been developed to distinguish
between pH 0.2, and maximum sorting rate is around 30Hz
(Horvath et al., 2019). However, this method has not been applied
to any enzyme high-throughput sorting yet.

Mass-Activated Droplet Sorting
As the most widespread and versatile analytical technique
to analyze chemical mixtures, MS has been combined with
microfluidics in recent 5 years. Both electrospray ionization (ESI)
(Mahler et al., 2018; Qiao et al., 2018; Kempa et al., 2020) and
matrix-assisted laser desorption ionization (MALDI) (Haidas
et al., 2019) have been applied in droplet HTS. ESI could produce
charged ions directly from a liquid, which facilitates it to be
coupled with microfluidics. However, the online coupling of
MALDI with microfluidics is challenging, because MALDI target
is under vacuum while the microfluidic droplets are generated
under atmospheric pressure. Meanwhile, MALDI cannot be
performed as an online technique for analysis, which also restricts
its throughput (Payne et al., 2020).

Oil carrier phase usually needs to be removed before directing
the aqueous flow into an electrospray emitter, since oil phase
interferes with the ESI process by both sequestering charge
carriers and preventing stable Taylor cone formation. An
orthogonal chip-MS set up (Beulig et al., 2017) was developed
by placing a grounded metal plate as a counter-electrode with a
specific distance to the spray on the chip, while orthogonal to
the MS orifice. The inlet flow to MS orifice could be adjusted
by changing the distance from MS orifice to the spray. This
setup could avoid sample overloading while maintaining a
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FIGURE 3 | Label-free sorting methods based on electrochemical detection (A) [adapted with permission from Goto et al. (2020) Copyright © Royal Society of

Chemistry], mass spectrometry (B) [adapted with permission from Holland-Moritz et al. (2020) Copyright © John Wiley and Sons, Inc.], Raman (C) [adapted with

permission from Wang et al. (2017) Copyright © American Chemical Society], and NMR (D) [adapted with permission from Davoodi et al. (2020) Copyright © Royal

Society of Chemistry].

stable electrospray. Sample overloading might cause transfer line
contamination and signal saturation.

Researchers also developed another strategy of applying a
specific rate of sheath flow so that the whole w/o droplets could
be directly infused into ESI (Diefenbach et al., 2018; Holland-
Moritz et al., 2020). Carryover could be eliminated by replacing
hydrophilic stainless (SS) needle with Teflon ESI needle to avoid
cross contamination between droplets (Diefenbach et al., 2018).

Since MS detection is sample disruptive (Haidas et al., 2019),
MS is usually coupled with microfluidic for enzymatic catalysis
analysis. Holland-Moritz et al. (2020) developed a mass-activated
droplet sorting (MADS) system based on ESI (Figure 3B). In
their system, 25-nl droplets are split into two portions by a T-split

line on a chip almost asymmetrically. A 15-nl daughter droplet
flows directly into perfluoroalkoxy alkane (PFA) capillary for
quadrupole mass spectrometer via a sheath-flow ESI source. The
other daughter droplet is sorted by DEP. Sorting decisions are
made based on the MS signals and time delay between these two
daughter droplets. This system achieved 0.7 samples per second
with 98% accuracy in transaminase ATA-117 cell-free system.

TheMS detection rate is normally around 0.5–1.0 s per droplet
(Oyobiki et al., 2014; Mahler et al., 2018) and requires nanoliter-
sized droplets (Wink et al., 2018; Holland-Moritz et al., 2020). Up
to 33-Hz nanosized droplet sorting rate was achieved by Kempa
et al. (2020), by coupling traveling-wave ion mobility quadrupole
time of flight (TWIMS Q-TOF) with microfluidics. Such on-chip
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MS detection has been applied in chemical reaction analysis,
either with cells (Diefenbach et al., 2018; Mahler et al., 2018) or
not (Beulig et al., 2017).

Raman-Activated Droplet Sorting
Unlike MS, RADS is non-invasive but also label-free. RADS
could sort cells at a rate of hundreds of cells per minute
[up to 500 cells/h achieved (Lee et al., 2020a)]. Wang et al.
(2017) (Figure 3C) developed RADS platform by placing single-
cell Raman spectrum (SCRS) prior to droplet generation,
since Raman background of oil medium might adversely affect
the system’s accuracy. Single cells are detected by SCRS,
encapsulated into w/o droplet and then directly flow to DEP
sorting. This system was successfully applied to screen out
Haematococcus pluvialis with high astaxanthin yield and a
relatively high throughput (∼260 cells/min) and high accuracy
(∼98%) were achieved.

Most Raman-based sorting assays are based on resonance
signals. Mcilvenna et al. (2016) reported continuous sorting of
cyanobacteria based on carotenoids with Raman-microfluidic
system. By adding 13C-bicarbonate into the culturing medium,
shifts in carotenoid bands could be measured, indicating active
dissolved-CO2-fixing cells. Lee et al. (2020b) prepared a D2O-
containing minimal medium supplemented with unlabeled
interested compound mucin and detected the changes of
cytochrome signal with Raman-based microfluidics. Mucin-
utilizing Muribaculaceae strains were successfully screened out
from a mouse with this device.

Resonance signals however associate with only a few classes
of cellular compounds like pigments and therefore limit
the application genotype scope. Actually, Raman spectrum is
informative in not only resonance signals but also non-resonance
ones. Non-resonance signals associate with more chemicals
in vivo (e.g., starch, protein, and nucleic acid); nevertheless,
they need longer acquisition time, which usually conflicts
with throughput.

Recent breakthroughs have just been made in developing
non-resonance-based RADS. A significantly improved rate of
120 cells/min and two variants of an unknown enzyme [algal
diacylglycerol acyltransferases (DGATs)] were discovered by
applying this RADS setup (Wang et al., 2020). A quartz-made
chip, with low background signals, could be used for non-
resonance signal RADS rather than PDMS.

The major disadvantage of Raman spectrometry is its relative
low sensitivity. Researchers make attempts by fabricating surface-
enhanced Raman spectrometry (SERS) substrates to improve the
sensitivity. Sobota et al. (2019) applied a SERS substrate SK307
and detected as low as 200µM of 1,2,3-trichloropropane on
SERS-coupled microfluidics, which might inspire the screening
of haloalkane dehalogenase enzymes.

NMR-Based Droplet Sorting
NMR could give information from all states of matter in a wide
range of temperatures. Unlike MS, NMR offers an option of
a completely non-invasive metabolomic readout. Theoretically,
NMR is obviously disadvantageous in its low intrinsic mass
sensitivity, which means normal concentrations below 1mM are

hard to observe (Davoodi et al., 2020). Davoodi et al. (2020)
developed an NMR-compatible microfluidic platform by placing
the metal tracks in the side walls of a microfluidic channel
(Figure 3D). NMR radio-frequency excitation performance
was found to be actually enhanced without compromising
B0 homogeneity.

For NMR, pre-shimming of samples is significant, so that
homogeneity and stability of the magnetic field could be
obtained. Shimming is usually performed by applying currents
to various shim coils. With the design of highly efficient planar
NMR Helmholtz microcoil and transmission line resonators,
the problem of the NMR sensitivity on small volume samples
could be solved. Van Meerten et al. (2018) simplified the regular
shim coils with a series of parallel wires placed perpendicular
to B0 as a Shim-on-Chip shim system, which is particularly
suited for microliter samples in capillaries. To further address the
challenge of interfacing microcoils with droplets, Lei et al. (2015)
firstly reported interface between digital microfluidics and low-
field NMR. Later, Swyer et al. (2016) developed the first digital
microfluidic system capable of interfacing droplets of analyte
with microcoils in high-field NMR, which is appropriate for
chemical characterization. The system was successfully applied
to monitor a glucose oxidase reaction in 4-µl droplets, but not
for sorting yet.

Another challenge that hinders NMR application in
microfluidics is the preservation of high spectral resolution,
which requires a highly homogenous magnetic field over the
sample volume. However, differences in magnetic susceptibility
between the chip, the continuous phase, and the droplet phase
will lead to a demagnetizing field that varies continuously
over the sample volume (Hale et al., 2018). Researchers
show that susceptibility difference between the chip and the
continuous phase could be mitigated by a combination of
structural shimming and doping of the less diamagnetic of
the liquid phases with a europium compound, such as Eu3+

compound (Hale et al., 2018).

DISCUSSION AND CONCLUSIONS

Droplet-based microfluidics is becoming a powerful toolbox
for enzyme DE, especially for a randomly generated mutant
library. There are some breakthroughs of highly efficient
enzymes screened out by microfluidics. Droplets usually go
through “generation,” “incubation,” “manipulation (optional),”
and “sorting” steps on a chip. For the first three steps, there
have been many technological advances in the last decade, and
there have already been commercial droplet generation toolkits
and droplet manipulation devices like a picoinjector (Abate et al.,
2010). More generally, droplets could be generated at several
to tens of kHz frequency (Zhu and Wang, 2017). The major
limitation lies in the sorting step, whose diversity and frequency
restrict the sorting efficiency and target enzyme scope.

FADS is the most mature sorting method and reaches the
highest sorting rate in all sorting methods. FADS is also of
highest sensitivity and could be as low as 2.5 nM of fluorescein
at a 2-pl droplet (Hasan et al., 2019), which means less than
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a single turnover for all enzyme molecules from a single cell
(Table 1). Genotype is usually linked with fluorescent phenotype
by fluorophore activation (Qiao et al., 2018), quencher release
(Nikoomanzar et al., 2019), or coupled assay. In general, FADS
is the primary choice if fluorescence could be achieved in the
enzymatic reaction. AADS is similar with FADS, even if of lower
efficiency and sensitivity, which could offer another option for
broader enzyme applications. AADS and FADS could even be
combined into one chip to be more informative. Siltanen et al.
(2018) designed a FAADS (fluorescence and AADS) device in
which a source-coupled fiber for excitation and two fibers for
transmittance and emission were embedded on the chip. The
excitation fiber is connected with continuous-wave lasers with
405, 473, 532, and 640 nm. Emitted light and transmitted light
are collected by the other fibers, so that optical density and
fluorescence values are obtained almost simultaneously.

Label-free sorting methods are drawing more and more
attention, since they are advantageous in maintaining the
integrity and independence of the whole enzymatic reaction
system, away from any extra disruptions.What is more, they offer
various options for researchers and save the trouble of linking
the genotype with fluorescent phenotype. In principle, they all
could be used for droplet screening and recycling for further gene
recovery and sequencing. Even for MADS, splitting chip made
it possible to detect and recycle droplets (Holland-Moritz et al.,
2020). Challenges for broad applications of label-free detection
lie in low sorting frequency and complex sorting device design.
For electrochemical sorting, there has not been a standardized
way for the sorting device and might even need to be customized
according to various electrochemical characteristics. RADS and
NMR-based sorting requires special techniques to set up the
sorting system. Standardization in design and convenience for
microfluidic coupling will be the future direction for label-free
detection setup. Presently, there are just few application cases of
label-free detection in enzyme DE.

When choosing among all sophisticated droplet-based sorting
methods, we need to consider cell species, enzyme type, enzyme
yield, enzymatic efficiency, etc. FADS and AADS would be the
primary two choices if optical change could be linked in the
enzymatic reaction. The droplet size for AADS needs to be
carefully considered, since sufficient enzyme molecules need to
be accumulated to stimulate the optical detection due to AADS’s
relative low sensitivity. Even though there are rare application
cases, electrochemical-based sorting is promising in a wider
application if the physical electrodes and electrochemical sensors
are more versatile. MADS is efficient for low-concentration
substrate and could be an option especially for isomers. Raman-
activated cell sorting (RACS) would be a good choice if richer
information is required apart from the enzymatic reaction itself
(Wang et al., 2020); meanwhile, the relative low throughput
can be compromised. Moreover, another informative sorting
method-NMR-based sorting is molecule-informative while of
low throughput (Hale et al., 2018). Table 1 shows the optimal
specification in which different sorting methods have been
achieved in recent publications.

Technically speaking, a sorting device includes a detector
and a sorter. There are various sorters like acoustic, magnetic,

pneumatic, thermal, and electric actuation sorters. Among them,
DEP is the most widely used one. The typical DEP sorting
setup consists of a sorting junction linked by two-way channels.
Without an electric field, droplets would be sent to a waste output
channel. Otherwise, an electric field is triggered by the detection
part, and positive droplets could be sent to the collection channel
by adjusting the hydrodynamic resistance (higher than that of the
waste channel) (Frenzel and Merten, 2017).

There are also some attempts to extend traditional DEP sorter
to multiple channels, so that the whole system could reach a
higher efficiency. Frenzel and Merten (2017) designed a sorting
module, in which four channels sequentially branch off from
the waste channel and each collection channel has its own
electrode pair running parallel to the channel wall. They achieved
an ∼100% reliable two-way sorting, largely independent of the
relative flow rates in the channels downstream of the sorting
junction. In another design (Caen et al., 2018), five channels
were designed with the sorter, and droplets could be sorted by
different voltages applied by two symmetrical live and ground
electrodes. The device was successfully applied to screen droplets
of different concentrations of a fluorescent dye sulforhodamine
B and reached a sorting rate of up to 200 droplets per second
(Caen et al., 2018). Combined with downstream next-generation
sequencing, a multichannel could offer more information about
variants and help accelerate the DE rate by deep learning. Those
developments will help make droplet sorting for enzyme DE
more versatile in the future.

OUTLOOK

DE of enzymes toward high specificity and efficiency is significant
to both scientific researches and industrial applications.
Droplet-based microfluidics paves a cheap and convenient way
for enzyme DE with ultra-high throughput, and meanwhile, it is
becoming a useful tool for de novo synthetic enzyme screening.
Sorting methods, as the main step in DE, determine the efficiency
of the whole system. Sorting devices are developing toward
standardized modules compatible with different instruments and
microfluidic chips. Combinations of different sorting methods
could help gain multiplex perspectives into enzyme and boost a
wide range of application.
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Prodanović, R., Ung, W. L., Ðurdić, K. I., Fischer, R., Weitz, D. A.,

and Ostafe, R. (2020). A high-throughput screening system based on

droplet microfluidics for glucose oxidase gene libraries. Molecules 25:2418.

doi: 10.3390/molecules25102418

Qiao, Y., Zhao, X., Zhu, J., Tu, R., Dong, L., Wang, L., et al. (2018).

Fluorescence-activated droplet sorting of lipolytic microorganisms using

a compact optical system. Lab Chip 18, 190–196. doi: 10.1039/C7LC0

0993C

Siltanen, C. A., Cole, R. H., Poust, S., Chao, L., Tyerman, J., Kaufmann-Malaga, B.,

et al. (2018). An oil-free picodrop bioassay platform for synthetic biology. Sci.

Rep. 8, 1–7. doi: 10.1038/s41598-018-25577-4

Sobota, J., Samek, O., Republic, C., Republic, C., Laboratories, L., and Republic,

C. (2019). “Surface-enhanced Raman spectroscopy in microfluidic chips for

directed evolution of enzymes and environmental monitoring,” in Proceedings

of the 2019 PhotonIcs and Electromagnetics Research Symposium-Spring (PIERS-

Spring) (Rome: IEEE), 17–20.

Swyer, I., Soong, R., Dryden, M. D. M., Fey, M., Maas, W. E., and Wheeler, A.

R. (2016). Interfacing digital microfluidics with high-field nuclear magnetic

resonance spectroscopy. Lab Chip. 16, 4424–4435. doi: 10.1039/C6LC0

1073C

Tarchichi, N., Chollet, F., and Manceau, J. F. (2013). New regime of droplet

generation in a T-shape microfluidic junction. Microfluid. Nanofluidics 14,

45–51. doi: 10.1007/s10404-012-1021-8

Um, E., Lee, D. S., Pyo, H. B., and Park, J. K. (2008). Continuous generation

of hydrogel beads and encapsulation of biological materials using a

microfluidic droplet-merging channel. Microfluid. Nanofluidics 5, 541–549.

doi: 10.1007/s10404-008-0268-6

Vallejo, D., Nikoomanzar, A., and Chaput, J. C. (2020). Directed evolution

of custom polymerases using droplet microfluidics. Methods Enzymol. 644,

227–253. doi: 10.1016/bs.mie.2020.04.056

Vallejo, D., Nikoomanzar, A., Paegel, B. M., and Chaput, J. C. (2019).

Fluorescence-activated droplet sorting for single-cell directed

evolution. ACS Synth. Biol. 8, 1430–1440. doi: 10.1021/acssynbio.9b

00103

Van Meerten, S. G. J., Van Bentum, P. J. M., and Kentgens, A. P. M. (2018). Shim-

on-Chip design for microfluidic NMR detectors.Anal. Chem. 90, 10134–10138.

doi: 10.1021/acs.analchem.8b02284

Wang, X., Ren, L., Su, Y., Ji, Y., Liu, Y., Li, C., et al. (2017). Raman-activated

droplet sorting (RADS) for label-free high-throughput screening of microalgal

single-cells. Anal. Chem. 89, 12569–12577. doi: 10.1021/acs.analchem.7b03884

Wang, X., Xin, Y., Ren, L., Sun, Z., Zhu, P., Ji, Y., et al. (2020). Positive

dielectrophoresis-based raman-activated droplet sorting for culture-free and

label-free screening of enzyme function in vivo. Sci. Adv. 6:eabb3521.

doi: 10.1126/sciadv.abb3521

Wink, K., Mahler, L., Beulig, J. R., Piendl, S. K., Roth, M., and Belder, D. (2018).

An integrated chip-mass spectrometry and epifluorescence approach for online

monitoring of bioactive metabolites from incubated actinobacteria in picoliter

droplets.Anal. Bioanal. Chem 410, 7679–7687. doi: 10.1007/s00216-018-1383-1

You, C., and Percival Zhang, Y. H. (2012). Easy preparation of a large-size

random gene mutagenesis library in Escherichia coli. Anal. Biochem. 428, 7–12.

doi: 10.1016/j.ab.2012.05.022

Zeymer, C., and Hilvert, D. (2018). Directed Evolution of Protein Catalysts. Annu.

Rev. Biochem. 87, 131–157. doi: 10.1146/annurev-biochem-062917-012034

Zhu, P., and Wang, L. (2017). Passive and active droplet generation with

microfluidics: a review. Lab Chip 17, 34–75. doi: 10.1039/C6LC01018K

Zurek, P. J., Hours, R., and Schell, U. (2021). Growth amplification in

ultrahigh-throughput microdroplet screening increases sensitivity of clonal

enzyme assays and minimizes phenotypic variation. Lab Chip 21, 163–173.

doi: 10.1039/D0LC00830C

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Fu, Zhang, Xu, Sun and Meng. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 9 April 2021 | Volume 9 | Article 66686715

https://doi.org/10.1039/D0LC00347F
https://doi.org/10.3390/molecules25102418
https://doi.org/10.1039/C7LC00993C
https://doi.org/10.1038/s41598-018-25577-4
https://doi.org/10.1039/C6LC01073C
https://doi.org/10.1007/s10404-012-1021-8
https://doi.org/10.1007/s10404-008-0268-6
https://doi.org/10.1016/bs.mie.2020.04.056
https://doi.org/10.1021/acssynbio.9b00103
https://doi.org/10.1021/acs.analchem.8b02284
https://doi.org/10.1021/acs.analchem.7b03884
https://doi.org/10.1126/sciadv.abb3521
https://doi.org/10.1007/s00216-018-1383-1
https://doi.org/10.1016/j.ab.2012.05.022
https://doi.org/10.1146/annurev-biochem-062917-012034
https://doi.org/10.1039/C6LC01018K
https://doi.org/10.1039/D0LC00830C
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Tying up the Loose Ends:
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Biosciences, University of Helsinki, Helsinki, Finland, 5Astbury Centre for Structural Molecular Biology, School of Biomedical
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Knots have attracted scientists in mathematics, physics, biology, and engineering. Long
flexible thin strings easily knot and tangle as experienced in our daily life. Similarly, long
polymer chains inevitably tend to get trapped into knots. Little is known about their
formation or function in proteins despite >1,000 knotted proteins identified in nature.
However, these protein knots are not mathematical knots with their backbone polypeptide
chains because of their open termini, and the presence of a “knot” depends on the
algorithm used to create path closure. Furthermore, it is generally not possible to control
the topology of the unfolded states of proteins, therefore making it challenging to
characterize functional and physicochemical properties of knotting in any polymer.
Covalently linking the amino and carboxyl termini of the deeply trefoil-knotted YibK
from Pseudomonas aeruginosa allowed us to create the truly backbone knotted
protein by enzymatic peptide ligation. Moreover, we produced and investigated
backbone cyclized YibK without any knotted structure. Thus, we could directly probe
the effect of the backbone knot and the decrease in conformational entropy on protein
folding. The backbone cyclization did not perturb the native structure and its cofactor
binding affinity, but it substantially increased the thermal stability and reduced the
aggregation propensity. The enhanced stability of a backbone knotted YibK could be
mainly originated from an increased ruggedness of its free energy landscape and the
destabilization of the denatured state by backbone cyclization with little contribution from a
knot structure. Despite the heterogeneity in the side-chain compositions, the chemically
unfolded cyclized YibK exhibited several macroscopic physico-chemical attributes that
agree with theoretical predictions derived from polymer physics.

Keywords: Knotted proteins, NMR spectrocopy, protein trans-splicing, enzymatic ligation, protein dynamics,
protein stability and folding

INTRODUCTION

Knots always fascinate people and have attracted scientists from all disciplines. Long flexible strings
can spontaneously knot themselves upon agitation (Raymer and Smith, 2007). Whereas circular
supercoiled DNA in nature can be a true mathematical knot, proteins are linear polymers consisting
of 20 different amino acids connected by peptide bonds with open amino (N) and carboxyl (C)
termini. Proteins fold into defined three-dimensional (3D) conformations and execute various
functions at the molecular level. The apparent complexity of threading events involved in tying a
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protein knot made them inconceivable to many structural
biologists at first (Mansfield, 1994). Nevertheless, systematic
surveys of the protein database have identified more than
1,000 knotted protein structures with different knot types and
structural complexities. However, in this context, “knot” does not
imply a topological knot, which cannot be undone except by
breaking the protein backbone, a knot in the sense of knotted tie,
or a sailor’s reef knot (Jamroz et al., 2015; Lim and Jackson, 2015).
It has been challenging to reconcile experimental and theoretical
views of how a polypeptide chain attains an intricately knotted
topology (Mallam et al., 2008; Mallam and Jackson, 2012; Beccara
et al., 2013; Sulkowska et al., 2013; Lim and Jackson, 2015; Ziegler
et al., 2016; Jackson et al., 2017). Now, there have been many
experimental studies for better understanding of the protein
knotting mechanisms. While the majority of experimental
studies showed that knotted proteins fold into the knotted
conformations with highly populated folding intermediates
along their kinetic folding pathways (Mallam and Jackson,
2007; Andersson et al., 2009; Lim and Jackson, 2015; Wang
et al., 2015; Lou et al., 2016; Wang et al., 2016; Dabrowski-
Tumanski and Sulkowska, 2017; Jackson et al., 2017; He et al.,
2019; Jarmolinska et al., 2019; Rivera et al., 2020), there are also
some knotted (or slipknotted) proteins that can fold without
populating intermediate states (He et al., 2019; Rivera et al., 2020).
Different experimental studies have shown that knotting is rate-
limiting (Mallam and Jackson, 2012). Computational approaches
have also been used to verify the experimental observations, such
as the rugged free energy landscapes of several knotted proteins
and multiple intermediates populated along their folding
pathways. These computational studies might explain the rate-
limiting step of protein knotting (Li et al., 2012; Beccara et al.,
2013; Sulkowska and et al., 2013; Faísca, 2015) and lead to various
protein knotting mechanisms, such as direct threading,
slipknotting, and mousetrapping (Noel et al., 2010; Covino
et al., 2014). Only very recently, we combined experimental
and computational data to obtain a converged view of how
the smallest knotted protein, MJ0366, attains a knotted
transition state (Passioni et al., 2021). However, all
investigations of protein knots have so far been reported for
protein knots with open ends because proteins are synthesized as
linear polypeptide chains. As such, proteins are not true
mathematical knots but are defined by virtual connections of
the N- and C-termini by different mathematical schemes (Taylor,
2000; Lai et al., 2012; Millett et al., 2013).

In this study, we asked whether a backbone knotted protein
without open ends could be generated by backbone cyclization.
Whereas backbone cyclization of proteins has been widely
accepted to stabilize proteins (Iwai and Plückthun, 1999; Scott
et al., 1999; Clark and Craik, 2010; Montalbán-López et al., 2012;
Borra and Camarero, 2013), disulfide bridges, which were
originally considered to stabilize proteins by reducing the
entropy of the denatured state as backbone cyclization, have
more enthalpic contributions to the stability in the folded state
(Mitchinson and Wells, 1989; Betz, 1993). Moreover, backbone
cyclization of knotted proteins could create the unique
possibility to investigate the unfolded state of proteins with
a knot unequivocally. A backbone cyclized knotted protein

would conform to the mathematical definition for a truly
knotted topology whose path closure does not depend on
how the ends are joined together in space. Whereas
naturally occurring protein knots have open polypeptide-
chain ends and could be disentangled into linear
polypeptide chains without knots and entanglements under
denaturing conditions, backbone cyclized knotted proteins
cannot untie anymore without proteolysis even under
denaturing conditions.

Here, we presented the unprecedented characterization of a
mathematical backbone protein knot without open peptide-chain
ends using various structural and biophysical methods including
SAXS, X-ray crystallography, and 15N nuclear relaxation analysis
by NMR spectroscopy.

RESULTS

Production of a Knotted Protein With and
Without Open Ends
To produce a protein knot without open polypeptide ends, we
chose the highly conserved bacterial RNA methyltransferase as a
model system, namely YibK from Pseudomonas aeruginosa
(PaYibK). YibK contains a trefoil (31) knotted backbone
topology. PaYibK also shares 65% sequence identity with one
of the most-studied knotted proteins, YibK form Haemophilus
influenzae (HiYibK), but contains only one tryptophan
(Supplementary Figure S1). (Tkaczuk et al., 2007) We first
determined the crystal structure of the wild-type PaYibK in its
linear form (PaYibK) to confirm the same trefoil knot structure
and the dimeric assembly as found in HiYibK (Figure 1A;
Supplementary Table S1; and Supplementary Figure S1).
The root mean square deviation (RMSD) was only 0.6 Å
between the crystal structures of PaYibK and HiYibK,
indicating a highly conserved higher-order structure among
YibK proteins throughout evolution including the knot
structure (Figure 1A). The N- and C-termini of PaYibK are
separated by ca. 8 Å in the crystal structure, which is sufficiently
close for the head-to-tail backbone cyclization without disturbing
the backbone knot structure. For backbone cyclization of
proteins, various strategies have been established, including
intein-mediated protein ligation (or expressed protein
ligation), enzymatic protein cyclization using enzymes such as
sortaseA (SrtA) and asparagine endopeptidase (AEP), and
protein trans-splicing (PTS) (Scott et al., 1999; Popp and
Ploegh, 2011; Mikula et al., 2017; Iwai et al., 2001). We
initially attempted in vivo protein cyclization of PaYibK by
PTS using the naturally split DnaE intein (PaYibK_Int)
(Figure 1B) (Aranko et al., 2013), but the in vivo spliced
product was insoluble (Figure 1C). PTS-based backbone
cyclization relies on the self-association of intein fragments
that brings the N- and C-termini together during the protein
folding, followed by spontaneous auto-catalytic removal of the
intein fragments, thereby achieving backbone cyclization (Scott
et al., 1999; Iwai et al., 2001). We speculated that the rapid self-
association of the split intein fragments could interfere with the
folding and knotting of YibK, thereby resulting in insoluble

Frontiers in Chemistry | www.frontiersin.org May 2021 | Volume 9 | Article 6632412

Hsu et al. A True Mathematical Protein Knot

17

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


FIGURE 1 | Cyclization and structural analysis of a truly knotted PaYibK. (A) A stereo view of the superposition of PaYibK (pdb:6qkv) and HaYibK (pdb:1j85) in
ribbon presentation. (B) Schematic representation of the experimental strategy used for cyclization of YibK by the split-intein strategy. (C) In vivo backbone cyclization of
YibK by protein trans-splicing. Spliced YibK and N-terminal fragment are indicated; M, Molecular weight marker P, insoluble fraction; S, soluble material. (D) Backbone
cyclization of YibK using sortase A (SrtA). (E) Constructs used in backbone cyclization with different lengths of linkers connecting the termini. (F) and (G) Impact of
linker lengths on the in vitro sortase ligation efficiency monitored by SDS-PAGE of linear YibK with short (F) and long (G) poly-glycine linkers annotated as lYibK_sh and
lYibK_lo, respectively; 0–6 h: ligation reactions harvested at specified time points; SrtA, sortase added post-purification; di-YibK_sh/lo, undesired dimeric ligation
products; cYibK_sh/lo, desired cyclized products. The N and C-terminal extensions of YibK for different ligation experiments are shown with their names indicated on the
left. (H) A stereo-view of the crystal structure of cYibK_lo. The structures are shown in cartoon representation with the knotting loop and threading C-terminal helix shown
in blue and red, respectively. The positions of the path closures between N- and C-termini are indicated by red triangles. (I) Comparison of the crystal structure of linear
PaYibK (6qkv; orchid blue) and cYibK (6qh8; magenta). The Cα atoms of the S1 and D155 of PaYibK are shown in orchid blue spheres, and the positions of path closures
in cYibK are indicated by magenta triangles as in (H).
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aggregation. The insoluble spliced product could be backbone
cyclized YibK without knotting (cYibK_Int) (Figure 1C).
Therefore, we used an alternative enzymatic approach with
S. aureus sortase A (SrtA), which catalyzes a trans-peptidase
reaction between the LPETG motif and an N-terminal tri-
glycine peptide (Figure 1D). (Popp and Ploegh, 2011) When
a seven-residue linker (PaYibK_sh) was used to link the N
and C-termini through SrtA-mediated ligation (Figure 1E),
backbone cyclization was inefficient, and accumulation of a
covalent dimer (di-lYibK_sh) resulting from intermolecular
ligation was more prominent than the monomeric backbone-
cyclized form (cYibK_sh; Figure 1F). This finding
underscores the need to further optimize the linker length
for the enzymatic ligation. By introducing a longer nine-
residue linker to the backbone cyclization (PaYibK_lo), a
much more efficient backbone cyclization was achieved to
produce a higher amount of monomeric cyclized YibK
(cYibK_lo hereafter designated as cYibK) than the covalent
dimer (di-PaYibK_lo; Figure 1G). We also produced a linear
form of YibK (lYibK) as the N-terminal SUMO fusion so that
lYibK and cYibK (PaYibK_lo) have the identical protein
sequence for the analysis. The backbone cyclization of cYibK
manifests in greater mobility during SDS-PAGE as compared
with linear YibK (lYibK); the complete cyclization was also
confirmed by mass spectrometry (Supplementary Figure S2).

Structural Comparison of a Knotted Protein
With and Without Open Ends
We determined the crystal structures of cYibK to a resolution of
2.20 Å (Figure 1H and Supplementary Table S1). The root mean
square deviation (RMSD) between the backbone Cα atoms of the
crystal structures of PaYibK and cYibK was <0.2 Å, confirming
that the backbone cyclization did not perturb the 3D structure of
PaYibK in the folded state (Figure 1I). The structural similarity
between lYibK and cYibK and their dimeric states were confirmed
by small angle X-ray scattering (SAXS) in solution state (vide
infra).

Functional Assessment of lYibK and cYibK
Next, we assessed the functional impact of cyclization on the
cofactor binding activity, which is essential for the RNA
methyltransferase activity of YibK. We used isothermal
titration calorimetry (ITC) to determine the dissociation
constants (Kd) of lYibK and cYibK for S-adenosyl-L-
homocysteine (SAH), which is the product of the conserved
RNA methylation reaction among all SPOUT family members
that utilize S-adenosyl-L-methionine (SAM) as the methyl donor
(Tkaczuk et al., 2007). The Kd for SAH was 8.80 ± 0.01 and 8.93 ±
0.03 μM for lYibK and cYibK, respectively, which corroborates
our structural analyses showing no appreciable structural
perturbation in PaYibK after the backbone cyclization
(Supplementary Table S2; Supplementary Figure S4). In
contrast, side-chain disulfide bond-mediated cyclization of
HiYibK was reported to decrease SAH binding affinity (Kd

increased from 20 to 71 µM) (Mallam et al., 2010).
Furthermore, our experimental Kd values for SAH binding to

cYibK/lYibK were 2 to 3-fold smaller than the reported values
for other tRNA methyltransferases, namely HiYibK (Kd �
20 μM) (Mallam and Jackson, 2007) and TrmL from E. coli
(Kd � 25 μM) (Liu et al., 2013). ITC analysis revealed that SAH
binding to cYibK was enthalpically more favorable than that of
lYibK (ΔH � −20.1 vs −16.5 kcal mol−1); the difference in
enthalpic changes was compensated by the entropic differences
(ΔS), resulting in the comparable net free energies of SAH binding
(Figure 2A). The greater entropic loss in cYibK upon SAH binding
may be associated with the dimer formation of cYibK.

Comparison of Folding of lYibK and cYibK
As cYibK and lYibK have the identical primary structure and
crystal structure in their native states, we assume their associated
free energy levels in the folded states are very similar except for
the entropic contribution associated with the decreased degrees of
freedom of the fraying ends by closing the ends. To investigate
how a path closure to form a truly knotted protein may affect
folding stability and kinetics, we assessed the thermal stabilities of
lYibK and cYibK by far-UV circular dichroism (CD)
spectroscopy and their chemical stabilities by urea-induced
chemical denaturation monitored by intrinsic fluorescence. As
expected, the apparent melting temperature (Tm) of lYibK was
increased by 20 °C for cYibK (Tm � 68.7 vs 48.7 °C; Figure 2B).
This observation is in line with other proteins with cyclized
peptide backbones, suggesting that backbone cyclization of a
knotted protein reduced the conformational entropy of the
unfolded state. As the thermal unfolding was not fully
reversible, particularly in the case of lYibK, the Tm values
derived from the CD analysis could be underestimated. We
additionally analyzed the urea-induced equilibrium unfolding
of lYibK and cYibK (Figures 2C,D). However, we observed
the unexpected loss of intrinsic fluorescence of lYibK between
2 and 3 M urea, which we attributed to the aggregation of lYibK in
the analysis (Supplementary Figure S4a). In contrast, cYibK did
not show the similar loss of intrinsic fluorescence during
urea-induced denaturation (Supplementary Figure S4b). The
experimental data were fit to a three-state unfolding model
by the singular value decomposition approach without
considering the contributions of dimerization (Wang et al.,
2015; Wang et al., 2016). Although the chemical denaturation
of lYibK was not fully reversible with lYibK, the chemical stability
of cYibK was clearly higher than lYibK by >2 M of the transition
urea concentration required to unfold lYibK and cYibK,
supporting the increased apparent thermal stability of cYibK
(Supplementary Table S3; Figures 2C,D).

Additionally, we analyzed the folding kinetics of lYibK and
cYibK as a function of urea concentration by monitoring the
intrinsic fluorescence of the only endogenous tryptophan residue
(W150 according to the nomenclature of lYibK construct) lining
the dimer interface (Figure 3). It is noteworthy that the well-
investigated HiYibK contains two tryptophan residues, of which
W145 is positioned at the same dimer interface as W150 of
PaYibK (Supplementary Figure S4). Similar to the reported
multiphasic kinetics of HiYibK, lYibK also exhibited two
unfolding and refolding phases; the faster phase had a very
small m-value associated with the unfolding arm (Figure 3).
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The slower intrinsic unfolding rate of lYibK (kH2O
u ) was 9.5 × 10−6

sec−1, almost 20-fold faster than that ofHiYibK (kH2O
u � 4.9 × 10−7

sec−1) (Mallam et al., 2008). The faster unfolding rate of lYibK is
presumably associated with the aggregation of lYibK we observed.
The slower intrinsic unfolding phase of cYibK (kH2O

u � 6.5 × 10−7

sec−1) was about 7-fold slower than that of lYibK (Table 1). The
transition urea concentration [D]50%, associated with the slower
kinetic phases of lYibK and cYibK agreed well with the second

transition points derived from equilibrium unfolding (Figure 2),
suggesting that these kinetic phases are associated with the
intermediate-to-denatured state transitions. Consequently, the
faster kinetic phases of both lYibK and cYibK would
correspond to the intermediate-to-native state transition. Note
that the β-Tanford values (βT), reporting on the compactness of
the transition state with respect to the folded state, were close to 1
for the faster kinetic phase of both lYibK and cYibK. Thus, the
associated transition states (from intermediate to native state;
TSI−N) could be as compact as the native state (Supplementary
Table S3). (Fersht, 1999) In contrast, the βT values of the slower
kinetics of cYibK were significantly lower (ca. 0.6) for both lYibK
and cYibK, so the corresponding transition state (from denatured
to intermediate state; TSD−I) is highly disordered
(Supplementary Table S3). Collectively, our kinetic analyses
suggest that the intermediate formation is the rate-limiting
state, which is consistent with the equilibrium-unfolding
analysis finding that the intermediate state of cYibK was
lowly-populated and that the intermediate state of lYibK was
aggregation-prone.

Comparison Between lYibK and cYibK
Under a Denaturing Condition by NMR
Considering that the chemical compositions (sequences) and 3D
structures of cYibK and lYibK essentially are identical with the
exception of a peptide bond introduced, we presumed that the
native states of both YibKs have similar free energies. We assume

FIGURE 3 | Chevron plot analysis of the folding kinetics of lYibK and
cYibK. The observed folding rates of lYibK (A) and cYibK (B) are plotted as a
function of urea concentration. Two kinetic phases were observed. Circles
and triangles correspond to the slow and fast kinetic phases,
respectively. Filled and open symbols are used for lYibK and cYibK,
respectively. The data were fitted to a simple two-state folding model.

FIGURE 2 | The impacts of cyclization on SAH binding and chemical stability of YibK. (A) Thermodynamics parameters associated with SAH binding derived from
ITC analyses. (B) Normalized fractional unfolded populations of lYibK (filled circles) and cYibK (open circles) derived from thermal denaturation monitored by far-UV CD
spectroscopy. Intrinsic fluorescence-derived normalized fractional populations of native (N), intermediate (I) and denatured (D) states of lYibK (C) and cYibK (D) as a
function of urea concentration. For lYibK, fluorescence signal loss due to aggregation was observed and the corresponding population is shaded in gray and
indicated.
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that the observed changes in the folding/unfolding pathway of
YibK could be caused by the unfolded state of cYibK, which has a
significantly reduced conformational space compared with a
linear polypeptide due to the circular backbone peptide chain
having closed ends and the presence of a knot structure.

As NMR spectroscopy can investigate proteins under various
solution conditions including denaturating ones, we used NMR
to characterize the unfolded states into both lYibK and cYibK in
7.2 M urea to gain structural insights into the denatured states of
lYibK and cYibK (Figure 4). The two-dimensional [15N-1H]
correlation spectra for both lYibK and cYibK in 7.2 M urea
showed poor chemical shift dispersions along the 1H
dimension, characteristic of unfolded and disordered
polypeptides (Figure 4A). Furthermore, a large number of
crosspeaks exhibited major chemical shift differences between
the two [15N-1H] SOFAST-HMQC spectra (Figure 4A). We

could obtain near-complete site-specific NMR assignments of
the observed [15N-1H] correlations of lYibK and cYibK in 7.2 M
using a described protocol (Hsu et al., 2009; Hsieh et al., 2014). As
expected, the backbone amide of T162 at the C-terminus of lYibK
showed the largest chemical shift difference from that of cYibK
owing to the introduction of an additional peptide bond as a
result of backbone cyclization. Furthermore, several residues near
the N- and C-termini also exhibited significant chemical shift
perturbations (Figure 4A; Supplementary Figure S6).

NMR chemical shift analysis suggested very limited structural
differences between urea-denatured lYibK and cYibK
(Supplementary Figure S6). Therefore, we performed 15N
relaxation analysis to compare their backbone dynamics.
Under the denaturing condition, the mean 15N transverse
relaxation time (T2) for cYibK was much shorter than that of
lYibK in 7.2 M (122 vs. 238 ms; Supplementary Figure S7). We

FIGURE 4 | NMR spectroscopy and 15N spin relaxation analysis of the chemically denatured lYibK and cYibK. (A) Superimposition of the [15N-1H] correlation
spectra of lYibK (orchid blue) and cYibK (magenta) in the presence of 7.2 M urea. The spectra were recorded at a 1H Larmor frequency of 850 MHz, and 298 K. Residues
with large chemical shift differences upon cyclization are indicated by solid lines that connect the pairs of crosspeaks. (B) T1/T2 ratios of lYibK and cYibK as a function of
residue number. T1/T2 ratios of cYibK were fitted to a sum of multiple Gaussian distributions. Regions that correspond to the β-sheets and α-helices in the native
structure are highlighted by dark and light gray, respectively, and are indicated above the panel. (C) Spectral density mapping of the 15N relaxation data expressed as J
(ωN) as a function of J (0). Residues that deviate from the cluster distributions are indicated with their residue numbers. Theoretical curves with the assumption of isotropic
motions were calculated for different-order parameters, S (Liu et al., 1980), as indicated. All data points are colored using the same scheme as in (A).

TABLE 1 | Kinetic parameters derived from chevron plot analysis of lYibK and cYibK.

Kinetic
phase

kH2O
f (s−1) mf

(kcal mol−1 M−1)
kH2O
u (s−1) mu

(kcal mol−1 M−1)
mkin

a

(kcal mol-1 M-1)
βT

b [D]50%,kin

(M)c
ΔGkin

(kcal
mol−1)c

lYibK Fast 47.6 ± 3.7 −2.87 ± 0.06 0.036 ± 0.002 0.19 ± 0.01 3.06 ± 0.06 0.94 ± 0.05 2.35 ± 0.06 4.25 ± 0.06
Slow 6.42 ± 1.28 −2.30 ± 0.13 (9.50 ± 4.64) × 10−6 1.33 ± 0.09 3.63 ± 0.16 0.63 ± 0.06 3.70 ± 0.26 7.94 ± 0.30

cYibK Fast 124 ± 129 −2.28 ± 0.45 0.360 ± 0.063 ∼0d 2.28 ± 0.45e 1.00e 2.56 ± 0.69e 3.46 ± 0.62e

Slow 2.41 ± 1.13 −1.71 ± 0.13 (6.55 ± 3.60) × 10−7 1.35 ± 0.08 3.06 ± 0.15 0.56 ± 0.05 4.94 ± 0.34 8.95 ± 0.43

aMkin � mu–mf.
bβT � –mf/mkin.
cThe transition points ([D]50%,kin) and free energies of unfolding (ΔGkin) were derived from the kinetic parameters associated with the fast and slow phases.
dThe unfolding arm of the slow kinetic phase of lYibK showed no apparent denaturant concentration-dependency.
eThe results were derived by setting mu to zero.
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also observed that lYibK exhibited longer and more uniform T2
values across the primary sequence with the exception of the
fraying ends because of the unrestricted chain dynamics at the
open ends Supplementary Figure S7C). In contrast, cYibK
exhibited clusters of fast-relaxing residues across the primary
sequence (Supplementary Figure S7C), reminiscent of the
previously observed long-range non-native interactions in
urea-denatured lysozyme (Klein-Seetharaman et al., 2002). For
urea-denatured lysozyme, the non-native interactions reflected
the clustering of bulky hydrophobic tryptophan residues.
However, for cYibK, not all rapidly relaxing residues contain
aromatic side-chains. The T2 relaxation clusters may stem from
the internal friction imposed by backbone cyclization that
restricted the fraying motions of the N- and C-termini.
Differences in dynamics or populations were particularly
manifested in the dispersed T1/T2 values for cYibK, whereas a
flat profile of a T1/T2 values was observed for lYibK. The T1/T2
values indicated that the differences of backbone dynamics are in
the timescale of micro-to milliseconds. In contrast, the
heteronuclear 15N{1H}-NOE of lYibK and cYibK, which is
sensitive to a faster pico-to-nanosecond timescale, did not
show apparent differences except for the termini of lYibK
(Supplementary Figure S7c). Thus, the backbone cyclization
did not affect the pico-to-nanosecond motions of the individual
backbone peptide bonds except for the termini with the
conformation restriction imposed by backbone cyclization
(Supplementary Figure S7).

We also applied the reduced spectral density mapping approach
for studying the dynamics of both denatured lYibK and cYibK
(Figure 4C). (Farrow et al., 1995; Peng and Wagner, 1995; Shih
et al., 2015) The results identified two distinct clusters of spectral
density distributions for urea-denatured lYibK and cYibK, the former
located around the theoretical curve for an order parameter S (Liu
et al., 1980) of <0.7 and the latter exhibiting a cluster around the S
(Liu et al., 1980) value of 0.8 (Figure 4C). Furthermore, several
residues located at the C-terminal helix (α7) and some others were
located outside the cluster distribution. Collectively, the NMR
relaxation dynamics analysis suggested the presence of abundant
conformational exchanges. It also implied a broad range of backbone
dynamics caused by the backbone cyclization of YibK, restricting the
backbone motions and increasing the ruggedness of the free energy
landscape of the denatured state of cYibK.

cYibK_Int Under the Denaturing Condition
by NMR
The split-intein approach for cyclization of YibK resulted in the
insoluble spliced product that could presumably be the cyclized
YibK without knotting (cYibK_Int) (Figure 1C). Even though
cYibK_Int has an additional hexahistidine-tag and slightly
different amino-acid sequence connecting the N- and
C-termini (Figure 1E), we decided to purify and investigate
cYibK_Int under a denaturing condition by NMR
spectroscopy (Supplementary Figure S8). 15N{1H}-NOE data
for the N- and C-termini of cYibK_Int are similar to those of
cYibK than lYibK bearing flexible termini due to the linear
polypeptide chain. This observation confirms the backbone

cyclization of cYibK_Int. The average T2 relaxation time for
cYibK_Int was shorter than that of lYibK (157 vs. 238 ms)
(Supplementary Figure S8c). On the other hand, a flat profile
of T1/T2 values for cYibK_Int is closer to lYibK, indicating the
absence of conformational exchanges observed with cYibK,
presumably because of the absence of a knot structure under
the denaturing condition (Supplementary Figure S8C).

Small-Angle X-Ray Scattering Analysis of
the Unfolded States of lYibK and cYibK
We previously used SAXS to demonstrate that chemically
denatured knotted proteins with open ends exhibited random
coil-like behaviors: their radii of gyration (Rg) scale with their
chain lengths to the power of 3/5 (Shih et al., 2015). This
observation suggests that backbone knotting with open ends
does not necessarily lead to significant compaction of the
overall chain dimension under highly denaturing conditions
(in good solvent). However, these knotted proteins examined
by SAXS are not mathematically knotted because of their free
termini. To examine how backbone cyclization may affect the
polymer properties of a mathematically knotted protein, we
compared the SAXS data of lYibK and cYibK by using online
size-exclusion chromatography-coupled SAXS (SEC-SAXS)
apparatus as described (Lee and Hsu, 2018). Under native
conditions, lYibK and cYibK exhibited the same SAXS profiles,
with comparable Rg values — 22.17 ± 0.04 and 21.66 ±
0.06 Å—that were in general agreement with the theoretical
value based on the crystal structure (19.4 Å; Figure 5). The
corresponding Kratky plots showed comparable compactness
(similar bell-shape profiles; cf. black and gray curves for cYibK
and lYibK in Figure 5B, respectively). In contrast, 7.2 M urea-
denatured cYibK showed a significantly smaller Rg value than
lYibK under the same condition (27.71 ± 0.15 vs 39.26 ± 0.38 Å;
Figures 5A,C). Urea-denatured lYibK exhibited a monotonously
increasing Kratky profile typical of a random coil polypeptide,
whereas urea-denatured cYibK exhibited a distinct bell-shape
profile, albeit much smaller than that of folded cYibK, which
indicates the presence of compact residual structure (blue curve
in Figure 5B). According to the empirical scaling relationship
established from our previous study, the expected Rg value for a
chemically denatured lYibK is 38.0 Å, assuming a random coil-
like behavior (Figure 5C). (Shih et al., 2015) A reduction of Rg by
>10 Å in chemically denatured cYibK equals a decrease of the
global dimension by 1/4 and a 3/5 decrease of the excluded volume
(assuming that the exclusion volume of the unfolded polypeptide
chain is spherical). The substantial conformational compaction
further suggests that the conformational entropy of the unfolded
state is reduced as a result of the backbone cyclization, which is in
line with the stability improvement of cYibK.

DISCUSSION

Introduction of a peptide bond between N- and C-termini into a
knotted protein unambiguously converts it to a truly
mathematical knot without the need to evoke convoluted
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knot-detecting algorithms, which in some cases have different
interpretations of “knots” in proteins. It also eliminates any
confusing experimental effects due to fraying of the N- and
C-termini in proteins that are “knotted” by the introduction of
disulfide bridges, which are largely different due to higher
rotational degrees in the side-chains (Betz, 1993; Mallam et al.,
2010). Whereas disulfide bonds have a mixture of enthalpic and
entropic effects on the protein stability, backbone cyclization
connecting the N- and C-termini is generally accepted to stabilize
protein by destabilizing the unfolded state (Betz, 1993; Iwai and
Plückthun, 1999; Scott et al., 1999; Clark and Craik, 2010;
Montalbán-López et al., 2012; Borra and Camarero, 2013).

Here, we produced a trefoil-knotted protein without open
ends, a truly mathematical backbone knot in a protein, by post-
translational modification by enzymatic ligation (Figure 1). Such
a backbone modification is irreversible as opposed to disulfide
crosslinking between a pair of engineered cysteines at the N- and
C-termini. Furthermore, the path closure by a backbone peptide
bond essentially removes the origin of the protein sequence,
rendering obsolete the conventional definition of a protein
folding topology by the hierarchical arrangements of
secondary structure elements. As compared with circular
permutation, which was recently used to untie the trefoil-
knotted HiYibK (Chuang et al., 2019), and E. coli YbeA (Ko
et al., 2019), SrtA-mediated backbone cyclization allowed us to
examine the contribution of a true backbone knot from a
completely different perspective with clarity. The apparent
melting temperature was increased by 20 °C for the knotted
cYibK compared with lYibK with open ends (Figure 2). The
path closure by a peptide bond after folding also has seemingly
remodeled the protein folding/unfolding pathway of the original
lYibK and alleviated the aggregation propensity of the folding
intermediate observed for lYibK, whereas maintaining the native
structure and ligand binding affinity (Figure 2; Supplementary
Table S2). Indeed, the backbone cyclization significantly increased
the folding rate of the intermediate-to-native state transition, with
the corresponding transition state being highly compact and

native-like, as evidenced by the βT value being close to 1
(Figure 3; Supplementary Table S3). Furthermore, the
unfolding rate of intermediate-to-denatured state transition of
cYibK, kH2O

u (derived from the slower kinetic phase; Figure 3)
was >10 times slower than that of lYibK, so the denatured state of
cYibK may have a status with higher Gibbs energy than that of
lYibK, which could be supported by Rg in 7M urea estimated by
the SAXS data. Note that we have not unambiguously established
whether lYibK is unknotted or not under urea-denatured state as
has been demonstrated earlier (Mallam et al., 2008; Capraro and
Jennings, 2016). It is, therefore, possible that the denatured lYibK
may exist in a mixture of knotted and unknotted structures.

To this end, 15N spin relaxation analysis of lYibK showed no
appreciable conformational exchange contributions to the three
different timescales probed by J (0), J (ωH), and J (ωN), suggesting
the absence of interconversion between knotted and unknotted
states of lYibK (Supplementary Figure S7). cYibK_Int, which has
closed peptide ends and possibly no knot structure, showed a
similar profile of T1/T2 to that of lYibK in the 15N spin relaxation
analysis. In contrast, the enhanced T2 relaxation observed in
cYibK, which has significant contributions to the J (0) term, likely
reflects the increased internal friction of the cyclized polypeptide
chain in the denatured state, thereby leading to destabilization of
the unfolded state (Figure 4). As observed for many backbone
cyclized proteins, we think that the increase in folding stability of
cYibK could be attributed mainly to the reduced conformational
entropy in the denatured state of cYibK.

In line with the stability enhancement, the chemically
denatured state of cYibK was significantly more compact than
the random coil-like lYibK in 7 M urea (Figure 5). The effect of
cyclization on the polymer dimension is well understood in the
literature. Kramers’ polymer model predicts that the Rg values of
linear and cyclized polymers follow a simple relationship.

〈Rc
g〉2

〈Rl
g〉

2 � 1
2

FIGURE 5 | Cyclization significantly reduces the global dimension of the denatured state of cYibK. (A) SAXS profiles of lYibK in 0 M urea (gray), cYibK in 0 M urea
(black), lYibK in 7 M urea (orchid blue), and cYibK in 7 M urea (magenta). Inset: Guinier plots of lYibK and cYibK in 7 M urea with the corresponding Rg values indicated
and fitting residues shown below. (B) Kratky plots of lYibK and cYibK in their native and 7 M urea-denatured states, as shown in (a). Urea-denatured cYibK exhibits a
distinct bell-shape profile, indicative of compact residual structures that are absent in urea-denatured lYibK. (C) Rg values of lYibK and cYibK in their native and 7 M
urea-denatured states as a function of chain length. The solid and dashed lines indicate the experimentally derived scaling relationship for random-coil and native
proteins, respectively. Solid squares and diamonds correspond to reported Rg values of knotted proteins of different topologies and chain lengths. Open diamonds
correspond to reported random-coil Rg values of chemically denatured unknotted proteins (Shih et al., 2015).
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where 〈Rc
g〉 and 〈Rl

g〉 are the mean Rg values of the cyclized and
linear forms of the same polymer, respectively, (Kramers, 1946).
Our SAXS analysis of cYibK and lYibK yielded a ratio of 0.50 ±
0.01, which is in good agreement with Kramers’ polymer theory
despite the highly heterogeneous amino acid side-chain
compositions (Kramers, 1946). The SAXS data implied that a
knot formation does not provide any further compactness under
a denaturing condition by having a true knot structure after
backbone cyclization. In other words, there might be no or little
entropic penalty for knotting under highly denaturing conditions
due to the high flexibility, suggesting that the stability
enhancement of cYibK could be attributed mainly to backbone
cyclization without additional contribution from the knot
structure. The SAXS analysis suggested that the cyclized and
knotted YibK under a highly denaturing condition appears to
comply with the polymer physics developed for non-self-
interacting Gaussian chains, behaving like a long thin string. If
this is true for unfolded proteins without denaturants
(i.e., intrinsically disordered proteins), some proteins without
defined secondary structures could possibly entangle into open
knots at a certain probability, as observed for simpler
homopolymers (Higgins et al., 1979; Arrighi et al., 2004). An
increasing number of intrinsically disordered proteins without
fixed conformations have been identified and implicated in many
diseases. Our results suggest that protein backbone knots could
also be transiently formed without any entropic penalty when
polypeptide chains are very flexible, as in the denatured states.
Physico-chemical characterizations of even simpler polymers with
a well-defined mathematical knot have not been investigated
because isolating defined simple polymers with a specific
mathematical knot is very challenging. Unlike other simpler
polymers, the self-entanglement of proteins into defined knots
could be exploited to isolate well-defined mathematical knots for
further physicochemical characterizations. The post-translational
enzymatic backbone cyclization, as well as the split-intein approach
we demonstrated here, could pave the way to investigate other
proteins with various knot topologies, which may include
transiently formed protein knots, for example, with intrinsically
disordered proteins.

MATERIALS AND METHODS

Constructions and Production of
Recombinant YibK Variants
For backbone cyclization, P. aeruginosa YibK with a sortase
recognition sequence LPETG followed by the C-terminal hexa-
histidine (H6) was cloned in pRSF vector as N-terminal SUMO
fusion by PCR, resulting in pITRSF1A (PaYibK_sh) and
pITRSF3D (PaYibK_lo). In vivo cyclization vector for PaYibK
was cloned into a pBAD vector containing the genes of split
NpuDnaE-C intein fragment, H6-tag, and NpuDnaE-N intein
fragment by using XbaI/KpnI sites, resulting in
pJMBAD36(PaYibK_Int) (Iwai et al., 2006). For biophysical
characterization of linear PaYibK_lo, plasmid pBHRSF260 was
constructed with N-terminally His-tagged SUMO fusion to have
the identical sequence as PaYibK_lo construct (Guerrero et al.,

2015). Each plasmid was transformed into E. coli strain ER2566
cells (New England Biolabs, Ipswich, United States). The cells
were cultured in Luria-Bertani medium supplemented with
kanamycin at 25 μg·ml−1 until OD600nm reached 0.6 at 37 °C.
The recombinant protein overexpression was induced for 4 h
with a final concentration of 1 mM IPTG. The cells were
harvested by centrifugation and resuspended in binding buffer
(50 mM sodium phosphate buffer, pH 8.0, and 300 mM NaCl).
The resuspended cells were lyzed at 15,000 psi for 10 min by using
Emulsiflex C3, and the supernatant was separated from cell debris
by 1 h centrifugation at 38,465 g. The supernatant was loaded
onto a pre-packed HisTrap HP column (GE Healthcare Life
Sciences, United States). The His-tagged fusion proteins were
eluted by a linear gradient of 50–250 mM imidazole and dialyized
against 2 L of 50 mM Tris-HCl buffer, pH 7.5, 0.5 mM EDTA,
and 0.5 mM DTT overnight at 8 °C (Guerrero et al., 2015). The
fusion proteins were digested by Ulp1 protease as described
previsouly (Guerrero et al., 2015). The digested fusion proteins
were loaded again on pre-equibriated HisTrap HP column and
washed to remove the SUMO-tag. The C-terminally His-
tagged YibK were eluted by a linear gradient of
50–250 mM imidazole and dialyzed against 50 mM Tris-
HCl buffer, pH 7.5 overnight, followed by concentration
with a centrifugal device. cYibK by the split intein fusion
(cYibK_Int) was produced from the plasmid pJMBAD36.
E. coli strain ER2566 cells bearing pJMBAD36 were grown
in 2 L of M9 medium supplemented with ampicilin at
100 μg·mL−1 at 37 °C and induced for 4 h with a final
concentration of 0.02% (w/v) arabinose. The cells were harvested
and lyzed at 15,000 psi for 10min using Emulsiflex C3. The
insoluble pellet was collected after discarding the supernatant by
1 h centrifugation at 38,465 g. The pellet was resolubilized in 25ml
of 8M urea with shaking at 350 rpm overnight. The dissolved
solution was cleared by 1 h centrifugation at 38,465 g. The
supernatant was loaded onto the HisTrap HP column, which
was pre-equilibrated with a binding buffer (100 mM sodium
phosphate buffer, pH 8.0, 10 mM Tris, and 8M urea). The His-
tagged cyclized YibK (cYibK_Int) was eluted by 100mM sodium
phosphate buffer, pH 5.0, 10mMTris, and 8M urea. The precursor
protein in the elution fractions was removed by size-exclusion
chromatography with a Superdex 75 16/60 column (GE
Healthcare, United States) in 20 mM sodium phosphate buffer,
pH 5.0, 8M urea. The fractions containing cYibK_Int were pooled
and concentrated for NMR analysis.

SrtA-Mediated Backbone Cyclization
For the backbone cyclization, sortase (SrtA, from Staphylococcus
aureus) was added to purified YibK in 1–5 molar ratio and
dialyzed against 50 mM Tris-HCl buffer (pH 7.5), 10 mM
CaCl2 and 2 mM DTT, for 20 h at room temperature. Finally,
the unreacted YibK that contained the His6-tag at the C-terminus
was separated from cYibK by incubation with Ni-NTA resin in an
open column. The cYibK collected from the flow-through
fractions was further polished by size-exclusion
chromatography with a Superdex 75 16/60 column (GE
Healthcare, United States) in buffer A (50 mM Tris-HCl (pH
7.4), 0.5 mM EDTA and 5 mM DTT).
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Protein Crystallography
For the crystal structure of PaYibK, the plasmid (pJMRSF13)
encoding YibK gene with N-terminal His-tag and the SUMO
fusion was produced and purified as described previously
(Guerrero et al., 2015). Crystallization was performed with
9.2 mg/ml solution of PaYibK and 11 mg/ml solution of
cYibK. Drops of 200 nl (100 nl protein solution and 100 nl
well solution) were placed in 96-well MRC (Molecular
Dimensions) crystallization plates using a Mosquito LCP
(TTPLabtech, United Kingdom). Initial hits were obtained
from the traditional sparse matrix screens with the local
modifications (Cudney et al., 1994). The initial hits were
further optimized by grid screening. The final growth
conditions for diffracting crystals were 0.15 M ammonium
sulfate, 0.9 M lithium sulfate, 0.1 M sodium citrate buffer (pH
5.6) for PaYibK, and 0.3 M ammonium sulfate, 0.1 M MES
buffer (pH 6.0), 25% polyethylene glycol monomethyl ether
(PEG MME) 5,000 for cYibK. 20% glycerol was added on top
of the drop of PaYibK for cryoprotection prior to flash-
freezing crystals in liquid nitrogen. For cYibK, the 25%
PEG MME 5000 present in the crystallization drop served
as a sufficient cryoprotectant. Diffraction data for the crystals
of PaYibK and cYibK were collected at the beamline ESRF
ID14–4, Grenoble, France and I03 at the Diamond Light
Source, Oxfordshire, UK, respectively. The diffraction data
were then indexed, integrated, and scaled to 2.0 and 2.2 Å
resolution for PaYibK and cYibK, respectively, in XDS
(Kabsch, 2010). The final crystal parameters and data
processing statistics are in Supplementary Table S1. The
structures of PaYibK and cYibK were solved by molecular
replacement with MolRep from the CCP4 package (Winn et al.,
2011). The structure ofHiYibK (PDB ID: 1mxi) was used as a search
model for molecular replacement. The model was then built using
Coot, followed by rounds of refinement with Refmac5 from the
CCP4 package and Phenix (Adams et al., 2010). The final
refinement was performed with Phenix, and the quality of the
final model was validated by using MolProbity (Supplementary
Table S1). (Chen et al., 2010) The final refined model of PaYibK
was used as a starting model for the molecular replacement to solve
the structure of cYibK. The structure was solved, refined and
validated as mentioned above (Supplementary Table S1). The
final coordinates were deposited in the Protein Data Bank
(PDB) with the accession codes 6qkv and 6qh8 for PaYibK and
cYibK, respectively.

Chemical Denaturation Monitored by
Intrinsic Fluorescence Spectroscopy
Urea-induced equilibrium unfolding of lYibK and cYibK was
monitored by intrinsic fluorescence as described (Wang et al.,
2015; Wang et al., 2016). Briefly, 41 aliquots of protein solution
(at a final concentration of 2 μM buffered in buffer A) were
prepared in a series of urea concentrations (0–7 M) with a linear
increment step of 2.5% generated by a two-channel liquid
syringe dispenser (Hamilton, United States). The samples
were incubated at 25 °C overnight before fluorescence
measurements with a fluorimeter (JASCO FP8500, Japan).

The samples were excited at 280 nm and emission spectra
between 300 and 450 nm were collected. The results
underwent singular value decomposition analysis with
MatLab (MATLAB and Statistics Toolbox release 2012b; The
MathWorks, United States) to determine the number of states
associated with the unfolding processes, followed by fitting to a
three-state folding equilibrium model with Prism (GraphPad,
United States) as described (Wang et al., 2014; Wang et al., 2015;
Wang et al., 2016; Lee et al., 2017).

Thermal Denaturation Monitored by Far-UV
CD Spectroscopy
The protein solutions were diluted to 10–15 μM in buffer A with a
total volume of 0.3 ml, and transferred into a 1 mm path-length
quartz cuvette (Hellma, Germany) for far-UV CDmeasurements.
The CD signals between 195 and 260 nm were collected as a
function of temperature between 25 and 80 °C with an interval of
2°C by using a CD spectrometer (J-815, JASCO, Japan). The
spectra bandwidth was set to 1 nm with a data interval of 0.5 nm,
and an averaging time of 1 s. The melting temperatures (Tm) of
lYibK and cYibK were derived by global-fitting the CD spectra as
a function of temperature to a two-state model as described
(Wang et al., 2014; Lee et al., 2017).

Isothermal Titration Calorimetry
ITC analysis of SAH binding to lYibK and cYibK was monitored
by using MicroCal VP-ITC (Malvern, United Kingdom) as
described (Zhao et al., 2015). Stock solutions of YibK variants
were dialyzed overnight against buffer B (50 mM Tris-HCl (pH
7.4), 0.5 mM EDTA, and 0.1 mM TCEP) to remove DTT before
ITC measurements. The dialysis buffer was used to prepare the
stock solution of the titrant, SAH (Sigma-Aldrich,
United States) at a concentration of 0.5 mM. An amount of
20 μM lYibK or 13 μM cYibK was used in the sample cells for
ITC measurements. The resulting isotherms were processed by
using NITPIC followed by data fitting with SEDPHAT (Zhao
et al., 2015).

Folding Kinetics Monitored by Intrinsic
Fluorescence Spectroscopy
Chevron plot analyses of the folding kinetics of lYibK and cYibK
involved using a combination of stopped-flow and manual
mixing measurements as described (Wang et al., 2015; Wang
et al., 2016). Briefly, 10 μM native or 7 M urea-denatured protein
stock solution was mixed with 10-fold excess denaturing or
refolding buffer (buffer A with different concentrations of
urea) and the kinetic traces of total fluorescence emission
excited at 280 nm and cutoff by a 320 nm cutoff filter were fit
to a linear combination of 2–4 exponential functions depending
on the experimental conditions. For the slowest refolding rate of
cYibK, manual mixing of 7 M urea-denatured cYibK with
refolding buffer at a 1:10 mixing ratio was performed before
fluorescence measurement (excitation 280 nm and emission
325 nm with a bandwidth of 5 nm) with a fluorimeter (JASCO
FP8500, Japan).
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Small-Angle X-Ray Scattering
SEC-SAXS experiments were performed on beamline BL23A at
the National Synchrotron Radiation Research Center (NSRRC,
Hsinchu, Taiwan) with the capacity to separate aggregated
particles on a silica-based size-exclusion column (Bio SEC-3,
Agilent, United States). SAXS signals were detected by using a
Pilatus detector (1M-F) and processed by an in-house developed
program to obtain the SAXS profiles (Kohn et al., 2004; Jeng et al.,
2010; Lee and Hsu, 2018). The SAXS data were collected for
momentum transfer q ranging from 0.005 to 0.434 Å−1, with
X-ray wavelength 1.03 Å and 13 keV. The beam geometry was set
to 0.5 × 0.5 mm2. During the HPLC separation before SAXS
measurements, the mobile phase consisted of buffer A (with and
without 7 M urea) with the addition of 2% glycerol to prevent
radiation damage. The protein solutions were concentrated to
10 mg/ml with the same mobile phase buffer immediately before
SAXS measurements.

Nuclear Magnetic Resonance
Spectroscopy
Uniformly 15N-labeled and 20% 13C-labeled cYibK and lYibK were
prepared by using M9medium containing 1 g/L [15N] ammonium
chloride as a nitrogen source and a mixture of 0.6 g/L [13C]
D-glucose and 2.4 g/L [U-12C] D-glucose as a carbon source, as
described (Iwai and Fiaux, 2007; Heikkinen et al., 2021). The NMR
samples were fully denatured by 7.2 M urea in buffer A containing
10% D2O (v/v) at a protein concentration ca. 0.3 mM. A suite of
triple resonance experiments in addition to the [15N-1H] band-
selective optimized flip-angle short transient heteronuclear multi-
quantum correlation (SOFAST-HMQC) were recorded at 298 K
on 850MHz NMR spectrometer equipped with a cryogenic triple
resonance probe (Bruker, Germany) for backbone resonance
assignments following the strategy described previously (Hsu
et al., 2009; Hsieh et al., 2014). Near-complete backbone
resonance assignments (HN, N, C’, Cα, Cβ, and Hα) were
achieved for both cYibK and lYibK. The assignments were
deposited in the Biological Magnetic Resonance Bank (BMRB)
under accession numbers 27685 and 27686 for cYibK and lYibK,
respectively. 15N spin relaxation NMR measurements for
longitudinal (R1) and transverse (R2) relaxation rates and the
heteronuclear Overhauser effect (hetNOE) were as described
(Hsu et al., 2009). Eight longitudinal relaxation delays (20, 60,
120, 200, 300, 500, 800, and 1,000 ms) and nine transverse
relaxation delays (16, 32, 64, 96, 128, 160, 192, 224, and
256 ms) were used for both cYibK and lYibK, and the data
were collected as pseudo-3D spectra with the relaxation delays
incremented in an interleaved manner to minimize heating effects.
The R1 and R2 rates were extracted by fitting the peak intensities of
the individual residues in the 15N-1H correlation spectra to a single
exponential decay function by using the relaxation analysis module
in Sparky (T. D. Goddard andD.G. Kneller, SPARKY 3,University
of California, San Francisco, United States).
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Chemical Synthesis of the Sec-To-Cys
Homologue of Human Selenoprotein F
and Elucidation of Its Disulfide-pairing
Mode
Peisi Liao and Chunmao He*

School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou, China

Herein, we document a highly optimized synthesis of the Sec-to-Cys homologue of the
human selenoprotein F (SelF) through a three-segment two-ligation semisynthesis
strategy. Highlighted in this synthetic route are two one-pot manipulations, i.e. the first
ligation followed by a desulfurization and the second ligation followed by the protein
refolding. This way multi-milligrams of the folded synthetic protein was obtained, which set
the stage for the synthesis of the natural selenoprotein. Moreover, the disulfide pairing
mode of the SelF was elucidated through a combination of site-directed mutagenesis and
LC-MS study. It provides not only a criterion to judge the viability of the synthetic protein,
and more importantly, useful structural insights into the previously unresolved UGGT-
binding domain of SelF.

Keywords: selenoprotein, selenoprotein F, chemical protein synthesis, disulfide bond, thioredoxin-like domain

INTRODUCTION

Selenoprotein F (SelF or Selenof), also called the 15-kDa protein (Sep15), is a selenocysteine (Sec, U)
containing eukaryotic protein localized to the endoplasmic reticulum (ER) (Gladyshev et al., 1998).
As shown in Scheme 1 (gray color), the N-terminal signal peptide was supposed to lead the expressed
SelF to the ER, which is cleaved to form the mature protein (Korotkov et al., 2001; Korotkov et al.,
2002). While lacking a typical ER retention peptide sequence, the highly conversed Cys-rich domain
of SelF is believed to the key for its localization. This domain is able to bind the UDP-glucose:
glycoprotein glucosyltransferase (UGGT)—a large chaperone protein in the ER, it is thus also called
the UGGT binding domain (Labunskyy et al., 2005). Further, the C-terminal domain of SelF is
identified as a thioredoxin (Trx)-like domain, and the CXU/C redox motif (Scheme 1, left) located in
a dynamic loop implicates the thiol-disulfide oxidoreductase activity in SelF (Ferguson et al., 2006).
As such, SelF is able to play a role in the quality control of the ER (Labunskyy et al., 2007; Labunskyy
et al., 2009), but the exact physiological role of the family of protein is yet to be elucidated. A major
issue in the study of selenoproteins in general is the lack of reliable recombinant expression
techniques, thus most of their biological functions are characterized indirectly, e.g. the knockout
assays used in SelF (Joubert et al., 2011; Tsuji et al., 2012; Yim et al., 2018; Zheng et al., 2020). Most of
the in vitro studies of selenoproteins are thus carried out with the Sec-to-Cys homologue proteins. In
this context, the only available structure in the SelF family is reported for a fruit fly Sep15, which
contains no Sec residue (Scheme 1, right) (Ferguson et al., 2006), and in this case the two Cys residues
(Cys80 and Cys82) in the so-called CXC motif forms a disulfide bond. Unfortunately, the Cys-rich
UGGT-binding domain in this structure is too flexible to be resolved in the NMR structure, as such
the disulfide pairing mode in this domain is currently not known.
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Chemical protein synthesis, powered by chemo-selective
peptide ligation reactions, has produced almost hundreds of
synthetic proteins which conveniently incorporate non-
canonical amino acids, among many other purposes
(Agouridas et al., 2019; Tan et al., 2020). Although the
chemical synthesis of selenoproteins, like SelM and SelW, has
been reported (Dery et al., 2017), the synthesis of SelF is, however,
supposed to be more challenge as it contains six other Cys
residues in the UGGT binding domain, which certainly
complicates the refolding process. Moreover, as mentioned, the
disulfide pairing mode is currently unknown, making it difficult
to determine whether the synthetic SelF is properly folded.

As part of our ongoing research towards the synthesis of SelF,
we document herein the chemical synthesis of its Sec-to-Cys
homologue—SelF(U65C). The highly optimized synthetic route
as well as the refolding strategy developed in the current work
would guide the synthesis of the native SelF protein. Further,
besides serving a criterion to judge the viability of the synthetic
protein, the disulfide pairing mode of SelF(U65C) also provides
useful structural insights into the previously unresolved UGGT-
binding domain, and it is thus the aim of the current work to
elucidate this key information.

MATERIALS AND METHODS

General Reagents and Methods
Commercially available materials were obtained from Adamas,
Energy Chemicals, or Sigma-Aldrich. Standard Fmoc-amino
acids, 2-chlorotrityl chloride (2-Cl-(Trt)-Cl) resin, 1-
hydroxybenzotriazole (HOBt), and 2-(1 h-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) were
purchased from GL Biochem (Shanghai). The reagents
acetylacetone (acac) was purchased from Aladdin. Ethylene
diamine tetraacetic acid (EDTA) and 2,2′-(ethylenedioxy)

diethanethiol (DODT) were purchased from TCI. 2,2′-azobis
[2-(2-imidazolin-2-yl) propane] dihydrochloride (VA-044) and
silver acetate (AgOAc) were obtained from J&K Scientific and
innochem, respectively. N,N-diisopropylethylamine (DIPEA),
N,N′-diisopropylcarbodiimide (DIC), dithiothreitol (DTT),
tris(2-carboxyethyl)phosphine (TCEP), trifluoroacetic acid
(TFA), 2-methyl-2-propanethiol (t-BuSH), and guanidine
hydrochloride (Gn·HCl) were obtained from Adamas.
Methoxylamine (CH3ONH2·HCl) and triisopropylsilane (TIPS)
were purchased from Energy Chemicals. L-arginine
hydrochloride (Arg·HCl), tris(hydroxymethyl)aminomethane
(Tris), glutathione reduced (GSH) and glutathione oxidized
(GSSG) were purchased from Sangon. The reagents
N,N-dimethylformamide (DMF) and dichloromethane (DCM)
were purchased from GHTCH (Guangdong). 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) and 4-mercaptophenylacetic acid
(MPAA) were purchased from Alfa Aesar. His6-Ulp1 was
recombinantly expressed using a reported procedure
(Malakhov et al., 2004). Acetonitrile (MeCN) used in
analytical HPLC and preparative HPLC was obtained from
Fisher and Sigma-Aldrich, respectively. Analytical HPLC
(Agilent 1,260) was performed on a Phenomenex Jupiter C4
column (4.6 × 250 mm, 300 Å, 5 μm particle size) running at a
flow rate of 1 ml/min with UV detection at 214 and 254 nm.
Semi-preparative HPLC (Shimadzu AR-20) was performed using
a Waters XBridge® peptide BEH C18 OBD™ Prep column,
300 Å, 5 μm, 10 × 250 mm) running at a flow rate of 4.7 ml/
min with UV detection at 214 and 254 nm. Preparative HPLC
(Ruihe® Tech) was performed using a Welch Ultimate XB-C4
column Prep column, 300 Å, 5 μm, 30 × 250 mm) running at a
flow rate of 40 ml/min with UV detection at 214 and 254 nm.
Solvent A: 0.1% TFA in water; Solvent B: 0.1% TFA inMeCN. LC-
MS was performed on an Agilent LC/MSD (ESI) system on ACE
5 C4 column (150 × 4.6 mm). MALDI-TOF mass spectra
(MALDI-8020, Shimadzu) were obtained in the linear positive

SCHEME 1 | (Left) Sequence alignment of Selenoprotein F proteins from representative species. Signal peptide sequences are shown in gray color, and all Cys
and Sec residues are highlighted. The UGGT-binding domain is boxed (UniProt ID: O60613, Q9ERR7 and Q9VVJ7 for Sep15 from human, mouse and fruit fly,
respectively); (Right) NMR structure of the fruit fly Sep15, with only the C-terminal Trx-like domain (61–178) resolved and shown (PDB ID, 2A4H). The disulfide bond is
shown in ball and stick representation.
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mode using a matrix of 10 mg/ml α-Cyano-4-hydroxycinnamic
acid (HCCA) in water/MeCN (1: 1, v/v) with 0.1% TFA.

General Procedures for Peptide Synthesis
Preloading of 2-Cl-(Trt)-NHNH2 Resin
2-Cl-(Trt)-Cl (0.9 mmol/g, 1 g) was swollen in DMF for 20 min
and then washed with DMF (2 × 5 ml), DCM (2 × 5 ml), and
DMF (2 × 5 ml). The resin was treated with freshly prepared 5%
hydrazine monohydrate in DMF (2 × 20 ml) for 30 min and then
washed with DMF (2 × 5 ml), DCM (2 × 5 ml), and DMF (2 ×
5 ml). The resin was treated with freshly prepared 5% MeOH in
DMF (20 ml) for 10 min and then washed with DMF (2 × 5 ml),
DCM (2 × 5 ml), and DMF (2 × 5 ml). DIPEA (1.2 mmol) was
added to a solution of Fmoc-AA-OH (0.6 mmol) and TBTU
(0.6 mmol) in DMF (5 ml). After 2 min of pre-activation, the
mixture was added to the resin, which was then shaken for 2 h at
25°C. The resin was washed with DMF (2 × 5 ml), DCM (2 ×
5 ml), and DMF (2 × 5 ml), and then capped with 20% acetic
anhydride in DMF (10 ml) for 20 min, and washed with DMF (2
× 5 ml), DCM (2 × 5 ml), and DMF (2 × 5 ml) again (Zheng et al.,
2013).

Estimation of Amino Acid Loading
The resin (10 mg) loaded with the first amino acid was treated
with 2%DBU/DMF (2 ml) for 30 min at 25°C to remove the Fmoc
group. The deprotection solution (2 ml) was diluted to 10 ml with
MeCN, and then 0.8 ml was further diluted to 10 ml with MeCN.
The UV absorbance of the resulting piperidine-fulvene adduct
solution was measured (λ � 304 nm) to estimate the amino acid
loading on the resin.

Fmoc Deprotection
The resin was treated with 20% piperidine in DMF (5 ml, 2 ×
10 min) at 25°C and then washed with DMF (2 × 5 ml), DCM (2 ×
5 ml), and DMF (2 × 5 ml).

Coupling of General Amino Acids
Peptides were synthesized on a CS Bio 136XT synthesizer using
Fmoc solid phase peptide synthesis (SPPS) chemistry. The
following Fmoc amino acids with side-chain protecting groups
were used: Fmoc-Ala-OH, Fmoc-Arg (Pbf)-OH, Fmoc-Asn(Trt)-
OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Glu
(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Leu-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-
Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-
Val-OH. SPPS was performed on 2-Cl-(Trt)-Cl resins. Fmoc
deprotections were performed with 20% piperidine in DMF
(10 min × 2). Couplings were performed with Fmoc amino
acid (4.0 equiv to resin substitution), TBTU (3.9 equiv) and
DIPEA (8.0 equiv) in DMF for 60 min (45°C). After coupling,
unreacted free amine was capped by treatment with 20% acetic
anhydride in DMF and then washed with DMF (2 × 5 ml), DCM
(2 × 5 ml), and DMF (2 × 5 ml).

Coupling of Fmoc-Cys(Trt)-OH or Fmoc-Cys(Acm)-OH
A solution of Fmoc-Cys(Trt)-OH or Fmoc-Cys(Acm)-OH (4
equiv), HOBT (3.9 equiv), and DIC (8 equiv) in DMF was

added to the resin. The reaction was shaken for 1 h at 45°C.
After coupling, unreacted free amine was capped by treatment
with 20% acetic anhydride in DMF and then washed with DMF (2
× 5 ml), DCM (2 × 5 ml), and DMF (2 × 5 ml).

Cleavage of the Crude Peptide
The dried resin was treated with TFA/H2O/TIPS (95:2.5:2.5 v/v/
v), or TFA/H2O/DODT (95:2.5:2.5 v/v/v) (2–3 ml per 100 mg of
resin) and shaken for 2 h a t 25°C. After filtration, the filtrate was
concentrated by blowing with a gentle flow of N2. Add the
precooled diethyl ether to precipitate crude peptides. The
resulted suspension was centrifuged (8,000 rpm, 5 min, 4°C),
and the ether layer was decanted. Air-dry the peptide product
in the open centrifuge tube for about 30 min. The targeted crude
peptide was obtained as the solid.

Synthesis of Thioester Fragment 1
SelF(1–41)-MPAA (1) was synthesized on 2-Cl-(Trt)-Cl resin
(theoretical loading: 0.9 mmol/g) using Fmoc-Gly-OH with
0.4 mmol/g loading and elongated according to standard
Fmoc-SPPS protocols highlighted in Preloading of 2-Cl-(Trt)-
NHNH2 Resin, Estimation of Amino Acid Loading, Fmoc
Deprotection, Coupling of General Amino Acids, and Coupling
of Fmoc-Cys(Trt)-OH or Fmoc-Cys(Acm)-OH to afford resin-
bound peptide. The peptide was cleaved using TFA/H2O/
DODT (95:2.5:2.5 v/v/v) for 2 h, and according to Cleavage of
the Crude Peptide to acquire the crude peptide SelF(1–41)-
NHNH2 (1a). The crude peptide 1a (400mg, assumed 100%
purity) was dissolved to 40mg/ml in 6M Gn·HCl, 0.2M
Na2HPO4, pH 3.0, with 10 equiv MPAA, 2.5 equiv acac (from a
0.1M stock in water) were added to the mixture, and the reaction
mixture was stirred for 10 h to form thioester fragment SelF(1–41)-
MPAA (1). The mixture was centrifuged (8,000 rpm, 5 min, 4°C),
filtered and purified by preparative HPLC at 25°C with a gradient of
25–70%MeCN (with 0.1%TFA) in 25min to obtain 8mg of segment
1 (1 g resin; 2.5%). Overall, 18mg of segment 1 was obtained. The
purity and exact mass of the peptide was confirmed using analytical
HPLC and ESI-MS, respectively (Supplementary Figure 1).

Synthesis of Thioester Fragment 2
SelF(42–74)-MPAA (2) was synthesized on 2-Cl-(Trt)-Cl resin
(theoretical loading: 0.9 mmol/g) using Fmoc-Ala-OH with
0.35 mmol/g loading. Through a similar procedure described
in Synthesis of Thioester Fragment 1 and a preparative HPLC
at 25°C with a gradient of 25–50% MeCN (with 0.1% TFA) in
25 min, 25 mg of segment 2 was obtained (1 g resin; 7.4%).
Overall, 75 mg of segment 2 was obtained. The purity and
exact mass of the peptide was confirmed using analytical
HPLC and ESI-MS, respectively (Supplementary Figure 2).

Expression of His6-Sumo-SelF(75-134) and
Its Enzymatic Cleavage
The gene encoding for the His6-SUMO-SelF(75–134) fusion
protein was synthesized and codon-optimized for E. Coli
expression (GenScript Inc., Nanjing). The synthetic gene was
cloned into the pET-30a expression vector using the NdeI/EcoRI
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restriction sites. The plasmid was firstly transformed into BL21
(DE3) E. coli cells chemically. An overnight culture of the cells
harboring an expression vector was inoculated (1:50 dilution) in a
4 L flask containing 30 µg/ml Kanamycin in 2 L LB at 37°C. After
reaching an OD600 of 0.6–0.8 overexpression of His6-SUMO-SelF
(75–134) was induced by the addition of 2 ml 1 M IPTG stock
solution (final conc. 1 mM) at 37°C for 4 h. Cells were harvested
by centrifugation (8,000 rpm, 4°C, 15 min). Typically, 6 g cells
were resuspended in 50 ml of cell lysis buffer and lysed by
ultrasonication (30–40% power, 3 s on 5 s off, 25 min). The
crude lysate was centrifuged (16,000 rpm, 4°C, 20 min) and the
supernatant was discarded. The precipitate was stirred at 4°C
overnight with 10 ml of Ni-NTA binding buffer to extract His6-
SUMO-SelF(75–134). The precipitate was removed by
centrifugation (16,000 rpm, 30 min, 4°C, 5 cycles) and the
supernatant applied to a HisTrap™ FF column (5 ml) at 2 ml/
min with a AKTA pure chromatography system. Absorption was
monitored at 280 nm. The column was washed with 20 ml of Ni-
NTA binding buffer (see Supplementary Material for details).
His6-SUMO-SelF(75–134) was eluted with 25 ml of Ni-NTA
eluting buffer (see Supplementary Material for details) in
fractions of 5 ml. The 10 ml fractions with A280 > 0.1
(Supplementary Figure 3A) was gradually dialyzed to the
0.5 L refolding buffer (see Supplementary Material for details)
to complete the refolding of SUMO domain. 400 µL of a stock
solution of His6-Ulp (A280 � 0.5) were added to the folded His6-
SUMO-SelF(75–134) (3a) (10 ml, A280 � 1.8) (Ulp1: protein � 2:
50, v/v) and the reaction was incubated for 2 h at 30°C. Equal
volume of the buffer containing 6 MGn·HCl, 200 mMNa2HPO4,
200 mM CH3ONH2·HCl, 10 mM TCEP (pH 3), was added to the
mixture and the pH was adjusted to 4.0 to remove any C-terminal
cyclized byproduct. After overnight incubation, the mixture was
centrifuged (8,000 rpm, 5 min, 4°C), filtered and purified by
preparative HPLC at 25°C with a gradient of 25–48% MeCN
(with 0.1% TFA) in 20 min to obtain 13 mg of SelF(75–134) (3)
(6.5 mg/L LB) (Supplementary Figure 3C). The purity and exact
mass of the peptide was confirmed using analytical HPLC and
ESI-MS, respectively (Supplementary Figures 3C-c,D).

1st Ligation, Desulfurization and Acm
Deprotection
1st Ligation and Desulfurization in One-Pot (on a
5 μmol Scale)
The peptide-thioester 2 (6.5 μmol, 1.3 equiv, 26.4 mg) and Cys-
peptide 3 (5 μmol, 1 equiv, 34.8 mg) was dissolved in 2.5 ml of
ligation buffer of 6 M Gn·HCl and 2.5 M imidazole with 10 mM
TCEP at pH 6.5. The solution was incubated at RT for 1 h
(confirmed by LC-MS monitoring). Then, to the ligation
reaction mixture was added 295 mg TCEP (final conc.
200 mM), t-BuSH (260 μL, 5%, v/v), and an aqueous solution
(2.5 ml) of 0.1 M VA-044 (50 equiv, 250 μmol), and the solution
(final pH 6.5) was incubated at 42°C (the reaction was monitored
by LC-MS). After the desulfurization was completed (24 h), the
mixture was centrifuged (8,000 rpm, 5 min, 4°C), filtered and
purified by preparative HPLC at 25°C with a gradient of 25–55%
MeCN (with 0.1% TFA) in 30 min to collect the desired fractions

and immediately lyophilized, affording the desired protein 4 as a
white amorphous powder (29.1 mg, 53.8% isolated yield over two
steps). The purity and exact mass of the peptide was confirmed
using analytical HPLC and ESI-MS, respectively (Supplementary
Figures 4A-g,C).

Acm Deprotection (on a 1 μmol Scale)
The peptide 4 (1 μmol, 1.0 equiv, 10.8 mg) was dissolved in a 50%
aq. acetic acid (5 ml) containing 1% AgOAc, and the mixture was
stirred at 50°C for 2 h in the dark. Then 154.2 mg DTT was added
to the mixture, and the formed precipitate was separated by
centrifugation. The precipitate was repeatedly washed with 6 M
Gn·HCl solution and the combined supernatant (ca. 8 ml) was
filtered and purified by preparative HPLC at 25°C with a gradient
of 25–55% MeCN (with 0.1% TFA) in 30 min to collect the
desired fractions and immediately lyophilized, affording the
desired protein 5 as a white amorphous powder (5.17 mg,
49.0%). The purity and exact mass of the peptide was
confirmed using analytical HPLC and ESI-MS, respectively
(Supplementary Figures 5A-c,B).

2nd Ligation and Protein Folding in One-Pot
The peptide-thioester 1 (0.76 μmol, 2 equiv, 3.48 mg) and Cys-
peptide 5 (0.38 μmol, 1 equiv, 4 mg) was dissolved in 190 μL of
the ligation buffer (6 M Gn·HCl, 200 mM Na2HPO4, 20 mM
TCEP, 50 mM MPAA, pH 6.5). The solution was incubated at
RT for 24 h (confirmed by LC-MS monitoring). After the
conversion was completed, the ligation reaction mixture was
reduced by the addition of 2.86 mg TCEP (final conc. 50 mM)
and incubated for 15 min. Then, 200 μL of the ligationmixture (in
50 μL portions) was exchanged into a 150 μL buffer containing
6 M Gn·HCl and 200 mMNa2HPO4 at pH 6 (Amicon® Ultra-0.5
concentrator, 0.5 ml, 3 K MWCO, 11,000 rpm, 4°C). The
resulting ligation mixture (∼600 μL) was added dropwise to a
20 ml refolding buffer (0.4 M Arg·HCl, 0.2 M Tris, 0.1 M
(NH4)2SO4, 2 mM EDTA, 0.2 mM GSSG, 1 mM GSH, pH 8.2)
(final protein conc. was ∼0.25 mg/ml) at 4°C in 30 min, and was
stirred in a refrigerator at 4°C for 12 h. The mixture was
centrifuged (8,000 rpm, 5 min, 4°C), filtered and purified by
semi-preparative HPLC with a two-step gradient: 10–30% in
5 min, then 30–55% MeCN (with 0.1% TFA) in 30 min to
collect the desired fractions and lyophilized, and the desired
folded protein SelF(U65C/Q74A) (7) as a white amorphous
powder (1 mg, 17.6% isolated yield over two steps). The purity
and exact mass of the peptide was confirmed using analytical
HPLC and ESI-MS, respectively (Supplementary Figures
6A-e,C).

Expression and Purification of Full-Length
SelF(U65C) and Its Cys-To-Ser Variants
The gene coding for the His6-SUMO-SelF(U65C) fusion protein
was synthesized and codon-optimized for E. Coli expression
(GenScript Inc., Nanjing). The synthetic gene was cloned into
the pET-30a expression vector using the NdeI/EcoRI restriction
sites. Site-directed mutagenesis using the Sit-directed
Mutagenesis kit from Sangon (Shanghai) was carried out to
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afford the two Cys-to-Ser variants, U65C/C42S and U65C/C43S
respectively. The resulting expression plasmids were transformed
into E. coli BL21 (DE3). In a typical protein expression
experiment, cells were grown in a 2-L LB medium containing
30 ug/mL of kanamycin at 18°C. Expression was induced after
reaching an OD600 of 0.6 with 1 M IPTG stock solution (final
conc. 0.5 mM) and cells were grown for 20 h at 18°C. The cells

were harvested by centrifugation (8,000 rpm, 4°C, 15 min).
Typically, 4.5 g of cells were resuspended in 30 ml of cell lysis
buffer and lysed by ultrasonication (30–40% power, 3 s on 5 s off,
25 min). The crude lysate was centrifuged (16,000 rpm, 4°C,
30 min, 5 cycles) and the supernatant applied to a HisTrap™
FF column (5 ml) at 2 ml/min with a AKTA pure
chromatography system. Absorption was monitored at

FIGURE 1 | Chemical synthesis of SelF(U65C/Q74A). (A) Sequence of the mature form of SelF(U65C/Q74A). The ligation sites are underlined, and the pseudo-
proline dipeptide building blocks used during SPPS are shown in italic. (B) Synthetic strategy used in the current work.
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280 nm. The column was washed with 20 ml of Ni-NTA binding
buffer (see supplementary material for details). The desired
proteins were eluted with 25 ml of Ni-NTA eluting buffer (see
supplementary material for details) in fractions of 5 ml. The 10 ml
fractions with A280 > 0.1 (Supplementary Figures 7, 8, 9A) were
collected. Then, 400 µL of a stock solution of His6-Ulp (A280 �
0.5) was added to the fusion protein (8a, 9a or 10a) (10 ml, A280
� 2.1) (Ulp1/protein � 2/50, v/v) and the reaction was incubated
for 2 h at 30°C. An extra alkylation step was carried out for the
two variants by adding 100 mg of iodoacetamide (IAM) (10 mg/
ml) and incubating for 1 h to protect the free Cys residue with a
S-carboxyamidomethyl (CAM) group. The mixture was
centrifuged (8,000 rpm, 5 min, 4°C), filtered and purified by
preparative HPLC using at 25°C with a gradient of 30–55%
MeCN (with 0.1% TFA) in 30 min to obtain the desired
proteins: 8–9 mg (4–5 mg/L LB) (Supplementary Figures 7, 8,
9C). The purity and exact mass of the protein was confirmed
using analytical HPLC and ESI-MS, respectively (Supplementary
Figure 7C–D, 8C–D, 9C–D).

Circular Dichroism
The secondary structure content of the synthetic SelF(U65C/
Q74A) (7) was compared to the recombinant SelF(U65C) (8)
using far-UV CD spectroscopy (200–260 nm). Spectra were
recorded on a Chirascan™-Plus Circular Dichroism
Spectrometer (Applied Photophysics Ltd., United Kingdom),
using a quartz cuvette with a path length of 0.1 cm, and

obtained by averaging 3 wavelength scans in 1 nm steps, with
a signal averaging time of 1 s and a bandwidth of 1 nm. Each
purified protein was dissolved separately in NH4HCO3 buffer.
Measuring conditions: Protein conc.: ∼38 µM; Buffer: 10 mM
NH4HCO3, pH 8. The folding of the expressed proteins was
also confirmed by CD spectroscopy, which gave very similar
spectrum for each protein (Supplementary Figure 10).

Enzymatic Digestion
Protein was dissolved in a solution of 25 mM NH4HCO3 (1 mg/
ml, 100 µL). Trypsin (0.5 mg/ml, 10 µL) was firstly added to the
mixture to digest the protein (Diemer et al., 2020). The reaction
was carried out at 37°C for 2 h. Then, the enzymatic reaction was
analyzed by LC-MS directly. Next, chymotrypsin (0.16 mg/ml,
11 µL) was added to the reaction mixture for further digestion.
The reaction was carried out at 30°C for 2 h. Finally, the
enzymatic reaction was analyzed by LC-MS.

RESULTS AND DISCUSSION

Synthesis Strategy
A major aim of the current work is to establish an efficient
synthetic route for the Cys homolog of the mature human SelF
protein—which could later be applied for the synthesis of the Sec-
containing protein. For this purpose, we initially used a three
peptide segments semi-synthetic strategy, in which a short

FIGURE 2 | (A–B) Analytical HPLC and mass analysis of SelF(1–41)-MPAA (1) and SelF(42–74)-MPAA (2). 1: observed mass 4,593.0 Da, calcd 4,593.0 Da
(average isotopes); 2: obsd. mass 4,067.0 Da, calcd. mass 4,066.9 Da (average isotopes). (C) Overexpression and Ulp1 cleavage to afford SelF(75–134) (3). (D)
Analytical HPLC and mass analysis of SelF(75–134) (3) with the obsd. mass 6,965.7 Da, calcd. mass 6,965.7 Da (average isotopes). Detailed reaction conditions in the
Materials and Methods section.
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peptide hydrazide segment Cys65–Gln74 was synthesized by
SPPS. The remaining two segments could be obtained from
recombinant expression. This way we hoped to maximize the
synthetic yield of the peptide segments and thus the synthetic
protein. An extra C-terminal Cys residue was included in the
expression plasmid for the first segment—Phe–Gly64, which
was supposed to be able to transform to the corresponding
thioester via a reported hydrazinolysis procedure (Adams et al.,
2013; Pan et al., 2019). However, the effect of hydrazinolysis is
not satisfactory, giving only minor product (data not shown).
We thus switched to an alternative strategy where disconnection
sites at Gly41–Cys42 and Ala74–Ala75 were adopted. It is noted
that for the purpose of applying the peptide hydrazide
chemistry, the C-terminal Gln74 residue in the middle
segment was mutated to an Ala residue, which should not
affect the protein folding and function (vide infra). Here,
segments 1 and 2 can be obtained directly from SPPS, while
segment 3 can be fused N-terminally to a His6-SUMO tag and
recombinantly expressed. As shown in Figure 1, the peptide
segments were designed to be ligated by native chemical ligation
(NCL) (Dawson et al., 1994), and thus an N-terminal Cys
residue mutation will be installed in 3 and after its ligation
with segment 2, a desulfurization could lead to the corresponding
Ala residue (Wan andDanishefsky, 2007). For this purpose, all Cys
sidechains of segment 2 have to be protected with Acm in prior,
which after the ligation and desulfurization can be removed. The
resulting segment can then be ligated with segment 1 to afford the
desired full-length protein 6.

Peptide Segments Synthesis
As mentioned, peptide segments 1 and 2 were obtained via SPPS,
and C-terminal α-hydrazide was used as thioester precursor. The
use of pseudoproline dipeptide Fmoc-Phe-Ser(ΨMe,Mepro)-OH
(Wöhr, et al., 1996) proved to be essential for a reasonable yield
(Figure 1A). Both segments were cleaved from the resin as
peptide hydazides (Fang et al., 2011) and the crude products
were transformed into peptide-MPAA thioesters via an acetyl
acetone (acac) method before HPLC purification (Figures 2A,B)
(Flood et al., 2018). It is noted that NCL with purified peptide
thioesters gave better yields than in situmethod applying peptide
hydrides (vide infra) Segment 3 was obtained recombinantly
with an N-terminal His6-SUMO tag (Figure 2C) (Malakhov
et al., 2004; Reif et al., 2014). And after Ulp1-cleavage, the
desired segment 3 was obtained with high purity and yield
(6.5 mg/L LB, Figure 2D). It is noted that before HPLC
purification, the Ulp1-cleavage product was treated with
methoxylamine to remove any cyclized thiazolidine byproduct at
the N-terminus (Reif et al., 2014).

1st Ligation Between Segments 2 and 3
With all the peptide in hand, we preceded to assemble the full-
length protein via NCL. The first NCL was carried between
peptide segments 2 and 3, and with the purpose of applying
one-pot desulfurization where the use of MPAA as catalyst is
problematic, imidazole was instead used as the catalyst for the
ligation (Sakamoto et al., 2016). As shown in Figure 3A,B, the
ligation went almost to completion within 1 h, and the reaction
progress is better overviewed from the SDS-page analysis
(Figure 3C). To this mixture, TCEP and VA-044 were added
directly to achieve quantitative desulfurization at Cys75, leading
to peptide 4with excellent isolated yield (29.1 mg, 53.8% over two
steps). And after HPLC purification, the Acm protection groups
can be conveniently removed using AgOAc (Murar et al., 2020),
affording 5 with high isolated yield (14.2 mg, 49.0%,
Figure 3A, d).

2nd Ligation and Protein Folding
Further, a second ligation between peptide 1 and 5 was carried
out to obtain the full-length synthetic protein. In this case, MPAA
was added as the catalyst and the ligation proceeded smoothly,
albeit with a slow reaction rate compared to the first ligation. The
presence of thiolactones (indicated with * in Figure 4A, a-b)
resulting from the thiol-exchange between the C-thioester and
thiol side-chains in peptide 1 was the key for the slow reaction
rate. The ligation was allowed to proceed for 24 h and the
resulting solution was directly exchanged into refolding buffer,
according to the literature (Vetter et al., 2009) (Figure 4A-C).
Gratifyingly, a sharp peak with high intensity in HPLC appeared
after 12 h, which as judged from ESI-MS analysis (∼–8 Da
compared to the unfolded protein, 6) corresponds to the
folded synthetic protein 7. Following semi-preparative HPLC
purification, 7was obtained with an isolated yield of 17.6% (3 mg,
over two steps, ligation and refolding). Finally, the folded
synthetic protein 7 shows identical CD spectrum to the
expressed protein counterpart (Figures 4D,E), confirming the
correct formation of the 3D structure (Dery et al., 2017).

FIGURE 3 | (A) Analytical HPLC traces of one-pot NCL-Desulfurization
reaction and the Acm group deprotection reaction. (B) Mass analysis of
ligation reaction product 4a, 4 and 5, respectively. 4a: observed mass
10,864.9 Da, calcd 10,865.6 Da (average isotopes); 4: obsd. mass
10,832.5 Da, calcd. mass 10,832.6 Da (average isotopes); 5: obsd. mass
10,548.5 Da, calcd. mass 10,548.5 Da (average isotopes). (C) Analytical
SDS-PAGE analysis of the ligation reaction.
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Disulfide Pairing Mode Analysis
As mentioned earlier, the disulfide pairing mode of SelF has not
been established. The elucidation of such a pairing mode would
shed light on its overall structure, especially when the 3D structure
of the UGGT binding domain is currently not known. Herein, we

identified all disulfide bonds in the SelF(U65C) through a two-step
enzymatic digestion of both synthetic and expressed proteins. As
shown in Table 1, following trypsin treatment of the recombinant
protein SelF(U65C), 8, a peptide fragment bearing the
Cys63–Cys65 disulfide can be clearly observed (Entry 1)

FIGURE 4 | (A) Analytical HPLC traces of ligation and refolding reaction of SelF(U65C/Q74A). (B)Mass analysis of ligation reaction product 6 and its folded protein
7, respectively. 6: obsd. mass 14,976.0 Da, calcd. mass 14,976.2 Da (average isotopes); 7: obsd. mass 14,967.6 Da, calcd. mass 14,968.2 Da (average isotopes). (C)
Analytical SDS-PAGE analysis of the ligation reaction. (D,E) CD spectra of the fully synthetic SelF(U65C/Q74A) (7) (D) and the recombinant SelF (U65C) (8) (E).

TABLE 1 | Disulfide bond elucidation through the enzymatic digestion of SelF(U65C) (8), SelF(U65C/C42S)-(CAM) (9) and SelF(U65C/C43S)-(CAM) (10).

Entry Protein variant Digestion Sequences Molecular weight (Da)

Obs Calc

1 SelF(U65C) (8) Trypsin 1,336.6 1,336.7

2 Trypsin and chymotrypsin 1,060.7 1,060.5

3 1,583.0 1,583.7

4 SelF(U65C/C42S)-CAM (9) Trypsin 2,557.0 2,556.7

5 Trypsin and chymotrypsin 1,243.0 1,242.5

6 SelF(U65C/C43S)-CAM (10) Trypsin 1,259.0 1,259.2

7 Trypsin and chymotrypsin 2,180.9 2,181.3
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(Supplementary Figure 12A), which agrees well with the reported
NMR structure of a homolog protein—the fruit fly Sep15
(Ferguson et al., 2006). Further treatment of the peptide
mixture with chymotrypsin allows the identification of a peptide
fragment containing Cys21–Cys24 (Table 1, Entry 3)
(Supplementary Figure 12B). The connectivity mode of the
remaining four Cys residues is, however, difficult to resolve as
Cys42 and Cys43 are next to each other. In this case, we created two
Cys-to-Ser variants, i.e. SelF(U65C/C42S) and SelF(U65C/C43S),
and the now-free Cys in each variant was firstly protected with IAM.
The resulting proteins—SelF(U65C/C42S)-CAM, 9 and SelF(U65C/
C43S)-CAM, 10—were then processed through a similar sequential
trypsin/chymotrypsin digestion, and the remaining two disulfide
bonds were established as Cys10–Cys43 and Cys39–Cys42,
respectively (Table 1, Entries 4 and 7) (Supplementary
Figure 13A, 14B). Importantly, the synthetic protein showed the
same disulfide pairing mode as the expressed protein
(Supplementary Figure 11, 12), which reassures the viability of
the synthetic strategy developed in the current work to provide
authentic samples for further biological studies.

CONCLUSION

In summary, we have developed an efficient synthetic strategy
affording the Cys homologue of human SelF protein. It
highlights the use of two one-pot operations, i.e. the first
ligation and desulfurization and the second ligation and
refolding, and through this highly optimized strategy, multi-
milligram of folded SelF(U65C/Q74A) was obtained. Given
that the Sec65 residue is in the middle of the segment 2, we
envision that the synthetic and refolding strategies developed
in this study can be directly applied in the chemical synthesis
of the native SelF. As such, it would not only provide enough
authentic samples for further biological studies, but also set the
stage for the synthesis of the selenocysteine-containing
protein—SelF. Moreover, the disulfide pairing mode of SelF
has been elucidated for the first time, which should provide a

good opportunity to understand its unique biological
functions, such as its binding to UGGT.
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Designed Artificial Protein
Heterodimers With Coupled Functions
Constructed Using Bio-Orthogonal
Chemistry
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The formation of protein complexes is central to biology, with oligomeric proteins more
prevalent than monomers. The coupling of functionally and even structurally distinct
protein units can lead to new functional properties not accessible by monomeric
proteins alone. While such complexes are driven by evolutionally needs in biology, the
ability to link normally functionally and structurally disparate proteins can lead to new
emergent properties for use in synthetic biology and the nanosciences. Here we
demonstrate how two disparate proteins, the haem binding helical bundle protein
cytochrome b562 and the β-barrel green fluorescent protein can be combined to form
a heterodimer linked together by an unnatural triazole linkage. The complex was designed
using computational docking approaches to predict compatible interfaces between the
two proteins. Models of the complexes where then used to engineer residue coupling sites
in each protein to link them together. Genetic code expansion was used to incorporate
azide chemistry in cytochrome b562 and alkyne chemistry in GFP so that a permanent
triazole covalent linkage can be made between the two proteins. Two linkage sites with
respect to GFP were sampled. Spectral analysis of the new heterodimer revealed that
haem binding and fluorescent protein chromophore properties were retained. Functional
coupling was confirmed through changes in GFP absorbance and fluorescence, with
linkage site determining the extent of communication between the two proteins. We have
thus shown here that is possible to design and build heterodimeric proteins that couple
structurally and functionally disparate proteins to form a new complex with new functional
properties.

Keywords: genetic code expansion, bioorthogonal chemistry, azide alkyne cycloaddition, artificial protein oligomer,
protein design and engineering, fluorescent proteins, energy transfer

INTRODUCTION

Protein oligomerisation, commonly referred to as protein quaternary structure, is the association of
specific individual polypeptide chains through defined intermolecular interactions to form a single
multimeric complex (Goodsell and Olson, 2000; Nooren and Thornton, 2003; Ali and Imperiali,
2005). So prevalent is oligomerisation in nature, protein oligomers are more common than their
monomeric counterparts, at least in the protein data bank (Goodsell and Olson, 2000; Ali and
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Imperiali, 2005). Protein oligomers can comprise purely of non-
covalent intermolecular interactions or also utilise inter-subunit
covalent crosslinking, predominantly via disulphide bridges.
Oligomerisation is largely seen as beneficial by reducing
surface residues’ (especially hydrophobics) exposure to solvent,
resulting in a lower surface area to volume ratio leading to
improved stability against degradation and aggregation (Larsen
et al., 1998; Ali and Imperiali, 2005; Gwyther et al., 2019).
Crucially, oligomerisation also leads to functional features not
available in monomers; they locally concentrate multiple active
sites resulting in improved activity and enabling functional
cooperativity whereby synergy [communication] between each
polypeptide unit can positively or negatively regulate activity or
even lead to new properties (Goodsell and Olson, 2000; Gwyther
et al., 2019).

Given the benefits of protein oligomerisation, protein
designers and engineers have sort to address this area by
constructing bespoke, artificial protein oligomeric systems
(Oohora and Hayashi, 2014; Norn and Andre, 2016;
Kobayashi and Arai, 2017; Ljubetic et al., 2017; Gwyther et al.,
2019) ranging from simple dimers (Mou et al., 2015; Fallas et al.,
2017) to higher order supramolecular structure (Thomson et al.,
2014; Gonen et al., 2015; Butterfield et al., 2017). The main
problem with these systems is that they lack functional synergy or
even function beyond directing the assembly process. Thus, such
systems tend to manifest the basic functional properties of their
starting components. Recently, we have demonstrated functional
synergy between designed artificial dimers (Worthy et al., 2019;
Pope et al., 2020). Using computational approaches, we identified
mutually compatible interfaces between various β-barrel
fluorescent proteins and stabilised the interaction by
genetically encoded click chemistry. Our approach allowed us
to generate both symmetrical and non-symmetrical dimers
together with homo and heterodimers that displayed either
positive or negative functional synergy. While dimers
represent the simplest protein oligomeric unit, they are the
most frequently observed structural form in nature, with
homo-dimers (comprising of the same polypeptide)
dominating over hetero-dimer (composed of two different
polypeptides) (Goodsell and Olson, 2000; Marianayagam et al.,
2004; Mei et al., 2005).

The next challenge arguably involves the generation of
heterodimers from structurally and functionally diverse
proteins. Heterodimers are potentially rich in new functional
features as they have the potential to combine drastically different
and disparate functions leading to new emergent properties. Here
we aim to take the next step in dimer construction and
demonstrate that it is feasible to design and build intimately
linked heterodimers comprised of structurally and functionally
disparate proteins by linking a helical bundle protein to a β-barrel
protein using a combination of computational protein design and
bio-orthogonal chemistry. While bioorthogonal chemistry has
been used previously to link different proteins together (Hatzakis
et al., 2006; Eger et al., 2010; Hudak et al., 2012; Schoffelen et al.,
2013; Torres-Kolbus et al., 2014; Kim et al., 2016; White and
Bode, 2018), little effort is given to predicting compatible
interfaces and residues pairs so the individual proteins

generally remain functionally and structurally distinct.
Furthermore, extended chemical linkers are routinely used as
part of the chemical coupling process resulting in spatially
separated protein units and preventing any interactions
forming that normally comprise natural protein dimers
(Hudak et al., 2012; Kim et al., 2012; Schoffelen et al., 2013;
White and Bode, 2018). Thus, there is limited benefit above that
of traditional genetic fusion approaches. Some rely on natural
amino acid chemistry inherent to one partner protein to
facilitate linkage (Hatzakis et al., 2006; Schoffelen et al., 2013;
Torres-Kolbus et al., 2014), which can restrict coupling sites
between individual units. To address these issues, we recently
developed a computational design approach to facilitate the
design of dimers linked by two genetically encoded compatible
bio-orthogonal reaction handles (azide and alkyne) (Worthy
et al., 2019; Pope et al., 2020). We focused on structurally
similar proteins [fluorescent proteins with a common β-barrel
architecture] whereby mutually compatible symmetrical dimer
interfaces can facilitate construction. Such symmetry will not
be available when structurally distinct proteins are used as
proposed here and thus poses a greater challenge to predicting
mutually compatible coupling sites and thus heterodimer
construction.

To test our approach, we will use cytochrome b562 (cyt b562) as
the helical bundle protein and the superfolder version of green
fluorescent protein (sfGFP) as the β-barrel protein (Figure 1A).
Cyt b562 is a small 4-helical bundle protein that binds haem tightly
but non-covalently (Arnesano et al., 1999) while sfGFP is a
directly evolved descendent of the original Aequorea victoria
GFP (Pedelacq et al., 2006). We have previously linked the
function of the closely related homolog of sfGFP, enhanced
GFP (EGFP), with cyt b562 through a directed evolution
domain insertion approach (Edwards et al., 2008; Arpino
et al., 2012). The domain insertion approach differs
significantly from heterodimerization as a single polypeptide
unit contains both original proteins; the GFP primary
structure is disturbed by insertion of the cyt b562 sequence
within it at the genetic level. One variant demonstrated high
energy transfer efficiency (close to 100%). Structural analysis
revealed that the two original proteins are close in space within
the single polypeptide unit but do not form many distinct inter-
unit interactions as would be expected of a true oligomeric
system. There was also little change in the inherent function
of each domain compared to the starting parent protein
suggesting limited synergy between the two.

Here, we used computational approaches to predict
compatible interfaces between sfGFP and cyt b562. We then
used 1-to-1 strain promoted alkyne-azide cycloaddition to
covalently link the two proteins through a triazole link by
genetically encoded incorporation of the azide group (via non-
canonical amino acid azidophenylalanine) into cyt b562 and a
strained cyclooctyne group (via the non-canonical amino acid
strained-cyclooctyne lysine) in sfGFP. The successfully
constructed heterodimers lead to enhanced sfGFP molar
absorbance coefficients and were capable of energy transfer
from sfGFP to cyt b562, with linkage site determining transfer
efficiency.
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METHODS AND MATERIALS

In Silico Docking
The combined ClusPro (Kozakov et al., 2017) and RosettaDock
(Leaver-Fay et al., 2011; Alford et al., 2017) approach has been
described previously (Worthy et al., 2019). Briefly, the ClusPro
Protein-Protein server (https://cluspro.bu.edu) “Dock” function
was utilised to predict potential interface sites between proteins.
ClusPro simulation was run with cyt b562 (PDB 1qpu (Arnesano
et al., 1999)) as the receptor and sfGFP (PDB 2b3p (Pedelacq et al.
, 2006)) as the freely rotating ligand. The models were ranked by

the number of clustered simulations as calculated in balanced
simulationmode (recognition of all intermolecular electrostatics),
and the top ten ranked interfaces were downloaded as PDBs from
the server for further analysis. Dynamic modelling of the
molecular interfaces was further refined in ROSETTA’s high-
resolution docking protocol (Liu and Kuhlman, 2006; Lyskov and
Gray, 2008). The RosettaDock protocol ranked the predicted
interfaces obtained within ClusPro simulation by both “Total
Energy” and “Interface Energy”. Both the haem of cyt b562 and the
chromophore of sfGFP were reintroduced back into each
structure using PyMOL. The predicted heterodimer structure

FIGURE 1 |Designing sfGFP-cyt b562 SPAAC linked heterodimers. (A) Basic strategy for constructing heterodimers using SPAAC. As amonomeric protein, sfGFP
(green) will excite at ∼485 nm and then emit light at ∼510 nm. On forming a heterodimer, sfGFP fluorescence will predominantly be quenched by cyt b562 (red). The
complex will only persist if SPAAC is successful and a triazole link is formed. (B) The top five alignments of sfGFP (various colours) and cyt b562 (red) ranked according to
total energy of interaction by RosettaDock. Distances measured between each model chromophore pair are shown below the rank. Model RD1 has the closest
chromophore proximity and lowest total energy. (C) Residue selected for mutation to SCO-K (Q204 and H148; green) in sfGFP or AzF (Q71; red) in cyt b562.
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obtained by this method were therefore taken as the most
energetically favourable and the top ranked model inspected in
PyMOL for suitably close partner residues.

Protein Engineering and Recombinant
Production
The SCO-K (see Supplementary Figure S1A for chemical
structure) containing sfGFP variants were generated and
produced as described previously (Worthy et al., 2019; Pope
et al., 2020). The gene encoding cyt b562 was present in the pBAD
plasmid. The cyt b562

50AzF variant was generated and produced as
described previously (Zaki et al., 2018; Thomas et al., 2020). The
cyt b562

71AzF variant was generated by introducing a TAG codon
in place of the Q71 encoding codon by whole plasmid PCR
(Forward primer 5′-C GGT TAG ATT GAC GAC G-3′ and
reverse primer 5′-AC CAG AAT GTC GAA ACC G-3).
Incorporation of AzF (see Supplementary Figure S1A for
chemical structure) into cyt b562 and its subsequent
purification was achieved as described previously (Zaki et al.,
2018; Thomas et al., 2020) using the pDULE plasmid (Miyake-
Stoner et al., 2010). After cell lysis and removal of cellular debris,
the soluble lysate was subjected to 30% (w/v) ammonium
sulphate precipitation to remove some contaminant protein as
precipitant. The soluble supernatant was subjected to a further
round of ammonium sulphate precipitation to a concentration of
90% (w/v) to precipitate all protein. The precipitated lysate was
resuspended 50 mM Tris pH 8.0 and if desired was mixed with
100x molar excess of haem porphyrin to generate of holo-cyt
b562

71AzF. Protein was applied to Hiload™ 16/600 Superdex™
S75. Fractions containing cyt b562 were applied to a Sepharose Q
anion exchange column before final buffer exchange into 50 mM
Tris pH 8.0 using a PD-10 desalting column. Pure cyt b562

71AzF

was concentrated to 100 μM and separated into 100 μL samples
before flash freezing and storage at −80°C until use. Apo-cyt
b562

71AzF was generated by haem extraction essentially as
described elsewhere (Jones and Barker, 2004; Bowen et al., 2020).

Heterodimer Formation via SPAAC
Strain promoted azide-alkyne cycloaddition of protein was
achieved by mixing of SCO-K containing sfGFP (50 µM) with
cyt b562

71AzF (50 µM) at 37°C overnight. After incubation, the
formation of oligomeric protein was determined by SDS-PAGE.
Purification of oligomeric protein was achieved by size exclusion
chromatography using Hiload™ 26/600 Superdex™ S200 gel
filtration column (Section 2.4.2) and the purity of the resultant
protein oligomer was assessed by SDS PAGE. Yield of dimer was
estimated by ImageJ (Schindelin et al., 2012) analysis of band
intensity of each form after Coomassie staining of
polyacrylamide gels.

Absorbance and Fluorescence
Spectroscopy
UV-visible absorption spectra were recorded with Cary 60
spectrophotometer using 1 cm pathlength quartz cuvettes.
Absorbance was recorded between 200–800 nm at a scan rate

of 300 nm/min. The molar absorbance co-efficient (ε) for the
sfGFP variants have been determined previously (Worthy et al.,
2019). The concentration of cyt b562

71AzF was determined using
the DC-protein assay (BioRad) using the wild-type cyt b562 as the
standard. The subsequent molar absorbance co-efficient was
calculated using the Beer-Lambert law with the absorbance of
a known concentration of cyt b562

71AzF. Fluorescence emission
spectra were recorded on a Cary Eclipse Fluorimeter, using 5 mm
× 5 mm QS quartz cuvette. Samples were excited at the λmax and
emission was recorded at every 1 nm from the point of excitation
to 700 nm. A scan rate of 120 nm/min was used for all spectra
recorded with a 5 nm slit width and voltage set to medium. To
measure the emission in reducing conditions protein was first
incubated with a 10-fold molar excess of DTT.

RESULTS

In Silico Prediction of sfGFP-cyt b562

Interface
The first step in heterodimer design is to predict compatible
interfaces between the two starting proteins. Previous work has
shown that not all surface exposed residues are amenable to dimer
formation via SPAAC (Worthy et al., 2019). We show the same
appears true here. Incorporation of strained-cyclooctyne-lysine
(SCO-K) in sfGFP at residue 204 is known to promote
dimerisation with a mutually compatible interface (Worthy
et al., 2019; Pope et al., 2020). Incorporation of
azidophenylalanine (AzF) at residue 50 in cyt b562 places the
non-canonical amino acid (ncAA) within a dynamic extended
surface loop (Supplementary Figure S1B). Previous work has
shown that cyt b562

50AzF is amenable to chemical
functionalisation with non-biological entities (Zaki et al., 2018;
Thomas et al., 2020). As shown in Supplementary Figure S1C,
protein dimerisation did not occur to any great extent.

To predict potentially compatible interfaces between cyt b562
and sfGFP, we used an in silico docking approach developed
recently for constructing fluorescent protein dimers (Worthy
et al., 2019; Pope et al., 2020). The first step uses ClusPro
(Kozakov et al., 2017) to generate unbiased docking of sfGFP
(PDB 2b3p (Pedelacq et al., 2006)) to cyt b562 (1qpu (Arnesano
et al., 1999)). Haem and the sfGFP chromophore are
automatically removed leaving the core structures intact
relative to the starting structure. Of the 30 alignments
generated, the top 10 models ranked according to cluster
number were further analysed (see Supplementary Figure S2
for alignments and cluster information). None included an
interface involving residue 50 in cyt b562. To provide a more
quantitative analysis and refine the docking procedure, each
initial model was further assessed and ranked using
RosettaDock (Leaver-Fay et al., 2011; Alford et al., 2017)
through the generation of an estimated energy of the interface
and total energy between the molecules. The top five models are
shown in Figure 1B with the energies in Supplementary Table
S1. The distances between the two chromophores varied from
20.5 Å in the highest ranked model (RD1) to 32.4 Å. While model
RD9 had the marginally lowest interface energy, RD1 had the
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lowest total energy and was derived from the largest cluster
number (CP1 in Supplementary Figure S1). Thus, RD1 was
taken forward as the primary model to base the design of SPAAC
linkage sites.

Analysis of RD1 revealed that two previous residues in sfGFP
known to successfully promote dimerisation via SPAAC, 148 and
204 (Worthy et al., 2019), were located close to the dimer
interface (Figure 1C). Residue H148 is critical to sfGFP
function as it helps define the fluorescent properties through
H-bonding to the chromophore’s phenolic group. Changing
H148 to a ncAA is tolerated and changes the inherent
fluorescence properties (Reddington et al., 2013; Hartley et al.,
2016; Worthy et al., 2019). Q204 to is also tolerant to ncAA
incorporation (Reddington et al., 2012; Worthy et al., 2019).
Thus, these residues were selected within the context of sfGFP. In
cyt b562 helices three and four comprised the main docking
interface; residue Q71 in helix three was chosen as it was close
to both residues 148 and 204 in sfGFP (Figure 1C). The SCO-K
ncAA was previously incorporated into sfGFP residues 148
(sfGFP148SCO) and 204 (sfGFP204SCO) and characterised
(Worthy et al., 2019). Incorporation of azF into cyt b562 at

residue 71 (cyt b562
71azF) in response to a TAG codon has

been demonstrated previously as part of a separate directed
evolution codon exchange study (Arpino et al., 2015). Cyt
b562

71azF produced here has similar spectral characteristic to
that of wild-type cyt b562 (Supplementary Figure S3).

Cycloaddition of sfGFP and Cyt b562 and Its
Impact of Absorbance
Analysis by SDS-PAGE revealed that dimerisation of cyt b562

71azF

with sfGFP148SCO or sfGFP204SCO were successful, with yields in the
range of 20–35% (see Supplementary Figure S4 for representative
SDS-PAGE gels). The yields are slightly lower compared SPAAC
based dimerisation of structurally similar proteins (35–80%)
(Worthy et al., 2019). The two new heterodimers termed
GFPb148-71 and GFPb204-71 were isolated from their monomeric
forms by size exclusion chromatography. The absorbance spectra
have characteristics of both constituent proteins with major peaks
at 418 nm equivalent to cyt b562 and ∼485 nm contributed by
sfGFP (Figure 2). The absorbance spectra of the heterodimers also
indicate positive functional changes on dimerisation with respect
to the sfGFP unit (Figure 2 with molar extinctions provided in
Supplementary Table S2).

In terms of GFPb148-71, compared to the starting monomers, the
absorbance peak at ∼485 nm associated with sfGFP148SCO increases
by just over 3-fold in the heterodimer with a concomitant drop in
the shoulder at 395 nm (Figure 2A). Such spectral characteristics
are associated with a switch in the protonation state of sfGFP
chromophore; the neutral phenol chromophore has a peak
absorbance of ∼400 nm and the phenolate anionic form absorbs
at ∼485 nm (Remington, 2011). Simple addition of the monomer
absorbance spectra confirms the promotion of the anionic sfGFP
chromophore form rather than any baseline addition from the cyt
b562 unit. Promotion of the anionic chromophore has been shown
previously for symmetrically arranged sfGFP homodimers linked
by residue 148 (Worthy et al., 2019). Thus, modulation of the
sfGFP chromophore charged state and hence function is still
feasible when linked to a very distinct partner protein.

GFPb204-71 also shows a significant increase in absorbance
corresponding the sfGFP chromophore, with molar absorbance
at 485 nm almost doubling (Figure 2B). The simple monomer
addition spectrum confirms that the increase in the 485 nm
absorbance is not due to an underlying contribution by cyt b562.
Thus, the ability of sfGFP to interact with light has been enhanced
on dimerisation. Unlike sfGFP148SCO, sfGFP204SCO exists
predominantly in the anionic state so the increase in 485 nm
absorbance is not down to change in chromophore ionisation
state. We have previously proposed that such a positive synergistic
effect is due to reduced water dynamics in channels leading to the
sfGFP chromophore when homo-dimerisation occurs via residue
204 (Pope et al., 2020); the same may also be occurring here.

Functional Communication in the
Heterodimers
Haem can quench fluorescence by resonance energy transfer,
providing the fluorophore is within close proximity (Willis et al.,

FIGURE 2 | Absorbance spectra of sfGFP-cyt b562 heterodimers. (A)
GFPb148-71 (black solid line), and constituent monomers sfGFP148SCO (green
dashed line) and cyt b562

71azF (red dashed line). (B) GFPb204-71 (black solid
line), and constituent monomers sfGFP204SCO (green dashed line) and
cyt b562

71azF. The combined sum of eachmonomeric absorbance is shown for
comparison (grey dotted line). Data shown as molar extinction coefficients.
The wavelengths associated with the λmax for each monomer absorbance
peak is shown for reference. The molar absorbance coefficients are shown in
Supplementary Table S2.
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1990; Takeda et al., 2001; Arpino et al., 2012). The requirement
for close proximity is shown in Supplementary Figure S5, where
free haem or free cyt b562 do not quench sfGFP to any appreciable
extent. To assess communication between sfGFP and cyt b562 in
our heterodimers, fluorescence was measured on excitation at the
major absorbance peaks of sfGFP (Figure 3). As GFPb148-71 has
two potential absorbance peaks, excitation was performed at both
395 and 485 nm (Figures 3A,B). On excitation at 395 nm,
emission is reduced by 96% compared to the monomer, and
on excitation at 485 nm emission was reduced by 85%. The
difference between the two may be due to the relative change
in absorbance at each wavelength on conversion from amonomer
to heterodimer; cyt b562 may also absorb some of the 395 nm light
(see Figure 2A for spectral overlap). This still represents a major
reduction in fluorescence suggesting a high degree of energy
transfer and thus communication between sfGFP and cyt b562 in
the GFPb148-71 construct. By comparison, the drop in emission on
excitation of GFPb204-71 is 67% (Figure 3C). This suggests that
while energy transfer is still occurring the efficiency is reduced
compared to GFPb148-71. SEC clearly resolves the heterodimer
from the monomers (Supplementary Figure S6) thus we do not
believe contaminating monomeric sfGFP204SOC is the cause of the
residual fluorescence observed for GFPb204-71.

Haem and Redox-State Dependent
Quenching in GFPb204-71

The iron centre of the cyt b562 haem group switches between the
reduced Fe2+ and oxidised Fe3+ state that results in changes to the
absorbance spectrum and affinity for the protein (Robinson et al.,
1997; Wittung-Stafshede et al., 1999; Jones and Barker, 2005).
The observed fluorescence emission from GFPb204-71 allows us to
monitor how fluorescence output can be tuned to both haem
binding and redox conditions. Conversion from oxidised to
reduced haem was achieved through the addition of the

reducing agent dithiothreitol (DTT). The cyt b562 unit in
GFPb204-71 is still capable of redox state switching as shown
by the switch in the 418 nm absorbance peak for the oxidised
form to 426 nm characteristic of reduced cyt b562 with the typical
higher molar absorbance (Figure 4A and Supplementary Table
S3). The α/β band peaks also become more prominent as
expected on conversion from oxidised to reduced cyt b562,
which in turn increases the spectral overlap between the
sfGFP emission and cyt b562 absorbance (Figure 4B). As
anticipated, the reducing agent had little impact on sfGFP
absorbance (Figure 4A). On the addition of reducing agent,
fluorescence emission dropped by an additional 31%
(Figure 4C). Thus, GFPb204-71 output can respond to changes
in redox conditions through coupling changes in the redox state
of haem iron bound to cyt b562 to fluorescence output of sfGFP.

We thus attempted to extend this to see if the apo-heterodimer
(no haem bound) could bind and respond to haem. Linking haem
binding to cyt b562 with fluorescent protein output are potentially
useful biosensors for this important biological co-factor (Takeda et al.,
2003; Arpino et al., 2012; Hanna et al., 2016). The apo-GFPb204-71

responded to haem binding and subsequent switch in redox
conditions. On addition of haem to apo-GFb204-71, fluorescence
emission dropped by 64% and by a further 12% (equivalent to a
33% compared to the oxidised holo-GFb204-41) on addition of
reducing agent (Figure 4D). These results are comparable to the
results observed above for holo-GFb204-41 (when compared to
monomeric GFP204SCO; Figure 3C) suggesting under the
conditions used, full haem binding has occurred to the apo-
protein, and the heterodimer responds to change in redox conditions.

DISCUSSION

While traditionally protein engineering has focused on
converting oligomeric proteins into monomers, especially with

FIGURE 3 | The effect of heterodimerisation on fluorescence emission. Emission of 1 μM of sfGFP148SCO (green dashed) or GFPb148-71 (black) excited at either
395 nm (A) or 485 nm (B). (C) Emission of 1 μM sfGFP204SCO (green dashed) and GFPb204-71 (black) on excitation at 485 nm. Spectra were normalised to sfGFP148SCO

(A, B) or sfGFP204SCO (C).
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regards to fluorescent proteins (Zacharias et al., 2002; Scott et al.,
2018), the design and construction of artificial protein oligomers
or “supramolecular” systems is currently of great interest (Norn
and Andre, 2016; Yeates et al., 2016; Kobayashi and Arai, 2017;
Beesley and Woolfson, 2019; Gwyther et al., 2019). Both GFP
(Ding et al., 2015; Kim et al., 2015; Leibly et al., 2015; Worthy
et al., 2019; Arpino and Polizzi, 2020) and cyt b562 (Baldwin et al.,
2006; Radford et al., 2011; Brodin et al., 2012; Onoda et al., 2012;
Song and Tezcan, 2014; Oohora et al., 2018; Golub et al., 2020)
have been central to exemplifying the ability to generate new
oligomeric supramolecular protein structures (Oohora and
Hayashi, 2014). Artificial protein oligomers offer the same
potential impact as oligomerisation does in nature: the
generation of complex higher-order structures from a limited
monomeric building block repertoire. This in turn allows new
structural and thus functional space to be sampled not accessible
in monomeric proteins. Whether it is O2 binding to haemoglobin
(Ciaccio et al., 2008) or enzyme catalysis and allosteric regulation
(Goodsell and Olson, 2000; Ali and Imperiali, 2005), one of the
main benefits of oligomerisation is synergy between individual
subunits. Such linked functionality is generally hard to design and
engineer into artificial complexes due to the requirement of long-
range interactions that link active sites. Thus, most designed
protein complexes focus on the interface region. We have shown
previously that such networks can be generated between
fluorescent protein homo and heterodimers using an approach
like that used here, which leads to functional switching and
fluorescence enhancement (Worthy et al., 2019).

Here we decided to test our ability to select compatible
interfaces between disparate proteins by choosing two
monomeric proteins with very different structures: a largely
β-sheet protein (sfGFP) and a helical protein (cyt b562). The
rationale for using SPAAC to covalently stabilise the heterodimer
structure is that classical approaches such as disulphide bridges
cannot discriminate between homo-dimers and heterodimers
leading to a mixed population; the bioorthogonal nature of
SPAAC means only heterodimer will form. Furthermore, the

ncAAs used here have longer side chains than the short -CH2-SH
group of cysteine meaning steric clashes between monomers is
less likely to inhibit covalent bond formation but still allow an
intimate interaction between the individual monomer units. The
triazole link is also more stable than a disulphide bridge. While
our aim was not to generate a newly designed dimer interface
mimicking natural protein-protein interactions, we did need to
identify compatible interfaces that will at least persist for a length
of time to allow covalent functionalisation. Without identifying
compatible interfaces, the chances of stabilising the interface
through SPAAC is minimal. Residue 50 in cyt b562 is largely
surface exposed in a flexible extended loop and would normally
be considered an ideal residue to target for covalent coupling with
another protein (Supplementary Figure S1B) but SPAAC
facilitated dimerisation was not possible via this residue
(Supplementary Figure S1C). Previous work has shown that
incorporation of azF at residue 50 is reactive (Zaki et al., 2018;
Thomas et al., 2020). Lack of dimerisation is thus likely a result of
the individual subunits unable to become spatially localised for
long enough to promote SPAAC. This mirrors previous work
with fluorescent proteins that suggested compatible interfaces are
required for SPAAC facilitate dimerisation even when surface
exposed residues are selected (Worthy et al., 2019)). Our
computational design approach proved successful both here
(Figure 1 and Supplementary Figure S4) and elsewhere
(Worthy et al., 2019; Pope et al., 2020) in identifying
compatible interfaces. It also provides a rationale for the
inability of cyt b562

50azF to form dimers with sfGFP as residue
50 is not involved in any of the predicted protein interfaces. The
step forward here was using proteins with disparate structural
folds. The overall total binding energy was higher here (less
negative) than for structurally homologues proteins tested
previously suggesting a weaker interaction (Supplementary
Figure S2 and Supplementary Table S2 versus data in
references (Worthy et al., 2019; Pope et al., 2020)) but still
proved useful in generating models for predicting successful
coupling sites (Figure 1). The model suggests that there are

FIGURE 4 | Redox dependent fluorescence emission of GFPb204-71. (A) Absorbance spectra of GFPb204-71 under oxidising (black line) and reduced (red line).
Reducing conditions stimulated by addition of a 10-fold molar excess of DTT. (B) Absorbance spectra under oxidising and reducing conditions shown in (A) for the α/β
peak region overlaid with the emission spectrum (on excitation at 485 nm) of sfGFP (green dashed line). (C) Emission spectra of 1 μM GFPb204-71 in the absence
(oxidised; black) and presence (reduced; red) of DTT. Spectra were normalised to oxidised holo-GFPb204-71. (D) The emission spectra of apo-GFPb204-71 before
the addition of haem under oxidising (black line) or reduced (red line) conditions. Spectra were normalised to apo-GFPb204-71.
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intermolecular interactions between cyt b562 and sfGFP beyond
residues involved in SPAAC, but it is not clear if they persist in the
SPAAC link dimer. However, our previous structural work with
SPAAC linked fluorescent proteins dimers shows that extensive
intermolecular non-covalent interactions are formed at the
interface, including long range interaction networks linking
the active sites (Worthy et al., 2019; Pope et al., 2020). Thus,
given the intimate nature of the coupling between sfGFP and cyt
b562, additional non-covalent interactions outside the triazole
linkage between the two monomers on forming the dimer are
highly likely to be present.

Two heterodimers were designed based on the top ranked
model (Figure 1C). In terms of sfGFP, residues 148 and 204 were
selected to host the strained alkyne ncAA (SCO-K). These sites
have been shown previously to be amenable to both small
molecule (Reddington et al., 2012; Hartley et al., 2016) and
protein (Worthy et al., 2019; Pope et al., 2020) attachment via
SPAAC. H148 in sfGFP forms a H-bond with the chromophore,
which directly impacts on the fluorescence properties of the
protein by assisting in deprotonation of the chromophore’s
phenol group. In many crystal structures, H148’s side chain is
largely buried but is known to be dynamic (Seifert et al., 2003) with
the “flipped out” conformation observed in some crystal structure
populations, resulting in the residue becoming solvent exposed
(Reddington et al., 2013; Arpino et al., 2014). Changing H148 to a
larger ncAA results in breakage of a critical H-bond with the
chromophore and exclusion from the core of the protein due to
steric clashes (Hartley et al., 2016); the residue now amenable to
chemical modification. The result is a mixed population of the
protonated and anionic form of the sfGFP chromophore prior to
SPAACmodification (Figure 2A). We have previously shown that
we can control the relative populations of two chromophore states
causing switching of the fluorescent properties in terms of
excitation wavelength (Reddington et al., 2013; Hartley et al.,
2016;Worthy et al., 2019).We have successfully achieved the same
here through the formation of a heterodimer with promotion of
the anionic form on dimerisation (Figure 2A). As mutation of
H148 to a ncAA removes the H-bond to the sfGFP chromophore
critical to formation of the phenolic anion, we have proposed
previously that a structural water molecule replaces the imidazole
group and plays the role of the H-bond acceptor that promotes
ionisation of the chromophore (Worthy et al., 2019; Pope et al.,
2020); the same scenario may also be the case here with a water
molecule trapped at the sfGFP-b562 interface in a position to
H-bond to the chromophore.

With respect to GFPb204-71, we see enhancement of the sfGFP
molar absorbance (Figure 2B). Unlike H148, Q204 is surface
exposed and plays little role in dictating the fluorescence
properties of sfGFP, even when replaced by an ncAA
(Reddington et al., 2012; Worthy et al., 2019). Water dynamics
is again thought to play a major role. Dimerisation of sfGFP with
itself or closely related fluorescent proteins enhances molar
absorbance and structural analysis revealed ordered water
molecules at the dimer interface, including waters comprising
a channel through to the chromophore (Pope et al., 2020). The
same may be happening with GFPb204-71 with the dimer interface
trapping water molecules leading to a sustained water-protein

bond network that improves the ability of the sfGFP
chromophore to interact with light.

Bringing the sfGFP chromophore within close proximity to
haem through formation of the heterodimer should result in
energy transfer from sfGFP that is quenched by cyt b562, a feature
that has been observed before for single polypeptide systems
(Takeda et al., 2003; Arpino et al., 2012; Hanna et al., 2016). The
extent of quenching is related to the distance between the two
chromophores (Arpino et al., 2012). Quenching in a classical N-
or C-terminal fusion of EGFP to cyt b562 was less than 65%
(Arpino et al., 2012). Functional communication was present in
both our heterodimers, but the efficiency of energy transfer
differed depending on the SPAAC linkage positions, haem
redox state and, to an extent, the excitation wavelength
(Figure 3). This is despite the two residues being adjacent to
each other in the structure. Linkage via sfGFP residue 148 had the
highest energy transfer efficiency (>85%) with more apparent
efficient energy transfer on excitation 395 nm. Linkage via sfGFP
residue 204 resulted in a lower energy transfer (63%), comparable
to previous “head-to-tail” fusions with cyt b562 where the two
chromophores are not anticipated to be close in space (Arpino
et al., 2012). Thus, the question arises as to why different linkage
sites that are close together in sfGFP (Figure 1C) generate very
different energy transfer efficiencies? Given that GFPb204-71 can
be separated from its monomeric components by size exclusion
chromatography (Supplementary Figure S6), the residual
fluorescence is unlikely to be from contaminating sfGFP204SCO

monomer. We have shown previously that linkage via residue 204
in fluorescent protein dimers resulted in lower than predicted
energy transfer (Pope et al., 2020). The exact reason was not clear.
The calculated R0 (the Förster radius at which energy transfer is
50% efficient) between EGFP and cyt b562 is 46 Å (Takeda et al.,
2001). As energy transfer is related to the donor-acceptor
chromophore distance (r) and energy transfer (E) through
equation E � 1/[1+(r/R0)

6], we can estimate the distance
between the chromophores. Previously, we showed that there
was a good correlation between r from energy transfer (99%) and
structure in our domain insert EGFP-cyt b562 construct
(Figure 5). Based on energy transfer efficiency, in GFPb148-71

the closest interchromophore distance is predicted to be ∼27 Å
while for GFPb204-71 it is ∼41 Å. The interchromophore distances
derived from the original top ranked model suggest that it might
provide a realistic representation for GFPb148-71 but not GFPb204-
71 (Figure 5). As shown in Figure 5, the domain arrangement in
our heterodimer model compared to the determined structure of
the high energy transfer efficient domain insert protein is
different; the interchromophore distance is 8 Å longer thus
could account for the slightly reduced energy transfer
efficiency in GFPb148-71. Residue 204 is close to the interface
rather than directly forming the interface, which may result in the
two monomers adjusting their relative placement on SPAAC
compared to that of the model. There are two isomeric forms for
the triazole crosslink between AzF and SCO-K (Worthy et al.,
2019; Pope et al., 2020): the syn isomer that forms a turn structure
and the anti form that results in an elongated linkage (Figure 5B).
The anti form may dominate for GFPb204-71 resulting in the two
monomers and thus chromophores being separated by a longer
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distance. Interestingly, energy transfer efficiency was oxidation
state-dependent (Figures 4C,D). The ability apo-GFPb204-71 to
bind haem suggests that the haem binding site is still accessible as
predicted by our original modelling and on binding haem under
non-reducing conditions exhibits a similar drop in fluorescence
to that observed for holo-GFPb204-71 suggesting full haem
occupancy (Figures 3C, 4D). On addition of reducing agent,
fluorescence decreased by another third suggesting conversion
from Fe3+ to Fe2+ resulted in increased energy transfer efficiency.
DTT is not known to reduce the fluorescence emission spectra of
sfGFP (Supplementary Figure S7 and (Reddington et al., 2015))
so the increased energy transfer efficiency may due to inherent
change in the protein-bound haem such as increased molar
absorbance of the α/β peaks that overlap with the sfGFP
emission (Figure 4B). Even under reducing conditions, energy
transfer efficiency is still ∼75% equating to an interchromophore
distance of 38 Å. Thus, we cannot rule out other currently
unknown events contributing to the reduced energy transfer
efficiency in GFPb204-71, as also observed in fluorescent protein
dimers linked via residue 204 (Pope et al., 2020).

To conclude, here we have shown that it is feasible to design and
construct artificial heterodimers between structurally and functionally
disparate proteins linked by a genetically encoded bio-orthogonal link.
The in silico docking helped identify suitability compatible protein-

protein interfaces that where then stabilised by a triazole link formed
by SPAAC. In both heterodimer configurations tested, the ability of
phenol anion chromophore form of the sfGFP to interact with light
was enhanced, with energy transfer to the haem centre of cyt b562
demonstrating functional linkage.
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Total Synthesis and Antimicrobial
Evaluation of Pagoamide A
Cheng-Han Wu and John Chu*

Department of Chemistry, National Taiwan University, Taipei City, Taiwan

Natural products are often the starting point for drug development and also the testing
ground for synthetic methods. Herein we describe the total synthesis and antimicrobial
evaluation of a marine natural product, pagoamide A, which is a macrocyclic depsipeptide
with two backbone thiazole units and a dimethylated N-terminus. The two thiazole building
blocks were synthesized from commercially available materials in four or fewer steps and
employed directly in solid-phase peptide synthesis (SPPS) to afford pagoamide A. The use
of SPPS ensured that the synthetic sequence is operationally straightforward and, if
needed, permits modular substitution of building blocks to easily access diverse structural
analogs. Our antimicrobial assays showed that pagoamide A hasmoderate activity against
Bacillus subtilis.

Keywords: pagoamide A, marine natural products, total synthesis, Hantzsch thiazole synthesis, solid-phase peptide
synthesis, antimicrobial activity

INTRODUCTION

Microbial natural products have historically been a fruitful source of bioactive small molecules
(Newman and Cragg, 2020). Peptide natural products, including nonribosomal peptides (NRPs)
(Fischbach and Walsh, 2006) and ribosomally-synthesized and post-translationally modified
peptides (RiPPs) (Arnison et al., 2013), are highly represented in small molecule therapeutics in
clinical use today, particularly for the treatment of microbial infections. Both are very attractive
classes of natural products that have inspired scientists as they look for starting points for the
development of new drugs. Once a natural product demonstrated its potential as a drug candidate,
the ability to access it with high efficiency through chemical synthesis from simple starting materials,
i.e., total synthesis, is critically important and play an integral role as it progresses through the drug
development pipeline.

Peptide natural products like NRP and RiPP are biosynthesized modularly, the former by an
enzymatic assembly line and the latter by the ribosome (Fischbach and Walsh, 2006; Arnison et al.,
2013). In these two biosynthetic platforms, an amino acid building block is first activated at the
expense of an ATP and then added to a growing peptide chain through an intermediary, i.e., the
phosphopantetheine arm on the thiolation domain and tRNA for NRP and RiPP, respectively. Solid-
phase peptide synthesis (SPPS) is a synthetic platform devised by chemists for the construction of
consecutive amide bonds that operates in a similarly modular fashion (Coin et al., 2007). A variety of
reagents have been developed for the activation of amino acids (Takayama et al., 2018) to ensure high
efficiency in the formation of an amide bond on the solid support (resins). An excess of activated
amino acid can be used to drive the reaction to near completion; meanwhile, workup and purification
are reduced to simply washing the resins with the appropriate solvents. As such, SPPS has become the
method of choice for the synthesis of linear peptides.

However, peptide natural products are much more complex than simple linearly connected
strings of amino acids (Fischbach andWalsh, 2006; Arnison et al., 2013). Structural complexity poses
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a number of synthetic challenges that SPPS must meet before it
can be applied routinely for the total synthesis of diverse peptide
natural products (McIntosh et al., 2009). Our laboratory is
interested in expanding the scope of SPPS beyond the mere
formation of amide bonds. In particular, we see an
opportunity to combine the versatility of conventional
solution-phase organic chemistry and the high efficiency of
SPPS into a multifaceted synthetic platform.

Here we report the total synthesis of pagoamide A (1) (Li et al.,
2020), a natural product isolated from the culture of green algae
Derbesia sp. Pagoamide A (1) is made of eight L- and three
D-amino acids. It contains a number of structural features that
prevents it from being synthesized by standard SPPS, including a
dimethylated N-terminus, two thiazole moieties, and a
depsipeptide macrocycle with 19 atoms. Matching spectral
characterizations of 1 obtained by total synthesis and culture
extracts confirmed its stereochemical assignment. We also
evaluated its antimicrobial activities against a panel of
common microbial pathogens.

MATERIALS AND METHODS

Chemicals, Glassware, Microbes, and
Growth Media
Wang resins were purchased from Novabiochem (Merck).
Amino acid building blocks and coupling reagents were
purchased from P3 BioSystems and Novabiochem (Merck).
Reaction vessels for SPPS were custom made by Tung-Yin
Glassware Co., Ltd., and other common glassware were
purchased from the same vendor. Reagents and consumables
for organic synthesis were purchased from Thermo Fisher
Scientific Inc. and Sigma-Aldrich Inc. Growth media were
prepared from premixed powders purchased from BioShop
Canada Inc.

Fmoc-Gly-NH2 (5)
HBTU (569 mg, 1.5 mmol) was added to a solution of Fmoc-
Gly-OH (297 mg, 1.0 mmol) and DIPEA (348 μl, 2.0 mmol) in
THF (5 ml) and stirred at room temperature for 10 min.
Ammonium bicarbonate (79 mg, 1.0 mmol) was added
slowly, and the mixture was stirred for another 8 h before
THF was removed in vacuo. The remaining residue was
dissolved in EtOAc, washed successively with 1N HCl and
1M NaOH, dried over anhydrous sodium sulfate (Na2SO4),
concentrated under reduced pressure, and purified by silica
gel column chromatography (Rf � 0.24, CH2Cl2/MeOH � 95:
5) to afford 5 as a white solid (292 mg, 92%). 1H NMR
(400 MHz, DMSO-d6) δ 7.90 (d, J � 7.4 Hz, 2H), 7.72 (d, J �
7.1 Hz, 2H), 7.42 (t, J � 7.1 Hz, 2H), 7.34 (t, J � 7.3 Hz, 2H), 7.26
(br, 1H), 6.99 (br, 1H), 4.29 (d, J � 6.3 Hz, 2H), 4.23 (t, J �
6.7 Hz, 1H), 3.55 (d, J � 5.8 Hz, 2H); 13C NMR (100 MHz,
DMSO-d6,) δ 171.1, 156.5, 143.9, 140.7, 127.6, 127.1, 125.3,
120.1, 65.7, 46.7, 43.3; HRMS (ESI-TOF) calculated for
C17H17N2O3 [M

+H]+: 297.1234; found: 297.1249.

Fmoc-Glycine Thioamide (6)
Lawesson reagent (404 mg, 1.0 mmol) was added to a solution of
5 (296 mg, 1.0 mmol) dissolved in dimethoxyethane (DME,
15 ml). The reaction was quenched by the addition of
saturated sodium bicarbonate (NaHCO3) after stirring at room
temperature for 12 h. Themixture was extracted successively with
EtOAc, 5% (w/v) KHSO4, and brine. It was then dried over
Na2SO4, filtered, passed through a short silica gel pad, and then
concentrated under reduced pressure. N-Fmoc-glycine thioamide
(6) was obtained as a white powder and used without further
purification.

Fmoc-Gly-Thz-OH (2)
Bromopyruvic acid (334 mg, 2.0 mmol) in DME (5 ml) was added
dropwise at 0°C into a slurry of CaCO3 (600.5°mg, 3.0 mmol) and
6 (312.4 mg, 1.0 mmol) in DME (5 ml) with stirring. The mixture
was allowed to gradually warm to room temperature over 12 h,
which was then filtered and washed with DME. The solvent was
removed in vacuuo and the remaining residue was dissolved in
EtOAc, washed successively with 5% (w/v) KHSO4 and brine, and
dried over Na2SO4. Recrystallization in EtOAc/hexane gave 7 as a
white solid (277.8 mg, 73%). 1H NMR (400 MHz, DMSO-d6) δ
13.0 (br, 1H), 8.35 (s, 1H), 8.29 (t, J � 5.45 Hz, 1H), 7.89 (d, J �
7.3 Hz, 2H), 7.70 (d, J � 7.3 Hz, 2H), 7.42 (t, J � 7.2 Hz, 2H), 7.33
(t, J � 7.2 Hz, 2H), 4.48 (d, J � 5.8 Hz, 2H), 4.39 (d, J � 6.7 Hz, 2H),
4.25 (t, J � 6.4 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 170.8,
162.0, 156.4, 146.9, 143.7, 140.8, 128.5, 127.6, 127.1, 125.1, 120.1,
65.8, 46.7, 42.2; HRMS (ESI-TOF) calculated for C20H16N2O4SNa
[M+Na]+: 403.0726; found: 403.0723.

Fmoc-L-Valine Thioamide (8)
Compound 8 was synthesized using procedures similar to those
described above for Fmoc-glycine thioamide (6). See
Supplementary Material for details.

Fmoc-L-Val-Thz-OEt (9)
Ethyl bromopyruvate (90% solution, 627 μl, 4.5 mmol) was added
dropwise at 0°C to a solution of 8 (531 mg, 1.5 mmol) and 2,6-
lutidine (524 μl, 4.5 mmol) in DME (5 ml) with stirring. The
mixture was allowed to gradually warm to room temperature over
16 h. Trifluoroacetic anhydride (TFAA, 625 μl, 4.5 mmol) and
2,6-lutidine (524 μl, 4.5 mmol) in DME (2 ml) was added at 0°C
and stirred at room temperature for 1 h. The reactionmixture was
diluted with EtOAc, washed successively with saturated
NaHCO3, 5% (w/v) KHSO4, and brine, dried over Na2SO4,
and purified by silica gel column chromatography (Rf � 0.30,
hexanes/EtOAc � 3:1) to yield 11 (648 mg, 96%) as an orange oil.
1H NMR (CDCl3, 400 MHz) δ 8.02 (s, 1H), 7.68 (d, J � 7.3 Hz,
2H), 7.54 (br, 2H), 7.32 (t, J � 7.3 Hz, 2H), 7.23 (t, J � 7.1 Hz, 2H),
5.86 (d, J � 9.0 Hz, 1H), 4.94 (t, J � 7.1 Hz, 1H), 4.40–4.33 (m,
4H), 4.16 (t, J � 5.5 Hz, 1H), 2.42–2.37 (m, 1H), 1.34 (t, J � 7.1 Hz,
3H), 0.93–0.88 (m, 6H); 13C NMR (CDCl3, 100 MHz) δ 172.0,
160.9, 155.8, 146.9, 143.4, 143.3, 140.9, 127.3, 126.7, 124.7, 119.6,
66.6, 61.0, 58.3, 46.8, 33.0, 19.1, 17.2, 14.0; HRMS (ESI-TOF)
calculated for C25H27N2O4S [M

+H]+: 451.1680, found: 451.1686.
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Me2-L-Val-Thz-OEt (10)
Compound 9 (450 mg, 1.0 mmol) was taken up in 20% (v/v)
diethylamine in CH2Cl2 (10 ml), stirred at room temperature for
2 h, concentrated under reduced pressure, and then dissolved in
methanol (5 ml). Formaldehyde solution (37% w/w) was added
dropwise (245.7 μl, 3.0 mmol). Sodium cyanoborohydride
(220 mg, 3.5 mmol) was added 40 min. later, and the resulting
mixture was stirred at room temperature for another 15 h. The
solvent was removed under reduced pressure and the residue was
redissolved in EtOAc, which was then washed successively with
sat. NaHCO3 and brine, dried over Na2SO4, and purified by silica
gel column chromatography (Rf � 0.33, CH2Cl2/EtOAc � 9:1) to
afford 10 (161 mg, 63%) as an orange oil. 1H NMR (CDCl3,
400 MHz) δ 8.09 (s, 1H), 4.35 (q, J � 7.1 Hz, 2H), 3.55 (d, J �
8.8 Hz, 1H), 2.17 (s, 1H), 2.14–2.09 (m, 1H), 1.33 (t, J � 7.1 Hz,
3H), 0.95 (d, J � 6.6 Hz, 3H), 0.76 (d, J � 6.6 Hz, 3H); 13C NMR
(CDCl3, 100 MHz) δ 170.0, 161.2, 145.9, 127.1, 72.8, 61.1, 41.5,
29.9, 19.8, 18.6, 14.1; HRMS (ESI-TOF) calculated for
C12H21N2O2S [M+H]+: 257.1329, found: 257.1318.

Me2-L-Val-Thz-OH (3)
Compound 10 (231 mg, 0.9 mmol) was dissolved in
tetrahydrofuran (2 ml) and cooled to 0°C. Lithium hydroxide
(2 ml, 1M) was added, and the reaction mixture was stirred at
room temperature for 1.5 h. It was neutralized at 0°C with 1NHCl
and warmed to room temperature. The crude mixture was
concentrated and purified by column chromatography using a
manually packed column of C18 resins using a gradient of 0–5%
(v/v) methanol. Compound 3 appeared as a colorless foam after
solvent removal (213 mg, 92%). 1H NMR (CD3OD, 400 MHz) δ
8.51 (s, 1H), 4.91 (d, J � 7.9 Hz, 1H), 2.93 (s, 6H), 2.72–2.64 (m,
1H), 1.12 (d, J � 6.6 Hz, 3H), 0.91 (d, J � 6.5 Hz, 3H); 13C NMR
(CD3OD, 100 MHz) δ 164.3, 162.2, 131.2, 71.6, 42.2, 30.3, 20.2,
18.2; HRMS (ESI-TOF) calculated for C10H17N2O2S [M+H]+:
229.1005, found: 229.1016. Compound 3 was then used as a
typical amino acid building block in SPPS.

Solid-Phase Peptide Synthesis
Standard Fmoc-based solid-phase peptide synthesis procedures
were employed; see Supplementary Material for details.

Macrocyclization
Upon completion of peptide synthesis, global deprotection and
cleavage was performed by treating the resins with a
trifluoroacetic acid (TFA) cocktail supplemented with 2.5%
(v/v) of each triisopropylsilane and water. The resins were
removed by filtration and TFA was dried under a gentle
nitrogen stream. Cold hexane (approx. 50 ml) was added
and the linear precursor of pagoamide A (14) crashed out
as a light-yellow precipitate, which was collected by
centrifugation at 4°C. PyAOP (208.5 mg, 0.4 mmol) and
DIPEA (174.2 μl, 1.0 mmol) were added to 14 in DCM
(25 ml) to effect macrocyclization. The crude product was
concentrated under reduced pressure, dissolved in
methanol, and purified by reversed-phase HPLC using a
dual solvent system with a Hypersil GOLD aQ C18 column
(250 (L) × 10 (ID) mm, 5 μm) at 8 ml/min, wherein solvent A

and B are water and acetonitrile supplemented with 0.1% (v/v)
of formic acid, respectively. The desired macrocyclic product 1
eluted at 40%B. HRMS (ESI-TOF) calculated for
C51H68N11O12S2 [M+H]+: 1,090.449, found: 1,090.451. See
Supplementary Material for analytical data, including
HPLC traces, MALDI-MS (reaction monitoring), and NMR
and HRMS spectra.

Antimicrobial Assays
Microbes were grown from single colonies on agar plates into LB
(bacteria) and YPD broths (Candida albicans). Assays were carried
out in 96-well microtiter plates to determine the minimum
inhibitory concentrations (MICs) of 1 against various microbial
pathogens by using the broth microdilution method. Briefly,
DMSO stock solution of synthetic 1 (12.8 mg/ml) was added to
the first well of each row and 1/2× serially diluted across the plate.
Wells 11 and 12 were free of 1 (positive control) and free of
microbe (negative control), respectively. Overnight microbial
cultures were diluted 5,000-fold and used as the inocula, such
that the final volume in all wells were 100 μl with the
concentrations of 1 ranging from 64 to 0.125 μg/ml in each
row. The plate was incubated statically at 30°C for 24 h. The
lowest concentration of 1 that led to inhibition of microbial
growth was recorded as the MIC.

RESULTS

Pagoamide A (1) is a cyclic depsipeptide made of 11 amino acids,
three of which are D-amino acids. While SPPS is an obvious
choice for the construction of its backbone, as both L- and
D-Fmoc building blocks are readily available from commercial
venders, a number of features in 1 call for expanding the scope of

SCHEME 1 | Retrosynthetic analysis of pagoamide A.
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synthesis beyond simple amino acid coupling in conventional
SPPS. These features include two thiazole rings, the dimethylated
N-terminus, and the macrocyclic structure.

In our retrosynthetic plan (Scheme 1), each thiazole moiety
will be incorporated as a pre-made building block that spans
the length of two amino acids. In this strategy, because the
dimethylated N-terminus of 1 is part of a thiazole building
block, N,N-dimethylation will be performed after thiazole
formation and before the use of this building block in SPPS.
Total syntheses of cyclic depsipeptides reported in the
literature mostly opt to construct ester bonds early in the
synthetic scheme rather than using its formation as the final
macrocyclization step (Lam et al., 2013; Lohani et al., 2015).
This is because amines, as opposed to the less nucleophilic
hydroxyl groups, are generally a superior choice as the site to
conclude macrocycle formation. We therefore planned to build
4 as a key intermediate.

We started by constructing the thiazole building blocks 2
and 3 (Scheme 2). N-Fmoc-protected glycine (Fmoc-Gly-OH)
was first converted to the amide (5) and then, via the use of
Lawesson reagent, (Thomsen et al., 1984) the thioamide (6).
Hantzsch thiazole synthesis afforded 2 with satisfactory yield
(Singh et al., 2012; Fenner et al., 2016; Aihara et al., 2017). The
same workflow turned Fmoc-L-valine into the corresponding
thiazole (9), except for the use of trifluoroacetic anhydride
(TFAA) on the condensation product of ethyl bromopyruvate
and 8 to promote dehydration. Once the Fmoc protecting
group was removed from 9, two methyl groups were installed
onto the N-terminus by reductive amination with an excess

amount of sodium cyanoborohydride and formaldehyde to
give 10, which was hydrolyzed to afford 3. Both compounds 2
and 3 are now ready-to-use SPPS building blocks.

A critical part of our plan was to rely on the formation of an
ester bond as the final macrocyclization step. With this in mind,
we attempted the synthesis of intermediate 4 en route a pre-made
threonine-phenylalanine dimer (12) (Scheme 3). The coupling of
12 to extend the peptide chain on solid-support proceeded
without difficulty. The very next coupling, however, was
sluggish and saw no improvement in yield after repeated
couplings or the use of alternative reagents. This prompted us
to explore a different sequence in constructing 4, wherein a
threonine building block without side-chain protection was
incorporated as the sixth residue, followed by the coupling of
a standard serine building block. Next, N-Boc-protected
phenylalanine was activated by N,N’-diisopropylcarbodiimide
and installed successfully onto the exposed threonine side-
chain hydroxyl group. Subsequent couplings of 3 and 2
proceeded cleanly.

Trifluoroacetic acid cocktail treatment resulted in global
deprotection and peptide cleavage off of the resins. The linear
precursor of pagoamide A (14) was collected after cold
hexane precipitation and subjected to macrocyclization
without further purification. This reaction was monitored
by MALDI-mass spectrometry and, to our delight, no signal
of 14 was observed when four equivalents of the
phosphonium coupling reagent PyAOP was used (see
Supplementary Material). The amide bond formation
reaction between the amine of the Phe11 and the
carboxylate of the Val10 residues was essentially complete
after 24 h. The HPLC purified final product was confirmed by
high resolution ESI-MS. 1H NMR spectrum of synthetic 1
matches that obtained from the culture extracts of Derbesia
sp., thereby confirming the reported stereochemistry
assignment (see Supplementary Material for analytical
characterizations) (Li et al., 2020).

The isolation of 1 from crude extracts was guided by a MS-
based molecular network and a calcium oscillation assay (Yang
et al., 2013; Wang et al., 2016). However, once purified, 1
turned out to be inactive in this very assay and showed no
cytotoxicity against the H-460 human lung cancer cell line. No
other bioactivity was reported. We were able to obtain
sufficient amount of 1 by total synthesis for antimicrobial
assays and performed a systematic evaluation of its
antimicrobial potential (M07-A9, 2012). Our assay included
the ESKAPE pathogens (Mulani et al., 2019) – Enterococcus
faecalis, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas baumannii, and
Enterobacter spp. – a panel of highly virulent bacteria
whose antibiotic resistant strains are the major cause of
fatal infections in humans around the world. Also included
in our assay are Bacillus subtilis and Escherichia coli, model
organisms for Gram-positive and Gram-negative bacteria,
respectively, as well as a common fungal pathogen Candida
albicans. In this initial round of screening, our results showed
that 1 has only moderate activity (64 μg/ml) against Bacillus
subtilis (Table 1).

SCHEME 2 | Synthesis of thiazole building blocks. Reagents and
conditions: (a) Ammonium bicarbonate (1 equiv.), HBTU (1.5 equiv.), DIPEA (2
equiv.), THF, 25°C; (b) Lawesson reagent (1 equiv.), DME, 25°C; (c)
Bromopyruvic acid (1 equiv.), CaCO3 (3 equiv.), DME, 25°C; (d) Ethyl
bromopyruvate (3 equiv.), 2,6-lutidine (3 equiv.), DME, 0–25°C then TFAA (3
equiv.), 2,6-lutidine (3 equiv.), 0–25°C; (e) Formaldehyde solution (37%w/w, 3
equiv.), sodium cyanoborohydride (3.5 equiv.), 25°C; (f) LiOH (2 ml, 1 M),
THF, 25°C.
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DISCUSSION

We reasoned that one could combine the convenience of peptide
synthesis (performed on solid support) and the versatility of
conventional organic synthesis (performed in solution) into a
powerful new synthetic platform. This platform would be
particularly useful in the synthesis of natural products of peptide
backbones. We put this concept into practice and report the
synthesis of 1, a natural product with complex structural features
on top of a peptide backbone, whose thiazole units, one of which was
dimethylated, were constructed in solution into ready-to-use
building blocks. The entire linear precursor was assembled on-
resin and then macrocyclized off-resin to afford 1. The approach

presented herein is modular and broadly applicable to the synthesis
of peptide natural products that contain heterocycles,
N-methylations, and backbone macrocyclization, all of which are
commonly seen structural features in peptide natural products.

A separate total synthesis of pagoamide A was reported by the
Ye group after we submitted this manuscript (Wu et al., 2021).
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TABLE 1 | Pagoamide A (1) was tested against a number of common pathogens.

Name of pathogen MICa (μg/ml)

Bacillus subtilis BCRC 10614 64
Escherichia coli DH5α >
Enterococcus faecalis BCRC 10789 >
Staphylococcus aureus BCRC 11863 >
Klebsiella pneumoniae BCRC 11546 >
Acinetobacter baumannii BCRC 10591 >
Pseudomonas aeruginosa BCRC 11864 >
Enterobacter cloacae BCRC 10401 >
Candida albicans BCRC 21538 >
aThe highest concentration tested was 64 μg/ml.
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Site-Specific Protein Modifications by
an Engineered Asparaginyl
Endopeptidase from Viola canadensis
Yu Chen1,2, Dingpeng Zhang1,2, Xiaohong Zhang1,2, Zhen Wang1,2, Chuan-Fa Liu1,2,3 and
James P. Tam1,2,3*

1School of Biological Sciences, Nanyang Technological University, Singapore, Singapore, 2Synzymes and Natural Products
Center, Nanyang Technological University, Singapore, Singapore, 3Nanyang Institute of Structural Biology, Nanyang
Technological University, Singapore, Singapore

Asparaginyl endopeptidases (AEPs) or legumains are Asn/Asp (Asx)-specific proteases
that break peptide bonds, but also function as peptide asparaginyl ligases (PALs) that
make peptide bonds. This ligase activity can be used for site-specific protein
modifications in biochemical and biotechnological applications. Although AEPs are
common, PALs are rare. We previously proposed ligase activity determinants (LADs) of
these enzymes that could determine whether they catalyze formation or breakage of
peptide bonds. LADs are key residues forming the S2 and S1′ substrate-binding
pockets flanking the S1 active site. Here, we build on the LAD hypothesis with the
engineering of ligases from proteases by mutating the S2 and S1′ pockets of VcAEP, an
AEP from Viola canadensis. Wild type VcAEP yields <5% cyclic product from a linear
substrate at pH 6.5, whereas the single mutants VcAEP-V238A (Vc1a) and VcAEP-
Y168A (Vc1b) targeting the S2 and S1′ substrate-binding pockets yielded 34 and 61%
cyclic products, respectively. The double mutant VcAEP-V238A/Y168A (Vc1c)
targeting both the S2 and S1′ substrate-binding pockets yielded >90% cyclic
products. Vc1c had cyclization efficiency of 917,759 M−1s−1, which is one of the
fastest rates for ligases yet reported. Vc1c is useful for protein engineering applications,
including labeling of DARPins and cell surface MCF-7, as well as producing cyclic
protein sfGFP. Together, our work validates the importance of LADs for AEP ligase
activity and provides valuable tools for site-specific modification of proteins and
biologics.

Keywords: asparaginyl endopeptidases, peptide asparaginyl ligases, ligase-activity determinant, Viola canadensis,
cell surface labeling, protein engineering

INTRODUCTION

Asparaginyl endopeptidases (AEP), also known as legumain and vacuolar processing enzymes
(VPE), belong to the C13 family of cysteine proteases, which break peptide bonds after Asn/Asp
(Asx) residues (Abe et al., 1993; Bottari et al., 1996; Shimada et al., 2003). AEP is initially synthesized
as an inactive precursor which undergoes an acidic auto-activation in the vacuole (plants) or
lysosome (mammals) (Müntz and Shutov 2002; Dall and Brandstetter 2016). AEPs are particularly
well studied in plants and are multifaceted enzymes that display three distinct enzymatic functions:
proteolysis, splicing, and ligation.
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AEPs were discovered as endopeptidases in the early 1990s,
but were also shown to be splicing enzymes that post-
translationally modify the circularly permutated lectin
concanavalin A (Min and Jones 1994; Nonis et al., 2021).
Recently, certain AEPs were shown to be potent peptide Asx-
specific ligases that can serve as bioprocessing enzymes for
maturation of cyclic peptides (Nguyen et al., 2014; Bernath-
Levin et al., 2015; Harris et al., 2015; Yang et al., 2017;
Jackson et al., 2018; Zauner et al., 2018; Harris et al., 2019;
Hemu et al., 2019; Hemu et al., 2020). As such, AEPs play
important roles in processing seed storage proteins to release
nutrients and bioactive peptides, forming seed coats, regulating
programmed cell death, and generating host-defense
antimicrobial and anti-fungal peptides (Hara-Nishimura, Inoue
and Nishimura 1991; Saska et al., 2007; Hatsugai et al., 2015; Dall
and Brandstetter 2016; Loo et al., 2016; Yamada et al., 2020).

Of particular interest to chemical biology is the discovery that
AEPs have potent and specific ligase activity for forming Asx-
peptide bonds. Our laboratory termed AEP-type ligases that can
reverse the enzymatic direction from proteolysis to ligation as
peptide Asn/Asp-specific ligases (PALs) (Nguyen et al., 2014;
Hemu et al., 2019; Hemu et al., 2020; Tam et al., 2020). Butelase-1,
the prototypic PAL, was isolated from a cyclotide-producing
plant Clitoria ternatea, a plant which is known locally as
bunga telang from which the name butelase is derived
(Nguyen et al., 2014). Butelase-1 is highly efficient in ligating
various Asx-containing peptides and proteins at pH 4–6.5, an
acidic pH range which generally favors proteolysis by legumains
(Nguyen et al., 2015b). Consequently, butelase-1 has become a
model for engineering an AEP to a PAL. In addition, butelase1-
like PALs are valuable tools for engineering and site-specific
modification of proteins, and for theranostics. Such PALs can
drive macrocyclization, orthogonal ligation, antibody-drug
conjugation, and protein-protein fusion reactions (Nguyen
et al., 2015a; Nguyen et al., 2015b; Cao et al., 2015; Cao et al.,
2016; Hemu et al., 2016; Nguyen et al., 2016; Bi et al., 2017; Wang
et al., 2021; Zhang et al., 2021).

AEPs and PALs share similar structures that include a core
domain, linker region, and cap domain, with identical catalytic
triads composed of Cys, His and Asn (Supplementary Figure
S1). To date, 16 unique AEP and PAL structures have been
reported in the protein data bank. However, their superimposed
structures with <1.2 Å deviations show little difference and yield
no clear clues about the enzymatic directionality toward protease
or ligase activity (Supplementary Figures S2, S3, Supplementary
Tables S1, S2). To understand the molecular determinants
underpinning the directionality of AEP and PAL activity, our
laboratory has focused on the substrate-binding sites flanking the
S1 pocket. We used the Schechter and Berger’s nomenclature of
protease, substrate-binding pockets (Sn) which are the sub-sites
of protease beside the active site (S1 pocket), to represent the
region on the surface of an enzyme that can interact with peptide
substrate residues (Pn) with specificity (Supplementary Figure
S4) (Abramowitz, Schechter and Berger 1967). AEPs and PALs
show high amino acid sequence conservation around the catalytic
S1 pocket and have minor differences in the S2 and S1′ binding
pockets. These sequence differences are termed ligase activity

determinants (LADs) (Hemu et al., 2019). According to the LAD
hypothesis, critical residues in the S2 and S1′ binding pockets that
flank the catalytic S1 site are essential to steer the directionality of
a legumain towards hydrolase or ligase activity (Hemu et al.,
2019). Modification of these critical residues by site-directed
mutagenesis was shown to either affect the enzymatic efficiency
or alter the enzymatic directionality of AEPs. Our team performed
extensive mutagenesis on OaAEP1b, an AEP originated from
Oldenlandia affinis (Yang, et al., 2017). We found that the
C247A mutation displayed enhanced kinetic efficiency relative to
wild type. Accordingly, we coined the term “gate-keeper”, a term
preceding our use of “LAD1”, to describe the importance of this site
in controlling ligase activity. Recently, our group discovered asecond
determinant for ligase activity which we named LAD2. We showed
the importance of LAD2 for controlling ligase activity of AEPs by
generating several AEP mutants derived from Viola yedoensis
(VyPAL3-Y175G) and Viola canadensis (VcAEP-Y168A) (Hemu
et al., 2019). Also, we successfully engineered butelase-2, which
displays dominant protease activity at pH 4–6.5, to exhibit ligase
activity, also at acidic pH, by mutagenesis of key LAD residues
(Hemu et al., 2020). However, additional validation to strengthen the
LAD hypothesis is needed.

Here we report engineering of VcAEP, an AEP from the plant
Viola canadensis, based on the LAD hypothesis to reverse its
enzymatic direction from an asparaginyl endopeptidase to a
ligase. VcAEP is a dual-functional AEP that displays both
protease and ligase activities. Our previous work has shown
that modification of LAD2 site improved ligase activity of
VcAEP. In the current study, we performed mutagenesis
targeting the VcAEP S2 and S1′ pockets individually and
jointly. We show that these mutants displayed enhanced ligase
activity and diminished protease activity. Furthermore, we show
that a double mutated VcAEP at both LAD sites is a highly
efficient ligase and useful as a tool for protein labeling, sfGFP
cyclization, and cell-surface labeling.

MATERIALS AND METHODS

Data-Mining Search of AEP Analogs
The core domains of butalase-1 and OaAEP1b were used to
perform a data-mining search to discover novel AEPs having
ligase activity. Results of this search were further narrowed in a
second search that specified Val/Ile/Cys at “gate-keeper”
sequences. VcAEP has 68.2% sequence identity and 85.7%
similarity with butelase-1 and 65.9% identity and 89.1%
similarity with OaAEP1b. VcAEP has a Val at the “gate-
keeper” position, and thus is considered to be a ligase.

Expression, Purification, Activation of
VcAEP
The full sequence of VcAEP was inserted into pET28a(+) and an
N-terminal His-Ub tag was added to facilitate purification. The
recombinant construct was transformed into E. coli SHuffle T7
cells, which were cultured at 30°C to OD600 0.5. Then, 0.1 mM
IPTG was added to induce VcAEP protein expression at 16°C for
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∼18 h. Cell pellets were collected and lysed in lysis buffer (50 mM
HEPES, 300 mM NaCl, 1 mM MgCl2, 1 μl/25 ml DNase I, 0.1%
TritonX-100, 1mM PMSF, pH 7) with sonication. After
centrifugation, the supernatant was collected and subjected to a
three-step purification, including immobilized metal affinity
chromatography, ion-exchange chromatography, and size
exclusion chromatography. Activation of purified proenzyme was
performed under acidic conditions (20mM phosphate buffer,
0.5 mMN-Lauroylsarcosine, pH 4.5) at 37°C for 15–30min. In
addition, the activation was conducted by adding 1% or 5% acetic
acid to adjust the pH to 4–4.5 with 0.5 mMN-Lauroylsarcosine, at
4°C for 10–16 h. The active form of the enzyme was purified by size
exclusion chromatography using acidic buffer (20mM HEPES,
150mM NaCl, 1 mM EDTA, 1mM DTT, 5% glycerol, pH 4).
The purified active form of the enzyme was stored at −80°C. In-
gel digestion followed byMS/MS de novo sequencing was performed
to characterize autocleavage sites in the C terminus.

pH-Dependent Cyclization
To determine the optimal pH for cyclization activity of VcAEP
and mutants, reaction mixtures containing the active enzyme
(200 nM for wild type and 100 nM for Vc1a-1c) and substrate
(4 μM for wild type, 20 μM for Vc1a, 50 μM for Vc1b, and
100 μM for Vc1c) were incubated at 37°C for 15 min
according to the catalytic efficiency. The reaction buffers
contain 20 mM phosphate, 1 mM EDTA, 1 mM DTT. The
wild-type VcAEP displays slow enzymatic activity compared to
the mutants, and no product was observed in 15 min using the
same enzyme:substrate ratio as the mutants. Thus, for the wild
type VcAEP, we increased the enzyme concentration from 100 to
200 nM. Similarly, we decreased the substrate concentration to
4 μM. Reaction products were analyzed by calculating the peak
areas of MALDI-TOF mass spectrometry.

Kinetics Study Using FRET-Mediated Assay
A kinetics study of enzyme cyclization and ligation was
conducted using fluorescence resonance energy transfer
(FRET) at 37°C and pH 6.5. Fluorescence was recorded with a
BioTek Cytation 5 cell imaging multimode plate reader at
excitation and emission wavelengths of 390 and 460 nm,
respectively. The initial rates V0 (μM/s) for different substrate
concentrations were calculated using the Michaelis-Menten
equation. Vmax and Km and consequently kcat and kcat/Km
were calculated using GraphPad Prism. All FRET substrates were
synthesized by standard Fmoc-based solid-phase peptide
synthesis on rink amide resin (Alsina et al., 2000). EDANS
was introduced by using Fmoc-Glu(EDANS)-OH. DABCYL
was directly coupled to ε-amine of Lys residue in dry DCM
containing 2x DIEA of DABSYL for 2 h, at room temperature. All
peptides were cleaved in 95% TFA/2.5% H2O/2.5% TIS cleavage
solution and purified by preparative RP-HPLC.

Applications
The synthetic fluorescent peptide EDANS-ANGI contains a
signal “NGI” that can be recognized by ligases. DARPin9_26
was recombinantly expressed with an N-terminal His tag and
TEV cleavage site. TEV cleavage exposes an N-terminal dipeptide

“GL” that can function as an incoming nucleophilic attack group.
The reaction was conducted at 37°C and pH 6.5 with 20 nM Vc1c
and 4 μMDARPin9_26. DARPins that are successfully ligated with
fluorescent peptide produce a green color under UV radiation.

SfGFP is used as an example of Vc1c-mediated protein
circularization. Acyclic sfGFP was recombinantly expressed
with additional PAL-recognizing tags (N-terminal Met-Ile and
C-terminal Asn-Ser-Leu-His6). The reaction was conducted at
37°C, pH 6.5, in the presence of 25 μMGFP and 0.5 μMVc1c. The
products were determined by high-resolution ESI-MS.

Application of Vc1c for MCF-7 cell surface labeling was
performed as follows. First, MCF-7 cells cultured in plates
were detached and resuspended in phosphate buffer (PBS, pH
7.4). Then, 50 μM of fluorescein-peptide and 200 nM of ligase
were added to the solution and incubated at 37°C for 1 h. The cells
were then washed 5 times with PBS to remove residual peptides
and were resuspended in PBS buffer. FITC channels were used to
detect fluorescein peptide-labeled cells.

RESULTS AND DISCUSSION

Expression, Purification, and Activation of
VcAEP
The VcAEP sequence was obtained by data mining using the core
domains of butelase-1 and OaAEP1b. VcAEP has 68.2% sequence
identity and 85.7% similarity with butelase-1 and 65.9% identity
and 89.1% similarity with OaAEP1b. To purify recombinant
VcAEP, the cDNA sequence containing a His-Ub (hexa-
histidine-ubiquitin) tag was synthesized and cloned into
pET28a(+) (Figure 1A). The plasmid was expressed in SHuffle
T7, an E. coli strain with enhanced folding capacity. The affinity-
purified proenzyme of VcAEP was obtained using immobilized
metal affinity chromatography (IMAC) followed by ion exchange
(IEX) and size exclusion chromatography (SEC).

Similar to the previously reported OaAEP1b (Yang et al.,
2017), the VcAEP proenzyme was obtained in two forms with
or without a His-Ub tag (proform 1 and 2) (Figures 1A,B left,
and Supplementary Figure S5). Both forms were around 50 kDa
on SDS-PAGE (Figure 1B, left upper), but only the proform 1
with a His-Ub tag was detected on western blot using an anti-His
antibody (Figure 1B, left lower). The active form of VcAEP
(activated form, 3) was generated by incubation at 37°C for
30 min with 0.5 mM lauroylsarcosine to promote acidic
activation at pH 4.5 (20 mM sodium phosphate buffer, 1 mM
EDTA), followed by purification by SEC using pH 4 buffer
(Figure 1B, middle and right). Autoactivation sites were
determined by LC-MS/MS sequencing of the tryptic-digested
active forms. The Asn/Asp cleavage sites at both ends of the
core domain were N35 in the N-terminal region (NTR) and
D343/D349/N360 in the cap domain (Figure 1A and
Supplementary Figure S6). The cleavage sites of the truncated
form and cap domain were also determined (Supplementary
Figures S7, S8). The result implies that a multi-step cleavage is
involved in the VcAEP acidic auto-activation. In addition, the
processed activated form 3 of VcAEP retains a short cap domain,
which might be helpful for the stabilization of activated form.
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Characterization of VcAEP Activity
AEPs require a tripeptide recognition motif Asx-Xaa-Yaa (P1-
P1′-P2′, using Schechter and Berger nomenclature) to make
peptide bonds (Abramowitz et al., 1967). Generally, at the P1′
position, the substrate requirements are not stringent, although
small amino acid residues are typically present. At P2′, bulky
and aromatic amino acid residues are required for AEPs to carry
out ligations (Figure 2A) (Nguyen et al., 2014; Jackson et al.,
2020). We synthesized a 16-residue model peptide substrates
GN14-GI (GISTKSIPPISYAN14-GI) to characterize the activity
of VcAEP. The functional activity of VcAEP at pH 6 was initially
assayed by MALDI-TOF mass spectrometry using GN14-GI
(MW 1618 Da) to determine its ligation efficiency to yield
the 14-residue cyclic product cGN14 (MW 1429 Da) or its
proteolytic activity to yield the linear product GN14 (MW
1447 Da) (Figure 2B). Under given conditions, both cyclic
(15%) and linear products (5%) were generated, indicating
that VcAEP is a dual-function enzyme that has both protease
and ligase activities (Figure 2C).

The ligase activity of AEPs and PALs is highly dependent on pH
(Hemu et al., 2019; Hemu et al., 2020). Thus, we performed the pH-
dependent cyclization of VcAEP over the range of pH 4–8 using
GN14-GI. The reactions were conducted at 37°C for 15 min at the
indicated pH. The yield of cyclic product (MW1430 Da) and linear
product (MW 1448 Da) were quantified in triplicate by calculating
the peak areas of MALDI-TOF mass spectrometry. VcAEP

displays a low ligase activity between pH 4–7 toward the
peptide substrate GN14-GI with a high enzyme concentration of
1:20 molar ratio of enzyme to substrate (Figure 2D).

Mutants Targeting S2 and S19
Substrate-Binding Pockets Display Potent
Ligase Activities
Sequence alignment of known AEPs and ligases shows that the
S1 and S3 pockets are highly conserved. Meanwhile, the S2′
pocket contains four residues that have diverse sequences and
are located relatively far from the catalytic S1 pocket (Figures
3A,B). Sequence variations of S2 and S1′ substrate-binding
pockets are vital factors to control the ligase activity of AEPs.
The S2 pocket, also known as the “gate-keeper” or LAD1,
comprises three residues, of which the first residue is an
aromatic Trp or Tyr and the third residue is hydrophobic
residues Ala/Val or neutral residues Thr/Tyr. The ligases
tend to have Val/Ile/Cys as the middle residue, whereas
proteases often have Gly. The S1′ pocket, also known as
LAD2, has two residues. Ligases often have Gly-Ala or Ala-
Ala or Ala-Pro, and AEPs typically have Gly-Pro. It should be
noted that the ligase activity of AEP is not solely determined
by substrate-binding pockets, but rather results from
cooperation of different factors (Haywood et al., 2018;
Jackson et al., 2018).

FIGURE 1 | Purification and activation of VcAEP. (A) Schematic representation of recombinant VcAEP constructs. Pro-VcAEP 1: full-length proenzyme form
expressed with His-Ub-VcAEP (His � His6 tag, Ub � ubiquitin) and ending at P467. Pro-VcAEP 2: full-length VcAEP without the His-tag. Activated-VcAEP 3: active form
of VcAEP after acidic autoactivation that begins with G36 and ends with N360. Truncated-VcAEP 4: truncated form of VcAEP, starting with Y62 and ending with D343.
Cap 5: cleaved cap domain after acidic autoactivation, starting with A364 and ending with P467. The processing sites were determined by in-gel trypsin digestion
followed by MS/MS de novo sequencing. NTR, N-terminal region; LR, linker region. (B) Purification, expression and activation of VcAEP. Left panel: analysis of purified
fractions obtained from SEC chromatography, SDS-PAGE (upper) and western blot (lower). SDS-PAGE shows two bands, Pro-VcAEP 1 and Pro-VcAEP 2 (see panel A),
with the lower band 2 being the VcAEP proenzyme without the His tag. Middle panel: SDS-PAGE analysis of the lauroylsarcosine-mediated acidic autoactivation of Pre-
VcAEP 1 and Pro-VcAEP 2 and its products Activated-VcAEP 3, Truncated-VcAEP 4, and Cap 5, performed at pH 4–5 at 37°C for 30 min to generate Activated-VcAEP
3 (∼37 kDa). NA: no activation. Right panel: SDS-PAGE analysis of purified Activated-VcAEP 3 by SEC chromatography using pH 4 buffer.
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Previously, our laboratory engineered eight PAL-like mutants
of butelase-2 which is an AEP with protease activity at acidic pH.
These PAL-like mutants targets both the LAD1 and LAD2 sites
(see Figure 3B). They include Bu2a (V/GP), Bu2b (I/GP), and
Bu2c (A/GP), targeting the middle residue of LAD1 motif Gly252
by substituting it with Val, Ile, or Ala, respectively. We also
prepared LAD2 mutants targeting Gly182-Pro183 by substituting
them with Ala, giving Bu2d (G/GA) (butelase-1-like) and Bu2e (G/
AP) (VyPAL2-like). In addition, we engineered double-site-LAD
mutants: Bu2f (V/AP) (VyPAL2-like), Bu2g (V/GA which is
butelase-1-like), and Bu2h (V/AA whichOaAEP1b-like). The best
engineered butelase-2 mutant acting as a butelase-1 was Bu2g which
containsmutations in both LAD1 and LAD2 sites (Hemu et al., 2020).

To confirm our mutation study of converting butelase-2 from
a protease to a ligase, we herein focus on engineering the S2 and
S1′ pockets of VcAEP corresponding to the LAD1 and LAD2
sites, respectively, to promote its ligase activity and demonstrate
the essential roles these factors play in AEP ligase activity.
According to the LAD hypothesis, VcAEP is a bifunctional
AEP with a Trp-Val-Ala sequence in the S2 pocket and thus is

considered a ligase. In contrast, the S1′ pocket sequence of
VcAEP is Tyr-Pro, which does not fit the criteria for ligases.
To validate the LAD hypothesis, we engineered three mutants:
VcAEP-V238A or Vc1a that has an Ala substituted for Val in the
middle residue in the LAD1 motif at position 238 (V238A);
VcAEP-Y168A or Vc1b that has the LAD2 residue Y168 changed
to Ala; and VcAEP-V238A/Y168A or Vc1c, a double mutant
targeting both LAD1 and LAD2 pockets (Figure 3B). We used a
similar protocol to express, purify, and activate these mutants as
was used for wild type VcAEP (Supplementary Figure S9).
Although Vc1a and Vc1b differ by a single amino acid, they
migrated differently in SDS-PAGE as bands MW <37 and
>37 kDa, respectively. We do not have an explanation for this
result. However, we found that Vc1c and Vc1a which differ also
by a single amino acid migrated similarly in the SDS-PAGE.

To compare the ligase activity of the mutants Vc1a-1c to the
wild type VcAEP, we performed the pH-dependent cyclization
reactions mediated by Vc1a-1c. The ligation reactions were
performed over the pH range of pH 4 to pH 8 using the
peptide substrate GN14-GI, at 37°C for 15 min. The yield of

FIGURE 2 | Analysis of VcAEP AEP activity. (A) Nomenclature of AEP/PAL and substrate, using the peptide substrate GN14-GI (GISTKSIPPISYAN-GI) as a model.
Based on the nomenclature of substrate binding of protease proposed by Schechter and Berger, the cleavage site of the substrate is named P1 (red), and the
corresponding binding pocket of the enzyme is S1. After cleavage, the amino acid residues of leaving group are P1′, P2′, P3′ Etc (orange). For PALs to cyclize or ligate
substrate, the amino acid residues of the incoming group are P1″, P2″, P3″ etc., (blue). X stands for the 20 amino acids. (B) Schematic representations of AEP-
mediated cyclization and hydrolysis of the 16-residue peptide substrate GN14N-GI (MW 1618 Da). The P1-Asn position is colored red. The enzymatic reaction of VcAEP
yields two products: the 14-residue cyclic product cGN14 (1429 Da) and 14-residue linear product GN14 (1447 Da) with release of a GI dipeptide. (C) Representative
MALDI-TOF mass spectrometry of the cyclic product cGN14 and the linear product GN14 generated by VcAEP together with GN14N-GI as the starting material. The
reaction was conducted at pH 6, at 37°C for 15 min with a 1:20 molar ratio of enzyme:substrate. (D) Product yields of VcAEP wild type were quantified by calculating the
peak areas of MALDI-TOF mass spectrometry. Gray and black bars indicate the percentage yield of linear product and cyclic product, respectively. The reactions were
conducted at 37°C for 15 min with a molar enzyme:substrate ratio of 1:20 (VcAEP). Average yield and SDs were calculated from experiments performed in triplicate.
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cyclic product (MW 1430 Da) and linear product (MW 1448 Da)
were quantified in triplicate by MALDI-TOF mass spectrometry.

Vc1a (VcAEP-V238A), a LAD1 mutant that has a V238A
mutation in the S2 binding pocket, displayed dominant protease
activity at pH < 6, but dominant ligase activity at pH > 6.5 using

the GN14-GI peptide substrate at a 1:200 molar ratio of enzyme to
substrate. Using the same reaction time and temperature, Vc1a
consumed substrate at a much faster rate than wild type VcAEP.
As such, we used a 1:200 enzyme:substrate molar ratio for Vc1a
and 1:20 for VcAEP because Vc1a is a “faster” enzyme compared
to VcAEP (Figure 4A).

The process for AEP and PAL to produce linear or cyclic
products mainly involves two steps: formation of an S-acyl
intermediate that then undergoes nucleophilic attack by a
water molecule (hydrolysis) or a free amine of the peptide
substrate (ligation). LAD1 is proposed to affect the formation
of the S-acyl intermediate, which is the rate-limiting step, by
shifting the molecular surface toward the incoming peptide
substrate to affect the overall reaction rate (Hemu et al., 2020).
Therefore, substitution of Ala for Val at position 238 of LAD1 is
likely to accelerate the formation of the S-acyl intermediate and
the overall catalysis process, including the production of linear
and cyclic products.

Vc1b (VcAEP-Y168A) has a Tyr to Ala mutation in the LAD2
pocket (Y168A) and exhibited dominant ligase activity at pH >
4.5 and no visible hydrolytic product at pH > 6.5 using the
peptide substrate GN14-GI at a 1:500 molar ratio of enzyme to
substrate. At pH 6.5, about 60% cyclization yield was observed
(Figure 4B). This result supports the LAD hypothesis that LAD2
plays a more direct role in determining AEP enzyme
directionality. The wild type VcAEP has a Tyr-Pro dipeptide
in LAD2, and the bulky Tyr would likely accelerate the departure
of the leaving group, such that water molecules would have
increased opportunity to attack the S-acyl intermediate and in
turn generate more hydrolysis product. However, Vc1b with an
Ala-Pro dipeptide in LAD2 would retain the leaving group for a
longer time to allow selectively an incoming amine group to be
ligated.

The double mutant Vc1c (VcAEP-V238A/Y168A) with
mutations in both LAD1 and LAD2 showed the fastest
activity of all four enzymes tested. Moreover, Vc1c generated
>80% cyclic product between pH 5 and 6.5 using the peptide
substrate GN14-GI at a 1:1000 molar ratio of enzyme:substrate
(Figure 4C). Engineering both LAD1 and LAD2 in Vc1c
integrated the advantages of substitutions at both sites to
enhance catalytic efficiency of peptide bond formation.
Together, our results show that both LAD mutants, Vc1b
and Vc1c, display significant ligase activity at physiological
pH and could be valuable for peptide/protein engineering
applications.

Kinetic Studies of VcAEP and Vc1a-1c
To figure out the catalytic potency of the VcAEP and its mutants,
we determined their catalytic efficiency using the fluorescence
resonance energy transfer (FRET)-base assay. FRET substrates
were synthesized by standard Fmoc-based solid-phase peptide
synthesis on rink amide resin (Alsina et al., 2000). The
fluorophore EDANS was introduced by using Fmoc-
Glu(EDANS)-OH. DABCYL was directly coupled to the
ε-amine of Lys residue.

We initially performed the kinetics study for the wild type
VcAEP and its mutant Vc1a using a 17-residue peptide substrate

FIGURE 3 | Engineering a ligase from a dual-functional AEP, VcAEP. (A)
Proposed substrate binding pockets (S3, S2, S1, S1′, S2′) based on the
crystal structure of the VcAEP proform (pdb: 5ZBI). The S3 pocket (orange)
comprises residues C241, Q244, and C255, S2 (purple) W237, V238,
and A239, S1 (green) N61, R63, H64, D165, H166, E206, C208, and S236,
S1′ (cyan) Y168 and P169, S2′ (red) V171, G173, Y179, and Y181. (B)
Sequence alignment of substrate-binding pockets of known AEPs for which
protease activity dominates (e.g., CeAEP, butelase-2), and PALs having
dominant ligase activity (e.g., butelase-1, VyPAL2). The blue arrow indicates
increasing ligase activity and the red arrow indicates increasing protease
activity. The three engineered VcAEP mutants having mutations at S2 (V238
using VcAEP numbering) and S1′ (Y168) sites are Vc1a (V238A), Vc1b
(Y168A), and Vc1c (V238A Y168A). Color codes are the same as for (A) and
(B)with S3 in orange, S2 in purple, S1 in green, S1′ in cyan, and S2 in red. The
catalytic triad N61, H166, and C208 in the oxyanion hole corresponding to S1
is colored red. Key residues in the S1′ and S2 pockets for steering AEP or PAL
activities (panel B) are respectively colored cyan for Y168P169, and purple for
V238. Residues comprising the catalytic S1, S1′, S2′, S2 and S3 pockets are
framed by a green, cyan, red, purple and orange box, respectively. Three
VcAEP mutants with increasing ligase activity were engineered that target S2
and S1′ pockets (indicated by black arrows).
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GISTKSIPPIE(EDANS)YRN-SLK(DABCYL). The determined
kcat/Km of VcAEP and Vc1a using substrate were
4,464 M−1 s−1 and 14,706 M−1 s−1, respectively (Table 1). The
kcat of Vc1a (0.2025 s−1) was about 11-fold higher than that for
VcAEP (0.01863 s−1), indicating that Vc1a can consume substrate
at a much faster rate than VcAEP. Vc1a also shows a 3-fold
increase in kcat relative to VcAEP, suggesting that altering the S2
pocket influences substrate binding such that Vc1a needs more
substrate than VcAEP to perform its activity.

The peptide substrate GISTKSIPPIE(EDANS)YRN-
SLK(DABCYL) was difficult to purify. Consequently, we
synthesized a 13-residue peptide substrate GISKPE(EDANS)
SYAN-GIK(DABCYL) to study the kinetics of Vc1b and Vc1c.
It should be pointed out that both substrates give highly
favored cyclic peptides of 14 and 10 membered rings.
Compared with the turnover rate (kcat) in intra-molecular
ligation for wild type VcAEP (0.01863 s−1), the kcat for Vc1b

and Vc1c was found to increase by 2- (0.03471 s−1) and 120-
fold (2.31 s−1), respectively. Together with the affinity constant
Km, the catalytic efficiency (kcat/Km) of Vc1b and Vc1c in
intra-molecular ligation was calculated to be 20,192 M−1 s−1

and 917,759 M−1 s−1, respectively (Table 1). In this regard,
Vc1c shows a comparable cyclization activity to that of
butelase-1 (GISTKSIPPYRN-SLAN) (Hemu et al., 2019). As
such, Vc1c is one of the most efficient peptide ligases reported
thus far.

Site-specific modifications of proteins are generally inter-
molecular ligation reactions. To determine the capability of
Vc1c in inter-molecular reactions, we synthesized an
N-terminal peptide REAN-GI with the fluorophore (EDANS)
group and a C-terminal peptide GVKR with the quencher
(DABCYL) group. Calculation of Michaelis-Menten kinetics
for Vc1c ligation based on FRET assay results showed a kcat/
Km of 11,166 M−1 s−1 (Table 1) suggesting that the

FIGURE 4 | pH-dependent cyclization efficiency of VcAEP and mutants. (A–C) Quantitative summary of VcAEP mutant Vc1a-Vc1c product yield analyzed using
MALDI-TOF mass spectrometry. Gray and black bars indicate the percentage yield of linear product and cyclic product, respectively. The reactions were conducted at
37°C for 15 min with a molar enzyme:substrate ratio of 1:200 (Vc1a), 1:500 (Vc1b), and 1:1000 (Vc1c). Average yield and SDs were calculated from experiments
performed in triplicate.

TABLE 1 | Kinetic parameters of VcAEP and Vc1a-1c.

Enzyme kcat (s−1) Km (μM) kcat/Km (s−1 M−1) Substrate sequence Enzyme concentration
(μM)

Cyclization VcAEP 0.01863 4.173 4,464 GISTKSIPPIE(EDANS)YRN-SLK(DABCYL) 0.438
Vc1a 0.2025 13.77 14,700 GISTKSIPPIE(EDANS)YRN-SLK(DABCYL) 1.39
Vc1b 0.03471 1.719 200,192 GISKPE(EDANS)SYAN-GIK(DABCYL) 0.06
Vc1c 2.31 2.517 917,759 GISKPE(EDANS)SYAN-GIK(DABCYL) 0.044

Ligation Vc1c 0.3761 33.68 11,166 N-terminal: RE(EDANS)AN-GI 0.044
C-terminal: GVK(DABCYL)
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intermolecular ligation is many fold slower than intramolecular
ligation which has substantially higher effective molarity than
intermolecular reactions. .

Application of Vc1c in Site-Specific Protein
Modifications
The catalytic parameters showed that Vc1c displayed a
substantially improved catalytic efficiency compared to wild
type VcAEP. Next, we showed the versatility of the engineered
Vc1c as a useful tool for chemical biology, site-specific protein
modification, and cell-surface labeling.

Vc1c-Mediated N-Terminal Labeling of DARPin
We first tested the activity of Vc1c in the labeling of DARPins, a
genetically engineering antibody-mimetic protein based on
ankyrin repeat proteins (Bork 1993). DARPins conjugated
with different molecules have been used for various
applications (Stumpp, Binz and Amstutz 2008). DARPin can
be selected from a library to bind to any desired target, such as
human epidermal growth factor receptor 2 (HER2), a
transmembrane protein overexpressed on the surface of some
breast cancer cells (Ross 2009). DARPins represent a new
generation of protein therapeutics, and the development of
various methods for DARPin labeling is of great importance.

Vc1c was able to mediate DARPin9_26 N-terminal labeling.
First, a fluorescence peptide RE(EDANS)AN-GI was
synthesized as an N-terminal peptide. Then, GL-
DARPin9_26 having the N-terminal residues “Gly-Leu” was
recombinantly expressed (Figure 5A). The reaction was
performed at 37°C, pH 6.5 with 20 nM Vc1c and 4 μM
DARPin9_26 and was complete within 30 min. This result
showed that Vc1c efficiently ligated DARPin9_26 to
fluorescent peptides (Figure 5B).

Vc1c-Mediated GFP Cyclization
Green Fluorescent Protein (GFP) is a widely used reporter for
many applications including studies of protein folding, gene
translation, and protein-protein interactions (Kalir et al., 2001;
Waldo 2003; Magliery et al., 2005). A GFP variant, “super
folder” GFP (sfGFP), was developed to reduce aggregation
and increase folding efficiency (Pédelacq et al., 2006). In
addition, the circular topology of proteins can contribute to
improved stability. To demonstrate the feasibility of Vc1c to

FIGURE 5 | Vc1c-mediated protein labelling. (A) Schematic of Vc1c-
mediated ligation of DARPin (generated from PDB code 2QYJ) with
fluorescent peptide RE(EDANS)AN-GI. A fluorescent peptide RE(EDANS)AN-
GI was synthesized and DARPin9_26 was co-expressed with an
N-terminal Gly-Leu dipeptide. The ligase can recognize and cleave the
C-terminal Gly-Ile of the fluorescent peptide, and ligate it to the GL-
DARPin9_26 N terminus. (B) Left panel: SDS-PAGE gel after Coomassie blue
staining showing bands for DARPin9_26 around 15 kDa; Right: SDS-PAGE
gel under UV illumination. The reaction was performed at 37°C, pH 6.5 with
20 nM Vc1c and 4 μM DARPin9_26.

FIGURE 6 | Application of Vc1c in end-to-end cyclization of sfGFP. (A)
Scheme of ligase-mediated sfGFP (generated from PDB code 2B3P)
cyclization. sfGFP was co-expressed with an N-terminal Met-Ile and a
C-terminal Asn-Ser-Leu-His6. The ligase can recognize and cleave the
C-terminal motif Ser-Leu-His6 and perform end-to-end cyclization of sfGFP.
(B) Upper: ESI-MS characterization of CM-sfGFP-NSL-His6 starting material
or acyclic sfGFP (left) and cyclic sfGFP (right); Lower: Deconvolution of sfGFP
cyclization (CM-sfGFP-NSL-His6: Cal. 28261, Obs. 28263; Cyclic sfGFP: Cal.
27220, Obs. 27220). The cyclization reaction was performed at pH 7.0, 37°C
for 30 min using 25 µM CM-sfGFP-NSL-His6 and 500 nM Vc1c.
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catalyze end-to-end protein cyclization, we expressed sfGFP
with an additional N-terminal Met-Ile and a C-terminal Asn-
Ser-Leu-His6 (Figure 6A). The cyclization reaction was
performed in the presence of 25 μM GFP and 0.5 μM Vc1c.
The reaction was complete within 30 min, as determined by
high-resolution ESI-MS (Figure 6B).

Vc1c-Mediated MCF-7 Cell Surface Labeling
AEP-mediated cell surface labeling is a promising method
for cell surface modifications (Bi et al., 2017; Harmand et al.,
2021). Previous study has shown that AEP can be used for cell
surface modification by specifically labeling the C-terminal
hTFR-NHV (Bi et al., 2020). However, the labeling efficiency
is limited due to the unsatisfactory amount of receptor
protein was expressed on the cell surface. To establish a
convenient and highly efficient labeling strategy, we explore
the use of PAL enzyme for unspecific cell surface N-terminal
amine labeling. To perform the reaction, MCF-7 cells (a
typical cancer cell line) were detached and suspended in
PBS buffer. The reaction was conducted using 50 μM of
fluorescein-GRAN-GI and 200 nM of Vc1c at 37°C for 1 h.
The cells were then washed and suspended in PBS buffer for
flow cytometry with FITC channels used to detect fluorescein
peptide-labeled cells (Figure 7A). MCF-7 cells were successfully
labeled with Vc1c in the presence of fluorescein peptides

(Figure 7B). These findings show that Vc1c is an efficient
ligase for the modification of cell surface proteins, and thus
this engineered protein could be valuable for biotechnology
applications.

CONCLUSION

In this report, we successfully engineer an AEP from Viola
canadensis to an AEP-type ligase or PAL by mutating the
residues that reside in the substrate-binding pockets flanking
the S1 active site. Ligases are useful for site-specific
modification proteins and cell-surface labeling which are
valuable tools for biotechnology, drug development, and
theranostics. A prerequisite requirement is that they can be
used under mild conditions, preferably under physiological
conditions. PALs fulfill this requirement. Although PALs and
AEPs share similar structure and substrate specificity, PALs
are rare compared to AEPs. Thus, the ability to engineer a
more commonly found AEP to a PAL will provide an
additional ligase with a different ligase profile to expand the
repertoire of PALs which can be used alone or combined with
another ligase for tandem, orthogonal, and one-pot ligation
(Harmand et al., 2018; Wang et al., 2021; Zhang et al., 2021). In
addition, we have found that these AEP-type ligases have
different tripeptide recognition signal, substrate specificity
and optimal pH for ligation reactions. Importantly, the
mutant Vc1c can be expressed and purified in yields
ranging from 5 to 10 mg/L of bacteria culture. The
engineered ligase Vc1c is one of the most efficient ligases
known to date. In addition, we show that the engineered
enzyme Vc1c is a versatile tool in both peptide and protein
cyclization, protein and cell-surface labeling, comparable to
the natural or recombinant expressed butelase-1 (Nguyen
et al., 2014; Hemu et al. 2021). Together, we provide
a method to engineer a ligase and valuable tools for site-
specific modification of proteins which can be further used
in theranostic applications.
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FIGURE 7 | Vc1c-mediated MCF-7 cell labelling. (A) Schematic of MCF-
7 cell surface amine labelling with the peptide fluorescein-GRANGI using
Vc1c. (B) Flow cytometry analysis of MCF-7 labelling with the peptide
fluorescein-GRANGI. Untreated cells with neither peptide nor ligase
added and cells with only peptide added were used as negative controls. The
reaction was conducted at 37°C for 1 h using 50 μM fluorescein-peptide and
200 nM Vc1c.
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A Genetically Encoded Picolyl Azide
for Improved Live Cell Copper Click
Labeling
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Bioorthogonal chemistry allows rapid and highly selective reactivity in biological
environments. The copper-catalyzed azide–alkyne cycloaddition (CuAAC) is a classic
bioorthogonal reaction routinely used to modify azides or alkynes that have been
introduced into biomolecules. Amber suppression is an efficient method for
incorporating such chemical handles into proteins on the ribosome, in which
noncanonical amino acids (ncAAs) are site specifically introduced into the polypeptide
in response to an amber (UAG) stop codon. A variety of ncAA structures containing azides
or alkynes have been proven useful for performing CuAAC chemistry on proteins. To
improve CuAAC efficiency, biologically incorporated alkyne groups can be reacted with
azide substrates that contain copper-chelating groups. However, the direct incorporation
of copper-chelating azides into proteins has not been explored. To remedy this, we
prepared the ncAA paz-lysine (PazK), which contains a picolyl azide motif. We show that
PazK is efficiently incorporated into proteins by amber suppression in mammalian cells.
Furthermore, PazK-labeled proteins show improved reactivity with alkyne reagents in
CuAAC.

Keywords: genetic code expansion, amber suppression, noncanonical amino acid, bioorthogonal chemistry, click
chemistry, copper catalyzed azide–alkyne cycloaddition (CuAAC)

INTRODUCTION

Genetic code expansion allows the expression of proteins with distinct chemical handles through the
residue- or site-specific introduction of noncanonical amino acids (ncAAs). First established in
Escherichia coli, genetic code expansion has been adapted to all domains of life (Chin, 2014; Chin,
2017; Brown et al., 2018). When incorporated into proteins, ncAAs can confer a plethora of different
functionalities: posttranslational modifications, crosslinking, spectroscopic probes, and also
bioorthogonal chemical handles for selective reactions in the cellular context (Sletten and
Bertozzi, 2009; Lang and Chin, 2014; Drienovská and Roelfes, 2020). Bioorthogonal chemistries
enable endless possibilities for further derivatizing ncAA-containing proteins in or on live cells with
fluorophores, lipids, or affinity handles (Lang et al., 2012; Elliott et al., 2014; Lang and Chin, 2014;
Peng and Hang, 2016; Li et al., 2020; Meineke et al., 2020). The copper-catalyzed azide–alkyne
cycloaddition (CuAAC, also referred to as “click” chemistry), is a Cu(I)-dependent, fast,
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biorthogonal, and widely utilized reaction to form covalent
bonds between alkyne and azide moieties (Rostovtsev et al.,
2002; Tornøe et al., 2002; Hein and Fokin, 2010; Haldón et al.,
2015; Li and Zhang, 2016). To circumvent the need for Cu(I)
catalysis, strained alkynes have also been realized in so-called
strain-promoted azide–alkyne cycloaddition (SPAAC)
reactions (Beatty et al., 2010; Jewett et al., 2010). Alkyne
and azide ncAAs, e.g., the methionine analogs azido-
alanine, 6-azido-norleucine, and homopropargylglycine, can
be used for CuAAC-mediated metabolic labeling. These
ncAAs are substrates for the endogenous translation
machinery, charged onto tRNAMet by methionyl-tRNA-
synthetase (or an engineered mutant) and stochastically
incorporated into nascent proteins in response to the AUG
codon (Saleh et al., 2019). Site-directed incorporation of
ncAAs into proteins, on the other hand, requires
reprogramming of one codon and introduction of a
dedicated, engineered pair of tRNA and aminoacyl-tRNA-
synthetase (aaRS) that is orthogonal to, i.e., not interfering
with, the translation machinery of the host. A widely used
strategy to reprogram a codon is amber suppression, as the
amber codon (UAG) is the least abundant of the three stop
codons in E. coli and mammalian cells. Two different tRNA/
aaRS systems have been used to site specifically install azide
moieties in eukaryotic cells: AzFRS has been engineered from
E. coli TyrRS to accept azido-phenylalanine (AzF) (Chin et al.,
2002; Liu et al., 2007; Ye et al., 2009; Ye et al., 2010). AzFRS is
combined with an amber suppressor mutant of Bacillus
stearothermophilus TyrT (Bst TyrTCUA) for AzF
incorporation in the mammalian system, which has shown
higher expression than the cognate EcoTyrT (Sakamoto et al.,
2002; Liu et al., 2007). AzF is routinely used for UV-
crosslinking studies [reviewed in (Coin, 2018)]; the azide is
also reactive in CuAAC or other click reactions (Bundy and
Swartz, 2010; Tian et al., 2014). An alternative tRNA/aaRS pair
for amber suppression is the versatile pyrrolysine-tRNA (PylT)
and pyrrolysine-tRNA-synthetase (PylRS) pair derived from
methanogenic archaea, which is orthogonal across bacterial
and eukaryotic hosts. Methanosarcina mazei PylT/RS (Mma
PylT/RS)-mediated ncAA incorporation is efficient in
mammalian cells, and a large number of active site mutants
for incorporation of structurally diverse ncAAs have been
described. The lysine-based ncAAs N-propargyl-L-lysine
(ProK) and N-ε-([2-Azidoethoxy]carbonyl)-L-lysine
(AzeoK) are efficiently incorporated with the Mma PylT/RS
pair (Nguyen et al., 2009; Meineke et al., 2020). Thus, genetic
incorporation of azides and alkynes has provided facile means
to derivatize proteins using bioorthogonal CuAAC chemistry.
However, the dependence on Cu(I) for catalysis has provided
challenges in performing CuAAC in a cellular environment.
Due to the sensitivity of Cu(I) ions toward oxidation in the
presence of atmospheric oxygen, Cu(I) is typically generated in
situ using stoichiometric amounts of sodium ascorbate as a
reducing agent. Water-soluble Cu(I) ligands, such as
tris(hydroxypropyltriazolylmethyl)amine (THPTA), have
greatly improved biocompatibility of CuAAC by effectively
complexing Cu(I), enhancing reaction speed at low Cu(I)

concentrations, while inhibiting both the reoxidation of
Cu(I) to Cu(II) and the production of reactive oxygen
species (Hong et al., 2009, 2010). A complementary
approach to increase biocompatibility of CuAAC is the use
of “copper-chelating azides,” such as picolyl azide
(Uttamapinant et al., 2012; Kuang et al., 2010; Brotherton
et al., 2009). Uttamapinant and others have demonstrated that
positioning the azidomethyl group adjacent to the pyridine
nitrogen significantly increases its reactivity in the presence of
low Cu(I) concentrations, presumably by increasing the local
concentration of the catalyst (Uttamapinant et al., 2012).
Interestingly, copper-chelating azides improved reaction
rates at low Cu(I) concentration synergistically with
THPTA; hence, the combination of soluble ligands with
picolyl azide allowed CuAAC to be performed on live cells
at as low as 40 µM Cu(I) concentration, for which no toxicity
was observed (Uttamapinant et al., 2012).

Despite the favorable properties of picolyl azide, genetic
incorporation of copper-chelating azide moieties has not been
reported in literature. Here, we synthesize a picolyl azide-lysine
(PazK) ncAA that is readily incorporated using existing PylT/RS
variants. We find that PazK has improved reactivity over simple
azides in lysate and on live cells, especially at low Cu(I)
concentrations, upgrading the repertoire of genetically
encodable CuAAC reagents.

MATERIALS AND METHODS

Chemical synthesis of picolyl azide-lysine
Experimental procedures for the synthesis of PazK can be found
in the supporting information.

Commercial Non-canonical Amino Acids
4-Azido-L-phenylalanine (AzF, CAS: 33173-53-4, Santa Cruz
Biotechnology) and (S)-2-amino-6-[(2-azidoethoxy)
carbonylamino]hexanoic acid (AzeoK, CAS: 1994331-17-7, Iris
Biotech) were prepared as 100 mM stock solutions in 200 mM
NaOH and 15% DMSO (w/v), and used at the final
concentrations indicated.

DNA constructs
The constructs for expression of Mma PylT/RS wild type (RRID:
Addgene_140009) and AF (RRID: Addgene_140023) variants as
well as the sfGFP150TAG reporter constructs (RRID:
Addgene_154766) were described previously (Meineke et al.,
2018, 2020). We generated analogous constructs for AzFRS
with four repeats of Bst TyrTCUA (RRID: Addgene_140018
and Addgene_174891). The plasmids share a common
architecture and are here collectively referred to as “pAS”
(Amber Suppression) plasmids: the aaRS, reporter or gene of
interest are controlled by an EF1 promoter and followed by an
IRES that allows expression of a downstream selection marker. A
cassette with four tandem repeats of the tRNA gene, controlled by
7SK Pol III promoter, is placed upstream of the EF1 promoter in
antisense orientation. All DNA constructs were verified by Sanger
sequencing.
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Cell culture and transfection
HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, GlutaMAXTM, Thermo) supplemented with
10% (v/v) FBS at 37°C and 5% CO2 atmosphere. For transient
transfection, 1.5–2.0 × 105 cells/ml were seeded 24 h before
transfection with TransIT-LT1 (Mirus) according to the
instructions of the manufacturer. ncAAs were added at the
time of transfection, and cells were harvested after 24 h.

Intact mass spectrometry
A modified transfection protocol was used for larger-scale GFP
expression for bead purification, increasing the amount of total
DNA to 6 μg (Mma PylT/RS AF and PylT/sfGFP150TAG at 2 + 8
ratio) per ml culture and transfecting 5.0–8.0 × 105 cells/ml with
2 μg of polyethylenimine (PEI) per μg of DNA. PazK was
supplemented to 0.5 mM at transfection and until harvest after
6 days. Cells were lysed in RIPA buffer supplemented with 1×
cOmplete protease inhibitor (Roche). The insoluble fraction was
removed by centrifugation. Expressed GFP was captured on GFP-
Trap_MA magnetic beads (ChromoTEK), washed with RIPA
buffer and PBS, and eluted in 1% (v/v) acetic acid.

Purified GFP samples were desalted and rebuffered into
100 mM ammonium acetate, pH 7.5, using ZebaSpin columns
with a 7-kDa cutoff (Thermo). Samples were directly infused into
an Orbitrap Fusion Tribrid mass spectrometer equipped with an
offline nanospray source using borosilicate capillaries (Thermo).
The capillary voltage was 1.5 kV, and the pressure in the ion-
routing multipole was maintained at 0.11 torr. Spectra were
acquired in the Orbitrap mass analyzer operated in high mass
mode at a resolution of 60.000 between 1,000 and 4,000 m/z. Data
were analyzed using Excalibur (Thermo).

Live cell imaging for GFP expression
GFP-expressing HEK293T cells were imaged in a ZOE
Fluorescent Cell Imager (BioRad).

Bioorthogonal labeling in lysate
HEK293T cells were transfected, cultured in the presence of
0.25 mM ncAA for 24 h and lysed in RIPA buffer with 1×
cOmplete protease inhibitor (Roche). The insoluble fraction
was removed by centrifugation. CuAAC was carried out on
equal volume aliquots in 1 mM CuSO4, 1 mM TCEP, 100 µM
THPTA, and 1 µM AF647 dye (AF647-Alkyne or AF647-Picolyl
Azide (Jena Bioscience)) for 1 h at 24°C, 450 rpm followed by
incubation at 4°C overnight. Samples were separated on 4%–20%
Tris-glycine gels (BioRad) and exposed for in-gel fluorescence at
630 nm in a GE AI600 imager and further analyzed by
Western blot.

Bioorthogonal labeling of surface receptor
proteins on live cells
Transfected HEK293T cells were grown in the presence of
0.25 mM PazK or 0.25 mM AzeoK for 24 h. Cells were washed
with PBS and labeled with 5 µM AF647-alkyne dye (Jena
Bioscience), 10–50 µM CuSO4, 50–250 µM THPTA in 2.5 mM
ascorbic acid (from a freshly prepared 100 mM stock) for 10 min

at room temperature (Hong et al., 2010). Cells were collected in
cold PBS, spun down, and lysed in PBS 0.1% (v/v) triton X-100
supplemented with 1× cOmplete protease inhibitor (Roche).
Aliquots were separated on 4%–20% Tris-glycine gels (BioRad)
and exposed for in-gel fluorescence at 460 and 630 nm in a GE
AI600 imager and further analyzed by Western blot.

Labeling of surface receptor proteins on live
cells for fluorescence microscopy
Transfected HEK293T were grown on poly-L-lysine-coated 18-
well imaging slides (Ibidi) in the presence of 0.25 mM PazK or
AzeoK for 24 h. Cells were washed with PBS and labeled with
5 µM alkyne dye (AFdye 647 alkyne, Jena Bioscience) in 50 µM
CuSO4, 250 µM THPTA, and 2.5 mM ascorbic acid for 10 min
at room temperature. Subsequently, the cells were washed with
PBS, counterstained with 2 µM Hoechst33342 (Life
Technologies) in PBS for 30 min, washed again, and fixed in
4% formaldehyde for 10 min. The cells were washed and
imaged in PBS on a Nikon Eclipse Ti2 inverted widefield
microscope, using a ×20 (0.75 NA) objective and filter sets
for DAPI and Cy5 fluorescence.

SDS-PAGE and Western blot
Aliquots of cell lysates were separated on 4–20% Tris-glycine gels
(BioRad) and transferred to nitrocellulose membranes.
Expression of GFP reporter and FLAG-aaRS was confirmed by
immunoblotting with antibodies against GFP (Santa Cruz, RRID:
AB_627695), HA-HRP (Roche, RRID:AB_390917), FLAG-HRP
(Sigma, RRID:AB_439702), GAPDH (Millipore, RRID:
AB_10615768), and corresponding secondary HRP-conjugated
antibodies when needed (BioRad, RRID:AB_11125936 and
Invitrogen, RRID:AB_2534727). Quantitative analysis of gel
lanes was performed using ImageJ software.

RESULTS

Synthesis of picolyl azide-lysine
To synthesize picolyl azide-lysine (PazK), two building blocks
were required, lysine derivative 3 and azide 7 (Figure 1). The
synthesis of 3 commenced with orthogonally protected Nα-Boc-
Nε-Cbz-Lysine 1. After methylation under standard conditions,
hydrogenation afforded 3 (Schnell et al., 2020), which contains
the free side chain amine, in 83% yield over two steps. To access
azide 7, dipicolinic acid dimethyl ester 4 was selectively reduced
with NaBH4 to alcohol 5 in 65% yield. Installation of the requisite
azide functionality was effected using a one-pot process where the
hydroxyl group of 5 was converted into the corresponding alkyl
bromide (PPh3 and CBr4), followed by displacement with sodium
azide without isolation of the bromide intermediate. Subsequent
ester hydrolysis under basic conditions afforded carboxylic acid 7
(Hanna et al., 2017). With building blocks 3 and 7 in hand, amide
formation was performed using standard conditions (EDCI,
HOBt, DIPEA in DMF). Lithium hydroxide-mediated ester
hydrolysis, followed by Boc deprotection under acidic
conditions afforded the desired PazK, as the hydrochloride salt.
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FIGURE 1 | Chemical synthesis of picolyl azide-lysine (PazK).

FIGURE 2 | Amber suppression mediated PazK incorporation into protein in mammalian cells. (A) Schematic depiction of noncanonical amino acid (ncAA)
incorporation into GFP. Expression of an orthogonal tRNA and aaRS pair allows incorporation of ncAAs with azide side chains into the GFP reporter in response to an
amber codon (UAG in the mRNA). (B) Chemical structures of (S)-2-amino-6-[(2-azidoethoxy)carbonylamino]hexanoic acid (AzeoK) and 4-azido-L-phenylalanine (AzF).
(C) Live-cell imaging of HEK293T cells transfected with Methanosarcina mazei pyrrolysine-tRNA/RS (Mma PylT/RS) wt, Mma PylT/RS AF, or Bacillus
stearothermophilus (Bst) TyrT/AzFRS and cognate tRNA/GFP150TAG reporter plasmid (1 + 4 ratio) in the absence (–ncAA) or presence of 0.5 mM of the indicated
ncAA. Images were taken 24 h posttransfection. (D) Intact mass determination of purified GFP containing 150PazK (incorporated withMma PylRS AF in GFP150TAG).
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Methanosarcina mazei
pyrrolysine-tRNA-synthetase AF active site
mutant allows incorporation of picolyl
azide-lysine into proteins
Next, we needed to establish that PazK can be accepted as a
substrate for tRNA aminoacylation by a tRNACUA/aaRS pair
orthogonal in mammalian cells. We used a GFP reporter with an
amber codon at position 150, allowing the use of fluorescence as a
readout for incorporation efficiency. If the ncAA added to the
medium is accepted by the aaRS to aminoacylate the cognate
tRNACUA, the amber stop codon is suppressed, and full-length
fluorescent GFP bearing PazK at position 150 (GFP150PazK) is
produced (Figure 2A).

We tested the incorporation of PazK by Mma PylRS and its
variant with mutations Y306A and Y384F: Mma PylRS AF
(Yanagisawa et al., 2008). Wild-type Mma PylRS can
accommodate a variety of ncAA substrates in its active site,
but the Pyl binding pocket cannot accommodate large or
bulky lysine adducts. The Mma PylRS AF mutant has been
rationally designed to enlarge the ncAA binding pocket
(Yanagisawa et al., 2008; Yanagisawa et al., 2019) and has
enabled incorporation of lysine derivatives with aromatic and
larger hydrocarbon rings (Borrmann et al., 2012; Nikić et al.,
2014; Ge et al., 2016).

The Mma PylT/RS pairs were cotransfected with a PylT/
sfGFP150TAG amber suppression reporter in HEK293T cells.
We assayed AzeoK (Figure 2B) and PazK against a control with
no ncAA, which showed no GFP fluorescence; AzeoK is an
excellent substrate for wild-type Mma PylRS (Meineke et al.,
2020) and, as expected, produced strong GFP fluorescence. PazK
only yielded low GFP fluorescence with the same wild-type PylT/
RS-transfected cells (Figure 2C). By adding AzeoK and PazK to
Mma PylT/RS AF-expressing cells, we observed similar GFP
fluorescence levels for both ncAAs (Figure 2C, right). For
comparison, we also tested the incorporation of AzF
(Figure 2B) and 6-azido-lysine (6AzK) (Supplementary
Figure S1). AzF was efficiently incorporated in Bst TyrTCUA/
AzFRS-expressing cells as judged by GFP fluorescence
(Figure 2C), while 6AzK was not a substrate for Mma PylT/
RS (Supplementary Figure S1). We further testedMethanogenic
archaeon ISO4-G1 (G1) PylT/RS and G1 PylT/RSY125A pairs
(Meineke et al., 2020) and found that wild-type G1 PylRS
accepted PazK with low efficiency, but G1 PylRSY125A showed
high incorporation efficiency for PazK (Supplementary Figure
S2). Hence, we conclude that azide-bearing ncAAs can be
incorporated well in mammalian cells with existing tRNA/
aaRS pairs.

We further sought to confirm the selective incorporation and
chemical stability of PazK in a target protein. Hence, we purified
sfGFP150PazK from HEK293T cells transfected with PylT/
sfGFP150TAG and Mma PylT/RS AF and performed intact
mass spectrometry. The calculated mass of 27,089 Da and
determined mass of 27,090.2 Da were in agreement,
confirming PazK incorporation and the stability of the picolyl-
azide moiety in the cellular environment (Figure 2D).

Copper-catalyzed azide–alkyne
cycloaddition reactivity of GFP containing
different azide-bearing non-canonical
amino acids
To compare CuAAC labeling of the three azide-containing
ncAAs, AzeoK, PazK, and AzF, we reacted GFP150ncAA with
fluorescent AF647-alkyne in HEK293T cell lysates after
transient transfection of amber-suppressor tRNA/aaRS,
using Mma PylT/RS AF for AzeoK and PazK and Bst TyrT/
AzFRS for AzF (Figure 3A). In agreement with fluorescent
imaging, anti-GFP Western blot confirmed the efficient
incorporation of all three ncAAs, in the order AzF > AzeoK
> PazK under the conditions used. For assessing the specificity
of CuAAC reaction for the three ncAAs, we reacted a
fluorescent dye, AF647-alkyne, via CuAAC in whole-cell
lysate. Here, we chose traditional in vitro conditions with
excess alkyne dye, high concentration of copper salt
(1 mM), 100 µM THPTA, and long reaction time (1 h at RT
followed by overnight incubation at 4°C) to reach a reaction
end point. CuAAC AF647-alkyne yielded a single band
corresponding to the size of GFP visible with in-gel
fluorescence imaging at 630 nm (Figure 3A). No other
bands are observed, confirming that all ncAA are
orthogonal to (i.e., not incorporated by) the endogenous
complement of aaRS enzymes. In principle, stoichiometric
labeling should be observed under the given reaction
conditions for the three azide-modified GFP proteins.
However, despite the lower amount of total GFP produced,
the signal for AF647-labeled GFP was strongest for PazK
and weakest for AzeoK (corresponding to a roughly 7.5-fold
higher AF647/GFP ratio for PazK compared to AzeoK)
(Figure 3A). These results confirm that AzeoK and AzF are
more efficiently incorporated, but suggest that the
incorporated PazK has a higher CuAAC reactivity. There
are several potential explanations for this observation:
terminal azides can undergo reduction to amines, and
aromatic azides are known to be photolabile; hence, some
of the AzeoK and AzF azide moieties may have been eliminated
in cellulo or upon lysis (Milles et al., 2012). On the other hand,
natural Cu(I) chelating molecules in the crude lysate and
reoxidation of Cu(I) to Cu(II) with atmospheric oxygen
may deplete Cu(I) available for CuAAC under elongated
reaction conditions. As an additional control, we performed
an SPAAC reaction with dibenzocyclooctyne (DBCO)-
TAMRA fluorescent dye in lysates of all the three azide-
bearing GFP species and again observed an improved
reactivity of PazK over AzeoK and AzF (Supplementary
Figure S3). This further hinted at the decomposition of the
AzeoK and AzF azide moieties in cellulo or upon cell lysis. In
summary, these results, together with the intact mass
(Figure 2D) suggest that PazK is favorably stable and
reactive compared with other available azide ncAAs. Of
note, SPAAC labeling with DBCO showed less specific
labeling of the azide-bearing GFP and a number of
background bands, in line with prior reports that SPAAC
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reactions are not strictly bioorthogonal due to side reactions
with thiols (van Geel et al., 2012).

Picolyl azide-lysine labelingwith low copper
concentrations
We moved on to investigate CuAAC labeling on live cells, where
the concentration of added copper and labeling conditions must
be optimized to find a compromise between reaction efficiency
and adverse side effects to proteins and cells. CuSO4

concentrations of 50 µM in the presence of excess copper
chelators have been successfully used for live cell CuAAC
labeling, while higher concentrations have been shown to
impact cell viability (Hong et al., 2010; Uttamapinant et al.,

2012; Meineke et al., 2020). We incorporated PazK and AzeoK
withMma PylT/RS AF into an amber mutant of the class B GPCR
corticotropin-releasing factor type 1 receptor (CRFR1 95TAG)
(Coin et al., 2013; Serfling et al., 2018, Serfling et al., 2019).
CuAAC with AF647-alkyne was performed with 5–50 µM CuSO4

and a fivefold excess of THPTA on the surface of live cells
expressing CRFR195AzeoK or CRFR195PazK (Figures 3B, C).
CRFR195AzeoK could be labeled with AF647-alkyne on the
surface of live cells with 50 µM CuSO4, while AF647
fluorescence was barely detectable at 20 µM CuSO4 and
undetectable at 5 µM CuSO4. CRFR195PazK yielded much
stronger specific AF647 fluorescence at 50 and 20 µM CuSO4

despite the lower expression level. Incorporation efficiency of
PazK and AzeoK into CRFR1 can be compared via detection of a

FIGURE 3 | Incorporation of PazK allows copper-catalyzed azide–alkyne cycloaddition (CuAAC) at reduced copper concentrations. (A) CuAAC labeling of azide
ncAAs in GFP in HEK293T cell lysate. Cells were transfected with Mma PylT/RS AF, or Bst TyrT/AzFRS and cognate tRNA/GFP150TAG reporter plasmid (1 + 4 ratio)
and cultured in the absence (–ncAA) or presence of 0.25 mM of the indicated ncAA for 24 h. CuAAC labeling with 1 mMCuSO4, 1 mM TCEP, 100 µM THPTA, and 1 µM
AF647-alkyne in cell lysate. Lysate aliquots were separated by SDS-PAGE and imaged for in-gel fluorescence. Immunostaining for GFP, FLAG-tagged aminoacyl-
tRNA synthetase, and GAPDH loading control after membrane transfer of the same gel. (B, C) CuAAC labeling of CRFR195PazK and CRFR195AzeoK on the surface of live
HEK293T cells. Cells were transfected with Mma PylT/RS AF and Mma PylT/CRFR1 95TAG reporter plasmid (1 + 4 ratio) and cultured in the absence (–ncAA) or
presence of 0.25 mM of the indicated ncAA for 24 h. CuAAC labeling with 5–50 µM CuSO4, 25–250 µM THPTA, and 5 µM AF647-alkyne on live cells. (B) CuAAC-
labeled cells were counterstained with Hoechst 33342, fixed in 4% formaldehyde for fluorescence microscopy. (C) Lysate aliquots were separated by SDS-PAGE and
imaged for in-gel fluorescence. Immunostaining for HA-tagged CRFR1 and FLAG-tagged aminoacyl-tRNA synthetase after membrane transfer of the same gel.
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C-terminal HA tag: at the same ncAA concentration, AzeoK
addition allows much more efficient amber suppression
(Figure 3C). Thus, PazK demonstrated greatly improved
CuAAC reactivity over AzeoK at copper concentrations as low
as 20 μM, while further reducing the copper concentration did not
support CuAAC with either ncAA. Thus, we conclude that PazK,
in combination with THPTA, allows efficient CuAAC reactions on
live cells with minimal expected toxicity (Hong et al., 2010).

DISCUSSION

The discovery of strain-promoted inverse electron-demand
Diels–Alder cycloaddition (SPIEDAC) has enabled versatile
bioorthogonal reactions that are fast, efficient, and nontoxic in
and on live cells (Lang and Chin, 2014; Nikić et al., 2014). As a
result, CuAAC has become obsolete for many fluorescent labeling
and chemical conjugation applications in cellular environments.
However, CuAAC is exquisitely bioorthogonal as well as
orthogonal to SPIEDAC and, thus, remains a universal choice
for performing two orthogonal chemical conjugations in the same
cellular environment (Nikić and Lemke, 2015). We have
previously demonstrated orthogonal dual-color labeling of
surface receptors on live cells combining SPIEDAC and
CuAAC on genetic encoded trans-cyclooct-2-en-lysine
(TCO*K) and ProK. Because PazK is a substrate for Mma
PylRS AF and G1 PylRS Y125A, it cannot be combined with
TCO*K to form a second orthogonal ncAA pair for dual labeling.
However, we note that ProK and PazK could be incorporated
with the orthogonal Mma PylT/PylRS and G1 hybT*/PylRS
Y125A pairs (Meineke et al., 2020), hence, providing a route
for installing site-specific alkynes and azides that could be
employed for orthogonal fluorescent labeling as well as site-
specific intramolecular or intermolecular crosslinking.

Currently, CuAAC reactions are limited to the cell surface
because low intracellular Cu(I) concentration does not permit
catalysis, and artificially raising copper concentrations within cells
is likely toxic (Bevilacqua et al., 2014; Li et al., 2017).We determine a
lower limit of 20 µMof copper for a successful CuAAC reaction with
PazK on live cells. Synthesizing and screening additional structural
variants of PazKmay, in the future, improve incorporation efficiency
and reactivity. For catalysis at even lower free copper concentrations,
the copper-chelating properties of the azide ncAA could be
enhanced by multivalent chelating ligands. For example,
coordinating azides with two or three triazole rings have been
shown, in principle, to enable intracellular CuAAC (Bevilacqua
et al., 2014; Li et al., 2017). It will, thus, be an interesting
challenge if PylT/RS variants can be identified that can accept
larger copper-chelating azides and if availability of Cu(I) in the
intracellular environment would be sufficient for catalysis.
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Ferritin Conjugates With Multiple
Clickable Amino Acids Encoded by
C-Terminal Engineered
Pyrrolysyl-tRNA Synthetase
Yi-Hui Wang1†, Mu-Lung Jian1,2†, Pei-Jung Chen1,2, Jo-Chu Tsou1,2, Le P. Truong1 and
Yane-Shih Wang1,2*

1Institute of Biological Chemistry, Academia Sinica, Taipei, Taiwan, 2Institute of Biochemical Sciences, College of Life Science,
National Taiwan University, Taipei, Taiwan

This study reports the application of expanding genetic codes in developing protein cage-
based delivery systems. The evolved Methanosarcina mazei pyrrolysyl-tRNA synthetase
(PylRS)•tRNAPyl pairs derived from directed evolution are examined to probe their
recognition for para-substituted phenylalanine analogs. The evolved MmPylRS, AzFRS,
harboring a wide range of substrates, is further engineered at the C-terminal region into
another variant, AzFRS-MS. AzFRS-MS shows suppression of the elevated sfGFP protein
amount up to 10 TAG stop codons when charging p-azido-L-phenylalanine (AzF, 4), which
allows the occurrence of click chemistry. Since protein nanocages used as drug delivery
systems that encompass multiple drugs through a site-specific loading approach remain
largely unexplored, as a proof of concept, the application of AzFRS-MS for the site-specific
incorporation of AzF on human heavy chain ferritin (Ftn) is developed. The Ftn-4 conjugate
is shown to be able to load multiple fluorescence dyes or a therapeutic agent, doxorubicin
(Dox), through the strain-promoted azide-alkyne cycloaddition (SPAAC) click reaction.
Aiming to selectively target Her2+ breast cancer cells, Ftn-4-DOX conjugates fused with a
HER2 receptor recognition peptide, anti-Her2/neu peptide (AHNP), is developed and
demonstrated to be able to deliver Dox into the cell and to prolong the drug release. This
work presents another application of evolved MmPylRS systems, whose potential in
developing a variety of protein conjugates is noteworthy.

Keywords: pyrrolysyl-tRNA synthetase, ferritin-drug conjugates, strain-promoted azide-alkyne cycloaddition,
p-Azido-L-phenylalanine, amber suppression efficiency, drug delivery

INTRODUCTION

Protein cages consist of a self-assembled protein hollow shell, such as viral capsids, virus-like
particles, chaperonins, and human ferritin heavy chain (Ftn) (Aumiller et al., 2018). These
biological supermolecules formed by multiple copies of monomer possess symmetric three-
dimensional structures with remarkable stability. Protein cages are widely used as delivery
platforms in bio-nanotechnology and material science. In the field of drug delivery, protein cages
are employed to prolong the half-life of drugs, exert enhanced permeability and retention effect,
reduce nonspecific uptake by introducing targeting ligand, and enhance drug solubility or
endocytosis effect (Zhang et al., 2021). For instance, Ftn is applied to the delivery of enzymes
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(Tetter and Hilvert, 2017; Uchida et al., 2018) and
chemotherapy drugs (Ahn et al., 2018; Song et al., 2021).

Ftn was firstly discovered and isolated from horse spleen. It is
found to be highly conserved across all kingdoms of life and

serves as an iron transporter in biological systems. Ftn consists of
24 subunits that can self-assemble into a spherical structure with
an octahedral symmetry and an outer diameter of around 12 nm.
The N-terminal region of Ftn is pointed outward, whereas the

FIGURE 1 | Synthesis of the Ftn–Dox conjugate and the targeting of Her2+ breast cancer cells. The Ftn–Dox conjugate is synthesized through the expanding
genetic code approach and the SPAAC reaction. The engineered AzFRS-MS•tRNAPyl pair is used to incorporate AzF (4, red filled circle) into Ftn. The installed azido
group is shown as −N3 on the Ftn nanocage. The Ftn–Dox conjugate with the installed anti-Her2/neu peptide (AHNP) facilitates the targeting of breast cancer cells,
BT474, in this study. SPAAC, strain-promoted alkyne-azide cycloaddition.
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C-terminal E-helix of Ftn is pointed inward (Figures 1, Figures
4A) (Theil, 1987). For recognition purposes, the embedded
targeting motifs are usually designed to be genetically fused to
the N-terminus of Ftn, which allows 24 targeting motifs exposed
on the Ftn surface to specifically recognize the target expressed on
cells. Themodified Ftn has been applied in cancer therapies (Song
et al., 2021; Zhang et al., 2021).

In addition, Ftn maintains the assembled nanocage structure
at the temperature up to 80°C and remains stable at the pH range
of 4–12. Ftn can reversibly assemble the cage from disassembled
monomers at neutral pH (Kim et al., 2011). Due to its
physicochemical robustness, Ftn is an ideal candidate to be
covalently modified into a de novo drug delivery platform.

The approach installing versatile and bioorthogonal functional
groups by expanding genetic codes has become a practical
method for the preparation of protein conjugates and is able
to incorporate diverse bioorthogonal click chemistry pairs on
proteins (Liu and Schultz, 2010). For instance, some potent in
vivo bioorthogonal chemical reactions achieved through the
expansion of genetic codes are copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC), strain-promoted alkyne-azide
cycloaddition (SPAAC), and strain-promoted inverse electron-
demand Diels–Alder cycloaddition (Lang and Chin, 2014). The
bioorthogonal pyrrolysyl-tRNA synthetase (PylRS)•tRNAPyl

pairs from archaea Methanosarcina mazei (Mm) (Yanagisawa
et al., 2006; Kavran et al., 2007; Chen et al., 2009) and
Methanosarcina barkeri (Gautier et al., 2010), as well as
eubacteria Desulfitobacterium hafniense (Dh) (Lee et al., 2008;
Nozawa et al., 2009), are widely engineered to incorporate non-
canonical amino acids (ncAAs), mainly for lysine (Cigler et al.,
2017; Xuan et al., 2017; Abdelkader et al., 2021), phenylalanine
(Phe, e.g., ncAAs 1–9, Scheme 1) (Wang et al., 2011; Wang et al.,
2012; Wang et al., 2013), tryptophan (Englert et al., 2015; Jiang

et al., 2020b), histidine (Xiao et al., 2014; Sharma et al., 2016),
cysteine (Nguyen et al., 2014), homoarginine (Mukai et al., 2015),
and aspartic acid analogs (Xuan et al., 2018) into proteins in vivo.
Therefore, clickable ncAAs such as azide, propargyl, bi-
cyclooctyne, trans-cyclooctene, or tetrazine functional groups
can be developed through these pairs (Wan et al., 2014; Tsai
et al., 2015). The CuAAC and SPAAC reactions on proteins are
demonstrated using genetically encoded p-azido-L-phenylalanine
(AzF, 4, Scheme 1) produced through amber TAG stop codon
suppression by evolved Methanococcus jannaschii
TyrRS•MjtRNATyr pair in the Escherichia coli system (Chin
et al., 2002). A semi-rationally designed DhPylRS•DhtRNAPyl

pair is also found to be able to charge 4 in E. coli (Fladischer et al.,
2019). In addition, evolved E. coli TyrRS (E2AziRS)•EctRNATyr

(Sakamoto et al., 2002; Coin et al., 2013) is applied to incorporate
4 onto proteins in mammalian cells. Among these pairs, the
MmPylRS•tRNAPyl pair is shown to offer proper
bioorthogonality spanning from prokaryotes to eukaryotes.
Structural and engineering studies that contributed in the
understanding of interactions among the N-terminal domain
(NTD) (Suzuki et al., 2017; Sharma et al., 2018), the active
site, and the linker region connecting the NTD and the active
site (Suzuki et al., 2017; Jiang et al., 2020a) ofMmPylRS have been
conducted. MmPylRS harbors a large and dynamic active site;
thus, the directed evolution of MmPylRS leads to the
development of mutants with higher suppression efficiency
and the expansion of substrate ranges. Nevertheless, the
MmPylRS•tRNAPyl pair has not evolved for charging 4 in
E. coli and mammalian cells yet.

In this article, the application of rationally designedMmPylRS
variants in the preparation of a fluorophore- or drug-loaded Ftn
delivery system is reported. The MmPylRS variants with
mutations on the C-terminal domain (CTD) that enhances

SCHEME 1 | Chemical structures of ncAAs used in this study. ncAA 1: p-iodo-L-phenylalanine (IF); 2: p-bromo-L-phenylalanine (BrF); 3: p-chloro-L-phenylalanine
(ClF); 4: p-azido-L-phenylalanine (AzF); 5: p-propargyl-L-phenylalanine (PrF); 6: p-methoxy-L-phenylalanine (MeOF); 7: p-methyl-L-phenylalanine (MeF); 8: p-cyano-L-
phenylalanine (CNF); 9: p-nitro-L-phenylalanine (NO2F).
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amber suppression for multiple 4 incorporations on Ftn are
developed to enable the clickable chemistry, i.e., SPAAC, for
the conjugation of fluorophores or drugs. Using the engineered
MmPylRS•tRNAPyl pair, a 4-incorporated Ftn delivery system is
designed to target a breast cancer overly expressed human
epidermal growth factor receptor 2 (HER2-positive; Her2+),
which is more malignant and has a higher incidence as well as
mortality rate among all breast cancer subtypes (Piccart-Gebhart
et al., 2005; Romond et al., 2005). The N-terminus of this Ftn
delivery system is fused with anti-Her2/neu peptide (AHNP)
(Park et al., 2000), a peptide of 12 amino acids derived from
trastuzumab which specifically binds to the HER2 receptor with
high affinity. The chemotherapeutic agent, doxorubicin (Dox),
whose mode of action occurs through its intercalation into
dsDNA in the nucleus, is conjugated on this Ftn delivery
system via the clickable SPAAC reaction. The successful
results herein demonstrate the feasibility of similar designs for
the development of chemical moiety-loaded protein cage systems
and also provide another example for the versatile use of
expanded genetic codes.

MATERIALS AND METHODS

General strains and plasmid construction
The ncAAs 1–9 were purchased from Chem-Impex Inc. (Wood
Dale, IL, USA). Polymerase chain reaction (PCR) was performed
using the KOD Hot Start Polymerase kit (Merck, Bedford, MA,
USA). The oligonucleotide synthesis and DNA sequencing
service were provided by Genomics Inc. (Taipei, Taiwan). The
sfGFP-10ams gene, amber mutations at 10 phenylalanine
positions F8/F27/F46/F71/F100/F114/F130/F145/F165/F223,
and human heavy chain ferritin Ftn gene synthesis with E. coli
codon optimization were performed by Integrated DNA
Technologies (IDT) Inc. The primer sequences in this study
are listed in the Supplementary Materials. The construction
of plasmids pET-sfGFP-27am, pET-sfGFP-2∼8ams, and sfGFP-
10ams followed the general cloning protocols. The sfGFP-27am
gene was generated using the sfGFP gene amplified by PCR from
pET-pylT-sfGFP (Jiang et al., 2020a) and then prepared by
overlapping PCR with two fragments (fragment 1: sfGFP-
NdeI-F and 27am-R; fragment 2: 27am-F and sfGFP-SacI-R).
The overlapped sfGFP-27am gene products and pET-pylT
plasmid were double digested with restriction enzymes NdeI
and SacI and then ligated using T4 DNA ligase. Similarly,
pET-pylT plasmids harboring sfGFP with multiple TAG
amber stop codons were constructed with multiple fragments
by overlapping PCR. Briefly, the sfGFP-2ams gene with F27/F46
amber mutations was synthesized using three fragments:
fragment 1, sfGFP-NdeI-F and 27am-R; fragment 2, 27am-F
and 46am-R; and fragment 3, 46am-F and sfGFP-SacI-R. The
sfGFP-3ams gene, with amber mutations at F8/F71/F100, was
prepared using the following three fragments by overlapping the
PCRmethod: fragment 1, NdeI-F8am-F and 71am-R; fragment 2,
71am-F and 100am-R; and fragment 3, 100am-F and sfGFP-SacI-
R. The sfGFP-4ams gene with F27/F84/F100/F165 amber
mutations was amplified by overlapping PCR using the

following five fragments: fragment 1, sfGFP-NdeI-F and 27am-
R; fragment 2, 27am-F and 84am-R; fragment 3, 84am-F and
100am-R; fragment 4, 100am-F and 165am-R; and fragment 5,
165am-F and sfGFP-SacI-R. The sfGFP-5ams gene with F27/F84/
F100/F114/F165 amber mutations was prepared by two
fragments (fragment 1: sfGFP-NdeI-F and 114am-R; and
fragment 2: 114am-F and sfGFP-SacI-R), using pET-sfGFP-
4ams as the template. The sfGFP-6ams gene with F27/F84/
F100/F114/F165/F223 amber mutations was prepared by two
fragments (fragment 1: sfGFP-NdeI-F and 223am-R; and
fragment 2: 223am-F and sfGFP-SacI-R), using pET-sfGFP-
5ams as the template. The sfGFP-7ams gene with the
additional F8 amber mutation on the sfGFP-6ams gene was
prepared by primers NdeI-F8am-F and sfGFP-SacI-R, using
pET-sfGFP-6ams as the template. The sfGFP-8ams gene with
S2 amber mutation on the sfGFP-7ams gene was prepared by
primers NdeI-F2am-F and sfGFP-SacI-R, using pET-sfGFP-7ams
as the template. The amber codon positions for sfGFP variants are
listed in Supplementary Table S1.

For the construction of the pET-Ftn plasmid, the synthesized
Ftn gene was inserted into the pET-pylT plasmid using the same
approach as to that for the preparation of pET-sfGFP-27am. For
the construction of pET-Ftn-F81am, pET-Ftn-K143am, and
pET-Ftn-2ams, respectively, the Ftn-F81am, Ftn-K143am, and
Ftn-2ams genes were synthesized from wild-type Ftn genes with
F81 and/or K143 amber mutations by overlapping PCR. Briefly,
the Ftn-F81am gene was generated by overlapping two fragments,
fragment 1: Ftn-NdeI-F and F81am-R and fragment 2: F81am-F
and Ftn-SacI-R, using the template pET-Ftn. The Ftn-K143am
and Ftn-2ams genes were synthesized by the same approach using
two fragments, fragment 1: Ftn-NdeI-F and K143am-R; and
fragment 2: K143am-F and Ftn-SacI-R, using templates pET-
Ftn and pET-Ftn-F81am, respectively. The plasmids pET-A-Ftn
and pET-Ftn-A were also constructed by introducing genes
encoding the N- or C-terminal AHNP peptide and linker
(GGGGS)3 to the Ftn gene to generate A-Ftn and Ftn-A genes.
The A-Ftn and Ftn-A genes were synthesized with two fragments
using pET-Ftn as the template: fragment 1 (N-AHNP-F and
N-AHNP-R for A-Ftn construction; whereas C-ANHP-F and
C-ANHP-R for Ftn-A) and fragment 2 (3XG4S-Ftn-F and
3XG4S-Ftn-R for A-Ftn, whereas Ftn-3XG4S-C-ANHP-F and
Ftn-3XG4S-C-ANHP-R for Ftn-A). The plasmids pET-A-Ftn-
F81am, pET-A-Ftn-K143am, and pET-A-Ftn-2ams were
constructed utilizing the same approach, with the same
primers for the construction of the A-Ftn gene and using
pET-Ftn-F81am, pET-Ftn-K143am, and pET-Ftn-2ams as the
templates, respectively.

MmPylRS variants, IFRSs, evolved from directed evolution
(Wang et al., 2011) which charge p-iodo-L-phenylalanine (IF, 1),
were generated with designated mutations on the active site
(Table 1). Briefly, for the construction of the plasmid of
pCDF-IFRS1, the IFRS1 gene product was generated by
overlapping PCR with three fragments using the template
pCDF-PylRS (Jiang et al., 2020b), fragment 1: EcoR1-F and
IFRS1-MLS-R; fragment 2: IFRS1-MLS-F and IFRS1-SM-R;
and fragment 3: IFRS1-SM-F and BamHI-R. The overlapped
IFRS1 gene product and pET-pylT plasmid were then double
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digested with restriction enzymes EcoRI and BamHI and then
ligated using T4 DNA ligase. pCDF-IFRS2 was constructed by
modifying the IFRS1 gene of pCDF-IFRS1, and the overlapping
PCR product was generated with two fragments, fragment 1:
EcoR1-F and IFRS2-TA-R and fragment 2: IFRS1-TA-F and
BamHI-R. For the construction of pCDF-AzFRS, the AzFRS
gene product was generated with three fragments using pCDF-
PylRS as the template, fragment 1: EcoRI-F and AzFRS-AM-R;
fragment 2: AzFRS-AM-F and AzFRS-L-R; and fragment 3:
AzFRS-L-F and BamHI-R. Using pCDF-AzFRS as the DNA
template, different combinations of C-terminal mutations
(listed in the Supplementary Materials), K431M, D433G, and
A441S, were introduced through the designed primers to generate
AzFRS-M, AzFRS-G, AzFRS-S, AzFRS-MG, AzFRS-MS, AzFRS-
GS, and AzFRSc genes (Table 1).

Expression and purification of
ncAA-encoded sfGFP and Ftn proteins
To produce ncAA-encoded sfGFP proteins, the pET-sfGFP-27am
and pCDF-AzFRS-MS co-transformed into E. coli BL21 (DE3),
sequentially. After the transformation, the cell suspension was
spread onto the agar plate containing ampicillin (Amp) (100 μg/
ml) and streptomycin (Sm) (100 μg/ml). A single colony was
chosen from the plate and then cultured in 1 ml Luria–Bertani
(LB) medium overnight. The cultured cells were then transferred
to 50 ml fresh LB medium and incubated at 37°C until OD595

reached 0.6–0.8. Followed by centrifugation (10 min, 6,000 rpm,
4°C), the medium is changed to GMML medium. Protein
expression was induced with the supplement of 1 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG) and ncAA and
incubated at 37°C for another 12 h. Cells were harvested,
resuspended with lysis buffer (1× phosphate-buffered saline
[PBS], pH 7.4), and then sonicated to lyse cells. Followed by
centrifugation (60 min, 20,000 rpm, 4°C), the supernatant was
collected. As sfGFP was designed with a 6× His tag, the
supernatant collected was incubated with 0.5 ml Ni2+-NTA
resin (Roche, Basel, Switzerland) for protein purification. Five
milliliters of lysis buffer and 2.5 ml of washing buffer (1× PBS,
5 mM imidazole, pH 7.4) were used to wash out nonspecific
proteins on the resin. The target protein was eluted from the resin
by 2.5 ml of elution buffer (1× PBS, 200 mM imidazole, pH 7.4).

The buffer of eluted fraction was changed to 1× PBS with Amicon
Ultra-15 Centrifugal Filter Units (MWCO 10 kDa). For Ftn
proteins, further purification by anion exchange column
HiTrap Q HP (GE Healthcare, Chicago, IL, USA) was
conducted with NaCl gradient elution buffer (50 mM Tris,
50 mM to 1 M NaCl, pH 8.0) and size exclusion
chromatography (SEC) column HiLoad 10/300 Superdex
200 pg (GE Healthcare) with PBS buffer. Purified sfGFP and
Ftn were analyzed by 12% SDS-PAGE with Instant Blue
(Marvelgent Biosciences, Canton, MA, USA) staining. The Ftn
assembling status was analyzed by native gel, 4%–15% Mini-
PROTEAN® TGX™ Precast Protein Gel (Bio-Rad, Hercules, CA,
USA) with a native protein marker (Thermo Fisher Scientific,
Waltham, MA, USA) in TG buffer (25 mM Tris–HCl, 192 mM
glycine, pH 8.5) under 80 V for 6 h at 4°C. The gel was stained by
Instant Blue for 15 min and destained by H2O.

Western blot analysis
Whole cells were collected and lysed at 100°C with SDS loading
dye for 15 min and then subjected to 12% SDS-PAGE analysis.
The gels were stained with Instant Blue to visualize the target
proteins with the expected molecular weight around 28 kDa
corresponding to the protein size of sfGFP. The suppression
efficiency of amber codons in producing sfGFP with the
C-terminal His tag was visualized by Western blotting against
the anti-6X His tag antibody. The Western blots were performed
using Trans-Blot Turbo System (Bio-Rad) and RTA transfer kit.
The antibodies used for immunoblotting were Anti-His
(SignalChem, Richmond, Canada; H99-61M-100) and HRP-
conjugated secondary antibody (Cell Signaling Technology,
Danvers, MA, USA; 7076P2). After SDS-PAGE analysis, the
gel was immersed in the transfer buffer and then blotted onto
the polyvinylidene fluoride (PVDF) membrane (25 V/1.3 A,
10 min). After the completion of the transfer process, the
PVDF membrane was washed with PBST buffer for 5 min
thrice. Next, the membrane was blocked with 5% skim milk
for 1 h at room temperature. The membrane was then washed
with PBST buffer for 5 min thrice (washing step). A primary
antibody (1:1,000 dilution) was added and then incubated with
the membrane for 1 h at room temperature following the washing
step. Subsequently, an HRP-conjugated secondary antibody (1:
5,000 dilution) was added and the membrane was incubated for

TABLE 1 | PylRS variants employed in this study.

PylRS L305 Y306 L309 N346 C348 W417 K431 D433 A441

IFRS1a M L S S M
IFRS2a T A S M
AzFRSa A M L
AzFRSc A M L M G S
AzFRS-M A M L M
AzFRS-G A M L G
AzFRS-S A M L S
AzFRS-MG A M L M G
AzFRS-MSb A M L M S
AzFRS-GS A M L G S

aThese three PylRS variants are directed evolved from plasmid library selection against ncAA 1.
bThis variant is used for both ncAA-encoded sfGFP and ferritin protein production.
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another 1 h at room temperature. The membrane was then
washed. Finally, the WesternBright ECL HRP substrate
(Advansta, San Jose, CA, USA; K-12045-D50) was mixed and
spread onto the membrane to visualize the band signals using
ChemiDoc Imaging Systems (Bio-Rad) in bioluminescence
detection mode.

ESI-MS characterization of sfGFP and Ftn
proteins
The purified protein was diluted with 50% acetonitrile and 1%
formic acid. An aliquot corresponding to one pmol of the pure
protein was injected via an ESI source (Waters LockSpray Exact
Mass Ionization Source) with a syringe pump (Harvard
Apparatus, Holliston, MA, USA), and a flow rate of 5 μl/min
was held throughout the analysis. The mass of intact proteins was
determined using a Waters SYNAPT G2 HDMS mass
spectrometer (Waters, Milford, MA, USA). The acquired
spectra were deconvoluted to the single-charge state using the
MaxEnt1 algorithm of the MassLynx 4.1 software (Waters).

Determination for the suppression
efficiencies of MmPylRS variants
To understand the suppression of MmPylRS variants, ncAA 1–9
screening assay was performed. The plasmids pET-sfGFP-27am
and pCDF-PylRS were co-transformed into E. coli BL21 (DE3),
sequentially. The cell suspension was spread onto the agar plate
containing Amp (100 μg/ml) and Sm (100 μg/ml). The plate was
incubated at 37°C overnight. Ten colonies were selected and then
inoculated and cultured in 3 ml of LB medium at 37°C overnight.
Five hundred microliters of cells was transferred to 25 ml of fresh
LB medium and incubated at 37°C until OD595 reached 0.6–0.8.
The cells were harvested, washed twice with M9 salts, and
suspended in M9 medium (M9 salts, 1% glycerol, 2 mM
MgSO4 and 0.1 mM CaCl2) supplemented with 1 mM IPTG.
Aliquots of 50 μl suspended cells were loaded in a 384-well plate
supplemented with 1–9 ncAAs (1 mM) in designated wells. Cells
were incubated in the plate reader (BioTek, Winooski, VT, USA)
at 37°C for 12 h, with continuous monitoring of fluorescence
emission intensity (λex/λem � 535/595 nm) as well as OD595. The
control experiments used to measure background signals were
performed for wells without adding IPTG and ncAAs, or wells
adding IPTG only. The control signal (without adding ncAAs but
IPTG) was subtracted from the fluorescence emission intensity of
sfGFP obtained and then divided by OD595 to generate the
relative fluorescence intensity.

Synthesis of Ftn-Dye and A-Ftn–DOX
conjugates
To synthesize Ftn-dye conjugates, purified Ftn-81-4, Ftn-143-4,
Ftn-2am-4, A-Ftn-81-4, A-Ftn-143-4, and A-Ftn-2am-4 proteins
were conjugated to fluorescence dyes or Dox by the SPAAC
reaction. The DBCO-Cy3 and DBCO-Cy5 (Sigma-Aldrich, St.
Louis, MO, USA) were dissolved in 100% DMSO to the final
concentration of 1 mM. The Ftn-81-4 protein (20 μl, 20 μM) in

PBS buffer at pH 7.4 was mixed with 50 μl of DBCO-Cy3 and/or
DBCO-Cy5 (80 μM, 1:5 M ratio) in the buffer of 90% PBS and
10% DMSO, and then the volume was adjusted to 500 μl.
Reaction was incubated at 37°C, 300 rpm for 16 h. A-Ftn-81-
TAMRA conjugates were synthesized by mixing A-Ftn-81-4 and
DBCO-PEG4-TAMRA (Sigma-Aldrich) under the same
condition. The Ftn-dye conjugates were further purified using
the SEC column (HiLoad 10/300 Superdex 200 pg, GE
Healthcare) and then subjected to SDS-PAGE, native PAGE,
gel fluorescence imaging, and ESI-MS analysis. A-Ftn-143-Dox
was synthesized by coupling A-Ftn-143-4 and
dibenzocyclooctyne–PEG4–doxorubicin (DBCO–PEG4–DOX)
using the same method. DBCO–PEG4–DOX was synthesized
by NHS-amine coupling chemistry. DBCO–PEG4–NHS (Sigma-
Aldrich) (50 μl, 1.5 mM, 30% DMSO in PBS) and doxorubicin
hydrochloride (Dox, TCI) (50 μl, 2 mM, 30%DMSO in PBS) were
mixed and reacted at 25°C for 4 h. The chemical reaction progress
was monitored by normal-phase thin-layer chromatography.

Dynamic light scattering, transmission
electron microscopy, and fluorescence
spectroscopic analysis of Ftn variants
To analyze the particle size by dynamic light scattering (DLS), Ftn
variants were diluted to the final concentration of 0.5 mg/ml and
the aggregates were removed from the solution by centrifuge. The
protein samples were loading into the designated 1 ml disposable
cuvettes, and the particle size of protein was measured by
Malvern Zetasizer Nano ZS. Measurements were repeated
three times, and the primary size distribution by intensity
value was determined.

To prepare Ftn samples for transmission electron microscope
(TEM) analysis, 50 μg/ml of protein was dissolved in 50 mM Tris
buffer at pH 8.0. After the support film grid (formvar/carbon 400
mesh copper) discharged with 25 mA for 30 s by Emitech K100X
Glow, 5 μl of protein was loaded onto the grid and incubated for
60 s. The sample was gently drained from the grid by filter paper.
Distilled deionized water and 1% uranyl acetate (UA) were
alternatively applied onto the grid, incubated for 30 s, and
drained by filter paper three times for background cleaning.
Images of Ftn proteins were collected on FEG-TEM, FEI
Tecnai G2 TF20 Super TWIN. Microscopy was operated at an
accelerating voltage of 120 kV.

The fluorescence emission spectra were determined by
Fluorolog-3 (Jobin Yvon, Edison, NJ, USA). Proteins were
diluted to 50 μg/ml in PBS at pH 7.4 and loaded into the
designated 10-mm quartz cuvettes. Ftn-143-Cy3, Ftn-143-Cy5,
and Ftn-143-Cy3/Cy5 were excited at 550 nm. The emission
spectra were recorded from 560 to 700 nm with 1 nm per
point scanning resolution.

In vitro BT474 cell targeting study, confocal
microscopy imaging, and cytotoxicity assay
Human breast carcinoma (BT-474) cells (BCRC, Taiwan) were
cultured in 45% high-glucose DMEM (Corning, Tewksbury, MA,
USA) and 45% low-glucose DMEM (Corning, USA)
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supplemented with 10% fetal bovine serum (FBS, HyClone,
Logan, UT, USA) and 1% penicillin-streptomycin (Gibco,
Grand Island, NY, USA) at 37°C with 5% CO2 in a humid
atmosphere in petri dishes (Falcon). Cells were ready for the
detachment when the confluency reached above 60%. BT-474
cells were rinsed with PBS twice and then trypsinized with 0.25%
trypsin–EDTA (Gibco, USA). An appropriate volume of trypsin-
EDTA was added into petri dishes. After gently shaking, cells
were incubated with trypsin–EDTA at 37°C for 1 min. The
detached cells were collected by pipetting over the cell layer
with fresh complete medium. Twenty microliters of suspended
cells was taken and mixed with trypan blue for cell density
measurement. Cell density was determined by an automated
cell counter (Invitrogen, Carlsbad, CA, USA). One-third of
cells was added into a new petri dish and diluted to the
appropriate volume with fresh complete medium. Poly-
D-lysine (Sigma-Aldrich) coated coverslips were used for BT-
474 cell attachment. Coverslips were incubated with 50 μg/ml
poly-D-lysine for 2 h. Subsequently, the solution was removed and
then the coverslips were rinsed with PBS and sterile water three
times, alternatively. The coated coverslips were allowed to dry for
at least 2 h before introducing cells and medium. Suspended cells
(1 × 105) were seeded on 18-mm coverslips within a 12-well plate
and incubated for 24 h, allowing cells to attach on coverslips.

After cells were attached on coverslips, the culture medium
was replaced by fresh DMEM containing Dox, fluorescence
molecules, A-Ftn-dye, or A-Ftn-drug conjugates. The cells
were incubated at 37°C for the designated time and washed
twice with PBS solution. The cells were fixed on coverslips by
incubating with 4% para-formaldehyde (PFA) (Sigma-Aldrich)
for 10 min. PFA was removed and the coverslips rinsed twice with
PBS. After equilibrating the coverslips with PBS, the cells were
ready to be stained. The nucleus of cells was stained by DAPI
(GeneCopoeia, Rockville, MD, USA). An appropriate volume of
300 nM DAPI was added into a culture plate with coverslips and
incubated for 5–10 min. Then, DAPI was removed and the
coverslips alternatively rinsed with PBS and sterile H2O three
times. The coated coverslips were allowed to dry for at least 5 min
before mounting. The cells were mounted onto a slide with one
drop or 10 μl of mounting medium, ProLong Gold Antifade
Mountant (Invitrogen). The cells were observed under the
corresponding channel by confocal microscopy (Leica SP5).

The cytotoxicity of the A-Ftn–DOX conjugate, A-Ftn-4, and
free Dox, respectively, against Her2+ human breast cancer cells,
BT-474, was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Thermo) assay. As the
confluency of BT-474 reached above 60%, the cells were
detached and 1 × 104 cells were seeded onto a 96-well
transparent flat plate per well with 100 μl of fresh medium.
The cells were further incubated for 24 h to allow the cell to
attach onto the plate. Subsequently, the free Dox, A-Ftn-4, and
A-Ftn–DOX conjugates were added into designated wells with
the final concentration ranging from 0 to 5 μM. After the
incubation for 72 h, the medium was removed and replaced by
100 μl of 1.2 mM MTT in PBS per well, following the 4-h
incubation. The MTT solution was carefully removed, and
DMSO was added into wells to dissolve the purple formazan

crystals. The absorption at 540 and 570 nm was measured by
Synergy HT plate reader (Biotech).

RESULTS

Efficient MmPylRS variants for
p-azido-L-phenylalanine (4) incorporation
at multiple sites on proteins
To incorporate AzF (4), the evolved PylRS•tRNAPyl pair (Wang
et al., 2011) is chosen from theMmPylRS plasmid library (Wang
et al., 2010) to be fine-tuned in charging ncAA 1. The wild-type
MmPylRS and three IFRS variants, IFRS1, IFRS2, and AzFRS
(Table 1), are selected to explore the substrate recognition against
nine para-substituted phenylalanine analogs, 1–9 (Scheme 1;
Figure 2A), respectively. The mutations at the active site of
these three MmPylRS variants cover two conserved mutation
sites at N346 and C348, together with randomly distributed
mutations at other sites (Table 1; Figure 2B). Both the pCDF
vector containing the mutated PylRS gene and the pET vector
containing tRNAPyl and the sfGFP-27am gene are co-introduced
into E. coli. The read-through of the amber codon in response to
ncAAs 1–9 (Scheme 1), respectively, can be indicated through the
fluorescence emission resulting from the sfGFP-27am gene
product. The screening results obtained from both IFRS1 and
IFRS2 give the preference in charging IF (1) and MeOF (6)
(Figure 2A), indicating that both IFRS1 and IFRS2 show high
substrate specificity. All AzFRS variants share W417L/N346A/
C348M mutation sites (Table 1). The screening results of AzFRS
variants give the high preference when charging 6, whereas mild
preferences are observed when charging 1–5. AzF (4) and
p-propargyl-L-phenylalanine (PrF, 5), from which versatile
functional groups can be derived for click reactions such as
SPAAC and CuAAC, show noticeable signal enhancement
when being charged by AzFRS.

To enhance the activity ofMmPylRS variants, the engineering
for the second sphere of the active site or the terminal sequence of
MmPylRS is conducted. Although the second sphere or global
sequence engineering (Suzuki et al., 2017; Sharma et al., 2018;
Jiang et al., 2020a) of MmPylRS has been studied, the effects of
MmPylRS CTD mutations on amber suppression efficiency
remain unclear. Based on the available x-ray crystal structure,
mutations at the CTD for rationally designed AzFRS have been
introduced and studied (Figure 2C). Among the evolved
MmPylRS variants, HarRS, which charges homoarginine with
K431M/D433G/G444E mutations at HarRS CTD (Mukai et al.,
2015), is found to be able to enhance the activity and selectivity
for homoarginine incorporation. Likewise, in this study, to
develop the hypothesized remodeled pi–pi interactions among
Y242, H432, and F434 positions, K431M/D433G double
mutations are chosen for the CTD mutation sites due to their
strong hydrophobicity (Figures 2C,D). In addition, the A441S
mutation is performed to affect the adjacent hydrogen bond
network built by the main chain of the R439 residue and to
indirectly participate in the hydrogen bond network between the
side chain of R439 and the neighboring alpha helix (Figure 2C,
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FIGURE 2 | Substrate specificity screening and C-terminal designs of evolved MmPylRS. (A) The incorporation efficiencies of PylRS variants, IFRS1, IFRS2, and
AzFRS (Table 1), are determined by fluorescence emission intensities obtained from sfGFP-27am gene products. Proteins are expressed after being supplemented with
1 mM ncAA and IPTG in GMMLmedium at 37°C for 12 h. Cells are excited at 485 nm, and the fluorescence emission intensities are detected at 535 nm. The cell density
is monitored by the UV absorbance at 595 nm. C denotes the control experiment that cells were supplemented with 1 mM IPTG only; 1–9 denote the experiments
supplemented with 1 mM IPTG and ncAAs 1–9 (Scheme 1). The background signal obtained from cells without adding IPTG is subtracted from the signal obtained from
each group. Error bars represent the standard deviation of sfGFP production from three repeated experiments. (B) The active site of MmPylRS. (C) The structure of
MmPylRS CTD in the presence of Pyl-AMP substrate obtained from the X-ray co-crystal structure (PDB code: 2Q7H). The AMP-Pyl and six mutated sites from directed
evolution are shown in stick mode. The designed mutation sites, K431, D433, and A441, in this study are labeled. The residue R439 is also labeled to indicate the spatial
arrangement toward the first helix (position 191–201). (D) and (E) The structure ofMmPylRS CTD (green) and its superimposition with the DhPylRS CTD (cyan)/tRNAPyl

(orange) complex. The structures are illustrated based on two PDB entries 2Q7H and 2ZNI. The amino acids proposed to interact with the mutated site are labeled. The
yellow dotted line indicates the hydrogen bonding.
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positions 191–201), whose spatial movement is found in the
DhPylRS CTD/tRNAPyl (cyan) co-crystal structure (Figures
2D,E). Those mobile helical regions (green and cyan helices
on the left side of Figure 2E) are interfaced with the tRNA
D-loop region based on the superimposed structures of the
DhPylRS CTD/tRNAPyl co-crystal (cyan, Figure 2E) and the
MmPylRS CTD (green, Figure 2E).

Upon the introduction of three mutations, K431M/D433G/
A441S, on MmPylRS to evolve into the AzFRS variant, another
three variants with a single mutation at the AzFRS CTD are
prepared to examine its effect: AzFRS-M, AzFRS-G, and AzFRS-S
(Table 1). Throughmonitoring the fluorescence emitted from the
sfGFP-27am gene product, it is noted that, compared with AzFRS,
AzFRS-M and AzFRS-G give the 1.4- and 1.6-fold enhancement
in the fluorescence emission in charging MeOF (6), respectively,
and give the 1.6- and 1.3-fold enhancement in the fluorescence
emission in charging AzF (4), respectively (Figure 3A).
Compared with AzFRS, AzFRS-S yields 2- to 4.3-fold
enhancement in the fluorescence emission when charging 1–6,
which shows the improved activity toward those ncAAs. To
examine the likelihood whether a combination of those
mutations can further elevate the activity of AzFRS, AzFRS
variants with double mutations, i.e., AzFRS-MG, AZFRS-MS,
and AzFRS-GS, as well as the AzFRS variant with triple
mutations, i.e., AzFRSc, are prepared and tested with the same
approach. Interestingly, D433G mutation does not seem to
contribute to the enhanced activity. The AzFRS-MG variant
merely shows a neutral effect, whereas the AzFRS-GS variant
even shows a negative effect. Relative to AzFRS, AzFRS-MS and
AzFRSc variants yield a 4-fold increase in the fluorescence
emission when charging 4. Based on these results, AzFRS-MS
is chosen in charging 4 in the subsequent studies.

The amber suppression efficiencies of AzFRS, AzFRSc, and
AzFRS-MS are evaluated through the generation of sfGFP-2ams,
sfGFP-3ams, sfGFP-4ams, sfGFP-5ams, sfGFP-6ams, sfGFP-7ams,
sfGFP-8ams, and sfGFP-10ams gene products (Amiram et al.,
2015) (Figure 3B; Supplementary Figures S1, S2). With the
similar endogenous protein background, the whole-cell SDS-
PAGE and Western blotting analysis of full-length sfGFP
indicate an improvement in the suppression efficiency. AzFRS
and AzFRS-MS can overly express sfGFP-2ams, sfGFP-3ams,
sfGFP-4ams, sfGFP-5ams, and sfGFP-6ams gene products, with
the given protein amount obtained from AzFRS-MS which is
greater than that obtained from AzFRS (Figure 3B;
Supplementary Figure S1). Furthermore, the full-length
sfGFP-7ams, sfGFP-8ams, and sfGFP-10ams gene products can
be expressed after introducing K431M/A441S double mutations
to AzFRS CTD (Figure 3B; Supplementary Figure S1). Although
AzFRSc shows slightly better amber read-through efficiency than
AzFRS-MS through the observation of sfGFP-27am gene product
generation, AzFRSc does not generate the full-length sfGFP-3ams
and sfGFP-8ams gene products (Supplementary Figure S2).
Therefore, AzFRS-MS is selected for the characterization and
its Ftn-4 protein production is examined. To further confirm the
ncAA screening results of AzFRS-MS, sfGFP-1∼9 are respectively
expressed and purified and then subjected to ESI-MS analysis.
The observed mass of all nine sfGFP proteins generated by

AzFRS-MS matches the calculated mass of the full-length
sfGFP (Table 2; Figure 3C; Supplementary Figures S3–S11).

Ferritin conjugate preparation and chemical
moiety loading using SPAAC
The Ftn consists of 24 subunits and can self-assemble into a
spherical structure with the outer diameter of 12 nm. The sites
for the chemical moiety loading, i.e., a fluorophore or a drug
with the molecular weight less than 1,000 Da, are selected
based on the x-ray crystal structure of Ftn (PDB code: 2FHA,
Figure 4A). The residues F81 pointed outward (labeled in blue
in Figure 4A) and K143 pointed inward (labeled in red in
Figure 4A) on Ftn are chosen to estimate drug loading
efficiency based on the penetration of small molecules into
the Ftn cavity and the SPAAC reaction. Ftn-F81am, Ftn-
K143am, and Ftn-2ams gene products supplemented with
AzFRS-MS and AzF (4) produce Ftn-81-4, Ftn-143-4, and
Ftn-2ams-4, respectively, and these products are characterized
by ESI-MS spectrometry. The measured molecular weight of
those products matches their corresponding calculated
molecular weight (Table 2; Supplementary Figures
S12–14). It is found that, for Ftn-81-4 and Ftn-2ams-4,
azide reduction occurs, followed by the conversion to an
amino group (Table 2).

DBCO-Cy3 and DBCO-Cy5 (molecular weight: 980.28 and
992.28 Da, respectively) are used to probe the labeling efficiency
of the SPAAC reaction in loading DBCO-dye (Figure 4B). The
quantitative labeling of Ftn-81-4 with DBCO-Cy5 is conducted
with the 1:5 M ratio. The SDS-PAGE analysis shows that Ftn is
not being labeled after DBCO-Cy5 treatment while Ftn-81-4 gives
the bioorthogonality upon DBCO-Cy5 treatment as a clear band
can be visualized (Figure 4C). For Ftn-81-4, after 4 h treatment
with DBCO-Cy5, a species with about 1.0 kDa mass shift is noted
from the deconvoluted ESI-MS spectrum, which indicates that
Cy5 is labeled through the azido group on Ftn-81-4. With the
reaction time of 16 h, Ftn-81-4 (found molecular weight:
22,220 Da; calculated molecular weight: 22,220 Da) is found to
be completely converted into Ftn-81-Cy5 (found molecular
weight: 23,207 Da; calculated molecular weight: 23,207 Da). A
slight azide reduction on Ftn-81-4 turning into an amino group is
observed (22,173 Da); in addition, an oxygen adduct of Ftn-81-
Cy5 (23,223 Da) is found (Table 2; Figure 4D; Supplementary
Figures S12, S15).

In consideration of structural disruption and disassembling,
DBCO-Cy3 labeling on Ftn, Ftn-81-4, Ftn-143-4, and Ftn-2am-4
for 4 h is tested; the corresponding labeling efficiency and
assembling ratio are then analyzed by SDS-PAGE and native
PAGE (Figure 4E). It is noted that Ftn is not being labeled after
the treatment with DBCO-Cy3 and remains assembled but shows
less protein amount after treating with DBCO-Cy3, which might
be resulted from the aggregation. Relatively, Ftn-81-4, Ftn-143-4,
and Ftn-2am-4 proteins give shifted fluorescent bands on SDS-
PAGE and clear fluorescent bands of the assembled protein on
native PAGE upon being labeled (Figure 4E). On the SDS-PAGE,
Ftn-2am-4 gives two bands that represent single- and double-
labeled Cy3 adducts.
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FIGURE 3 | sfGFP production, amber suppression efficiency, andmass characterization obtained from AzFRS variants. (A) The incorporation efficiencies of AzFRS
variants (Table 1) are determined by the fluorescence emission intensities obtained from sfGFP-27am gene products, respectively. Proteins are expressed after
supplemented with 1 mM ncAA and IPTG in GMML medium at 37°C for 12 h. Cells are excited at 485 nm, and the fluorescence emission intensities are recorded at
535 nm. The cell density is monitored through the UV absorbance at 595 nm. C denotes the control experiment that cells supplemented with 1 mM IPTG only; 1–9
denote the experiments supplemented with 1 mM IPTG and ncAAs 1–9 (Scheme 1). The background signal obtained from cells without adding IPTG is subtracted from
the signal obtained from each group. Error bars represent the standard deviation of sfGFP production from three repeated experiments. (B) Tandem amber codon
suppression efficiency analysis for sfGFP production by AzFRS•tRNAPyl and AzFRS-MS•tRNAPyl pairs. Amber suppression of sfGFP-2ams∼8ams and sfGFP-10ams
genes, containing suppression of 2∼10 TAG stop codons, produces full-length sfGFP proteins with the incorporation of multiple 4. The sfGFP proteins are
overexpressed in E. coli BL21 (DE3) coding AzFRS•tRNAPyl or AzFRS-MS•tRNAPyl pair supplemented with 1 mM IPTG and 1 mM 4 in GMMLmedium at 37°C for 12 h.
The whole-cell lysate is analyzed by SDS-PAGE andWestern blotting against the anti-Histag antibody (indicated as α-Histag). The red arrow indicates the sfGFP protein
band on the SDS-PAGE. The SDS-PAGE and Western blotting analysis are shown in Supplementary Figures S1, S2; (C) Mass determination of sfGFP-27am gene
products coupled with ncAAs 1–9 by ESI-MS. The full-length sfGFP-1–9 proteins are overexpressed by the AzFRS-MS•tRNAPyl pair in E. coli BL21 (DE3) supplemented
with 1 mM IPTG and 1 mM ncAAs 1–9 in GMML medium at 37°C for 12 h. The calculated and observed molecular masses of sfGFP-1–9 are found in Table 2. The
detailed electrospray and deconvoluted mass spectrum are shown in Supplementary Figures S3–S11.
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With the successful SPAAC reaction in the DBCO-Cy5 and
DBCO-Cy3 labeling on Ftn-81-4 Ftn-143-4, and Ftn-2am-4,
respectively, the capacity for the incorporation of different and
multiple molecules/drugs is subjected to be evaluated. As the
inner diameter of Ftn is 8 nm, Cy3 and Cy5 dyes inside Ftn deem
to be a suitable fluorescence resonance energy transfer (FRET)
pair (Roy et al., 2008) to probe adjacent Cy3/Cy5 within a 70-Å
distance. Ftn-143-4 is selected and treated with DBCO-Cy3 (λex/
λem � 555/570 nm) and DBCO-Cy5 (λex/λem � 640/664 nm) dyes
at the 1:2.5:2.5 M ratio for 16 h. FRET of the Ftn-143-Cy3 and
Ftn-143-Cy5 mixture (1:1; as the control experiment) and Ftn-
143-Cy3/Cy5 are measured (Wu and Brand, 1994a; Wu and
Brand, 1994b) to ensure that both Cy3 and Cy5 molecules can be
co-incorporated into one cage (Figure 4F). After the excitation at
550 nm, the mixture of Ftn-143-Cy3 and Ftn-143-Cy5 (1:1) gives
an emission peak at 572 nm but lacks the emission peak at
664 nm, which supports this control system. In contrast, after
the excitation at 550 nm on Ftn-143-Cy3/Cy5, a low emission
peak at 569 nm is observed but an extra high emission peak at
673 nm arises, which demonstrates the successful FRET and
proves that both Cy3 and Cy5 are co-incorporated into the
Ftn cavity (Figure 4F).

Preparation of Ftn targeting Her2+ breast
cancer cells
To equip Ftn with a moiety targeting Her2+ breast cancer cells,
Ftn is fused with AHNP through a non-structural triple GGGGS
peptide at one of the two termini (Figure 5A). Since the fused
AHNP may affect the self-assembling of Ftn, leading to twisted
cavities, the structure analysis of the purified A-Ftn and Ftn-A is
conducted using native PAGE, DLS, and TEM, respectively.
Native PAGE analysis on A-Ftn and Ftn-A shows that they
have similar assembled sizes and patterns, but their sizes are

slightly larger than Ftn (Figure 5B). DLS analysis indicates that
A-Ftn shares a similar outer diameter with Ftn (13.8 and 13.3 nm,
respectively) (Figure 5C); TEM analysis shows that they both
share a spherical shape (Figure 5D). However, DLS analysis
shows that Ftn-A possesses a larger outer diameter of 18.0 nm
(Figure 5C) and the TEM image shows that Ftn-A is irregular in
its shape (Figure 5D). Thus, the A-Ftn construct is selected to
target the HER2 receptor as it is more structurally suitable.

A-Ftn-81-4 reacts with DBCO-PEG4-TAMRA (Figure 6A) at
1:5 M ratios for 4 h to form A-Ftn-81-TAMRA. SDS-PAGE
analysis is performed after the reaction, which gives a
fluorescent band with a larger size, supporting that A-Ftn is
being labeled (Figure 6B). The effect of A-Ftn on the targeting of
the HER2 receptor is evaluated using the BT474 breast cancer cell
line. BT474 cells are treated with A-Ftn-81-TAMRA for 1 h and
then observed by confocal microscopy. The fluorescence images
obtained from confocal microscopy analysis indicate that A-Ftn-
81-TAMRA can be found in the cytosol of BT474 cells, suggesting
that A-Ftn-81-TAMRA can enter through the cell membrane
following the recognition of AHNP by HER2 receptors
(Figure 6B).

Synthesis of A-Ftn–Dox conjugates used in
the treatment with BT474 cells
Upon the successful demonstration for the capability of A-Ftn
entering into BT474 cells, a chemotherapeutic drug, Dox, is
loaded into A-Ftn to test the cell targeting and the drug
release (Figure 1). The DBCO-PEG4-DOX is synthesized
through the NHS-amine coupling between DBCO-PEG4-NHS
and Dox. Using the SPAAC reaction, A-Ftn-81-DOX, A-Ftn-
143-DOX, and A-Ftn-2am-DOX are synthesized by mixing
A-Ftn-81-4, A-Ftn-143-4, and A-Ftn-2am-4 with DBCO-
PEG4-DOX, respectively, for 16 h (Figure 7A). SDS-PAGE

TABLE 2 | ESI-MS analysis of sfGFP and ferritin proteins that produced by AzFRS-MS•tRNAPyl pair.

Proteina Calculated Mass (Da) Found Mass (Da) ESI-MSb

sfGFP-1 28,096, 27,965 (–Met)c 28,096, 27,965 S3
sfGFP-2 28,049, 27,918 (–Met) 28,049, 27,918 S4
sfGFP-3 28,005, 27,874 (–Met) 28,005, 27,874 S5
sfGFP-4 28,011, 27,880 (–Met) 28,011, 27,880 S6
sfGFP-5 28,024, 27,893 (–Met) 28,024, 27,893 S7
sfGFP-6 28,000, 27,869 (–Met) 28,000, 27,869 S8
sfGFP-7 27,984, 27,853 (–Met) 27,984, 27,853 S9
sfGFP-8 27,864 (–Met) 27,862 S10
sfGFP-9 28,015 27,986d S11
Ftn-81-4 22,200, 22,174e 22,199, 22,174e S12
Ftn-143-4 22,219 22,219 S13
Ftn-2am-4 22,261, 22,235e 22,261, 22,233e S14
Ftn-81-Cy5 23,207, 22,174e 23,207, 23,223f, 22,172e S15
A-Ftn-81-4 23,448, 23,422e 23,451, 23,426e S16
A-Ftn-81-DOX 24,525, 23,422e 24,524, 23,421e S17

aAll sfGFP proteins are produced from the sfGFP-27am gene in GMML medium.
bFull-length sfGFP electrospray and deconvoluted mass spectra.
c(–Met) indicates full-length sfGFP protein without N-terminus methionine residues.
dThe found mass of 27,986 Da corresponds to the full-length sfGFP with nitro group reduction, i.e., with an additional amino group, at F27 position and without N-terminal methionine
(calculated mass: 27,985 Da).
eThese found masses correspond to the full-length Ftn with azide group reduction, which is converted to an amino group.
fAn oxygen adducts on Ftn-81-Cy5.

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 77997611

Wang et al. Ferritin-Drug Conjugates for Drug Delivering

87

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


FIGURE 4 | Design of Ftn conjugates and click reaction study for the loading of Cy3 and Cy5. (A) Structure of Ftn monomer and the bisection of self-assembled
24mers. F81, facing the exterior of the Ftn nanoparticle, is shown in red stick; K143, facing the interior of the Ftn nanoparticle, is shown in blue stick. The PDB entry is
2FHA. (B) Synthesis scheme of SPAAC for loading DBCO-Cy3 (λex/λem � 555/570 nm) and DBCO-Cy5 (λex/λem � 640/664 nm) on Ftn-4 proteins. (C) SPAAC of Ftn-81-
4 and DBCO-Cy5. SDS-PAGE is visualized by Instant Blue staining and Cy5. (D) The deconvoluted ESI-MS spectra of Ftn-81-4 and Ftn-81-Cy5. The calculated
and found molecular weights are listed in Table 2. (E) The SDS-PAGE and native PAGE analysis of Ftn-Cy3 conjugates. The gels are visualized by Instant Blue staining
and Cy3 fluorescence. Twenty micromolars of Ftn protein and 1 mM DBCO-Cy3 are reacted in room temperature for 4 h. (F) FRET analysis of Ftn-dye conjugates with
the excitation at 550 nm. The black line denotes Ftn-143-Cy3 and Ftn-143-Cy3 protein mixture, whereas the red line denotes Ftn-143-Cy3/Cy5 protein.
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analysis shows that all three A-Ftn proteins are successfully
conjugated with DOX and yield an almost complete
conversion into A-Ftn–DOX products (Figure 7B). ESI-MS
spectrometry is employed to characterize A-Ftn-81-4 and
A-Ftn-81-DOX, respectively. The results show that the protein
mass matches the corresponding calculated protein mass, leading
to the confirmation of quantitative labeling with the reaction time
of 16 h (Table 2, Supplementary Figures S14, S15).

Furthermore, an A-Ftn-143-DOX conjugate is chosen for
the evaluation of the capability in entering BT474 cells. The
short-term (1 h) and long-term (72 h) treatment of A-Ftn-143-
DOX with BT474 cells are examined, with the free Dox as the
control treatment. MTT cell viability assay is conducted to
examine the cell toxicity for BT474 cells after the treatment
with free Dox, A-Ftn-143-4, and A-Ftn-143-DOX,

respectively, for 72 h. A-Ftn-143-DOX gives a compatible
trend as free Dox at the concentration from 0.5 to 5 μM
while A-Ftn-143-4 presents a negligible toxicity effect at
this concentration range (Figure 7C). For the short-term
(1 h) treatment of free Dox with BT474 cells, it is noted
from the merged DAPI and Dox images that free Dox is
found in the nucleus (Figure 7D). Nevertheless, for the
short-term (1 h) treatment of A-Ftn-143-DOX with BT474
cells, Dox is mainly distributed in the cytosol of BT474 cells
(Figure 7E), which suggests the elongated drug release. The
slight Dox signal is observed in the nucleus, which resulted
from free Dox molecules released from A-Ftn-143-DOX. After
the long-term (36 h) treatment, free Dox released from A-Ftn-
143-DOX is found to reside in the nucleus (Supplementary
Figure S18).

FIGURE 5 | Structural effects from the fused AHNP peptide on Ftn. (A) Illustration of A-Ftn and Ftn-A protein constructs. AHNP is the anti-Her2/neu peptide. (G4S)3
denotes a triple GGGGS peptide sequence. His6 indicates C-terminal Histag. (B) Assembling analysis of Ftn, A-Ftn, and Ftn-A proteins. Proteins are analyzed by 7.5%
native PAGE and visualized by Instant Blue staining. (C)DLS analysis of Ftn and AHNP fused Ftn. The protein concentration is set to be 0.5 mg/ml in 50 mMTris–HCl and
100 mMNaCl at pH 7.4. (D) TEM images of Ftn, A-Ftn, and Ftn-A. Scale bar represents 50 nm. The protein concentration is set to be 50 μg/ml in 50 mM Tris–HCl
at pH 8.0.
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DISCUSSION

In this study, efficient MmPylRS is developed to charge a
chemical moiety that allows the click reaction to occur on the
desired delivery system, i.e., the assembled Ftn. This facilitates the
future application in the effective fluorophores/drug loading as
well as target-specific chemical moiety release (Figure 1).
Through the engineering of MmPylRS charging IF (1)
(Scheme 1), three evolved MmPylRS variants, i.e., IFRS1,
IFRS2, and AzFRS, obtained from directed evolution (Wang
et al., 2011) are tested against nine para-substituted
phenylalanine ncAAs (Scheme 1) for substrate range study
(Figure 2A). Among these ncAAs, although only 4 that

harbors an azide unit is selected for the examination using the
SPAAC click reaction herein, some other substrates are also
promising in the application in other types of click reaction.
For instance, the ncAA 5, which harbors a propargyl unit, can be
employed when using the CuAAC click reaction.

With the conserved mutations at N346 and C348, and
combined with other mutation sites, the evolved MmPylRS,
IFRS1 and IFRS 2 (Table 1), are found to be specific for
certain substrates (Figure 2A). Another evolved MmPylRS
variant, AzFRS, with an additional conserved mutation,
W417L, that plays as a gate keeper shows the largely enhanced
activity for 6 and the mildly enhanced activity for 1–5
(Figure 2A). Upon the removal of the bulky indole ring-side
chain on W417, the para-substituted iodo group can be perfectly
harbored in the reshaped binding pocket of the active site
(Figure 2B). Through the analysis of the substrate range for
wild-type aminoacyl-tRNA synthetases from E. coli and evolved
PylRS variants, the results show that their binding pockets may
generate certain diversity as long as natural amino acids are
excluded during the evolution process/history (Ko et al., 2013;
Fan et al., 2014; Guo et al., 2014). Since AzFRS shows the
enhanced activity toward 4 and 5, the second sphere
engineering of MmPylRS is applied to AzFRS. The rationally
designed K431M andD433Gmutations, which reside at the CTD,
are adapted from the evolved MmPylRS, HarRS (Figures 2C,D)
(Mukai et al., 2015). K431M and D433G are suggested to be able
to alter the pi–pi stacking cluster among Y242, H432, and F434 by
increasing hydrophobicity that may change the interaction with
the nearby α-helices and then indirectly improve the activity
(Figure 2D). Another A441Smutation at CTD is designed to alter
the hydrogen binding network of the R439 guanidino group and
to introduce the interaction with the first α-helix of CTD (Figures
2C,E). Through the examination of these single mutations on
AzFRS, the results show that AzFRS-S can enhance the activity in
charging a variety of substrates while AzFRS-M and AzFRS-G
only slightly improve the activity for certain substrates
(Figure 3A). Based on the result obtained from AzFRS with
single mutations, double and triple mutations on AzFRS are
designed to examine whether the synergic effect can be
achieved (Figure 3A). Among them, AzFRS-MS and AzFRSc
variants are found to be able to further enhance the activity
toward miscellaneous substrates. AzFRS-MS can achieve
suppression of 10 sequential TAG stop codons when charging
4, producing the full-length sfGFP (Figure 3B; Supplementary
Figures S1, S2). Compared with AzFRS, perhaps, the AzFRS-MS
variant not only enhances the activity in a timely manner but also
maintains constant acylated-tRNA concentrations during the
protein biosynthesis in vivo. Meanwhile, due to the altered
local hydrophobic interactions and hydrogen binding network
which resulted from K431M and A441S mutations, it is suggested
that AzFRS-MS can improve the protein solubility and accelerate
the reaction rate. Although only the limited activity can be found
on SDS-PAGE when charging 7–9 by monitoring the production
of the sfGFP-27am gene product, ESI-MS spectrometry of sfGFP-
1∼9 confirms that the observed molecular mass matches the
corresponding calculated mass (Table 2; Figure 3C;
Supplementary Figures S3–S11). Overall, AzFRS-MS presents

FIGURE 6 | A-Ftn-TAMRA conjugates treatment indicates Her2+ BT474
cell targeting ability. (A) Chemical structure of DBCO-PEG4-TAMRA and
SPAAC labeling analysis after the treatment of A-Ftn-81-4 with DBCO-PEG4-
TAMRA. Proteins are analyzed by 15% SDS-PAGE with Instant Blue
staining (upper panel) and gel fluorescence emission image (lower panel).
The red asterisk indicates the TAMRA-labeled Ftn band. M denotes the
protein molecular weight marker. (B) Confocal microscopy fluorescence
image analysis of BT474 cells incubated with 2 μM A-Ftn-81-TAMRA for 1 h.
The cell nuclei are stained by DAPI (blue); A-Ftn-81-TAMRA is detected by
TAMRA (λex/λem � 553 nm/563 nm, red).
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efficient poly-specificity toward all ncAAs employed in this study
through the engineering of MmPylRS CTD.

Using the AzFRS-MS variant, the residues F81 pointed
outward and K143 pointed inward on Ftn are proved to be

suitable for the incorporation of AzF (4), either single-
incorporated or double-incorporated. The assembled caged
structures (Figure 4A) are not disrupted by the incorporation
of 4. Interestingly, through the test of DBCO-Cy3 or DBCO-Cy5

FIGURE 7 | Ftn–Dox conjugates target HER2 overexpressed breast cancer cells. (A) Synthesis scheme of Ftn–Dox conjugates. (B) SPAAC labeling analysis on
A-Ftn-81-4, A-Ftn-143-4, and A-Ftn-2am-4 by DBCO-PEG4-DOX. Proteins are analyzed by 15% SDS-PAGE with Instant Blue staining (upper panel) and gel
fluorescence image (lower panel). M denotes the protein molecular weight marker. (C)MTT assay analysis after treating with various concentrations of free Dox, A-Ftn-
143-4 (A-K143), and A-Ftn-143-DOX (A-K143 DOX) for 72 h. Confocal microscopy fluorescence image analysis of BT474 cells incubating with (D) 2 μM free Dox
and (E) 2 μM A-Ftn-143-DOX treating for 1 h. The cell nuclei are visualized by DAPI staining (blue) and by gel fluorescence emission image through DOX (λex/λem �
480 nm/590 nm, red).
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(∼1.0 kDa) labeling (Figure 4B) on Ftn-81-4, Ftn-143-4, and Ftn-
2ams-4 proteins, DBCO-Cy3 and DBCO-Cy5 are found to easily
enter the interior of Ftn cages, not to cause noticeable structural
disturbances and disassembling (Figures 4C,E). This is also
supported by the labeling results observed from A-Ftn-81-4,
A-Ftn-143-4, and A-Ftn-2ams-4 proteins after the treatment of
DBCO-DOX (∼1.0 kDa), respectively (Figure 7B). These results
suggest that the steric hindrance coming from F81 and K143 on the
Ftn protein nanostructure for drug labeling through SPAAC
chemistry is negligible. The quantitative labeling of Ftn-4 by
DBCO-fluorophores/drugs (Figures 4A, 7A) is conducted
through the SPAAC click reaction at the 1:5M ratio. Ftn-81-Cy5
(Table 1; Figures 4C,D; Supplementary Figures S12, S14) and
A-Ftn-81-DOX (Table 1; Figure 7B; Supplementary Figures S16,
S17) proteins are characterized by SDS-PAGE, native PAGE, gel
fluorescence imaging, and ESI-MS analyses. The Ftn cage might
provide a protective space which shields molecules from redox
reaction, hydrolysis, or even degradation. The findings herein
imply that the labeling at different loading sites might affect the
drug stability, and further investigation can be explored. For some
drugs with a shorter half-life, the protein cage might prolong or alter
the pharmacokinetics. This work shows that Ftn-4 can be used to load
desired drugs up to 48 units per Ftn cage and specifically labeled at F81
or K143 residue (Figure 4E). The loading of two different chemical
moieties into a single Ftn cage is successfully demonstrated through
the generation of Ftn-143-Cy3/Cy5 which is co-labeled with Cy3 and
Cy5 (1:1) inside of the cage. This result suggests that a variety of
chemical moieties can be loaded into one cage, which poses many
potential applications in the future, for instance, loading multiple
therapeutic agents in the cage to allow cancer combination therapy.

An example is given in this study to show the application of
this designed delivery system. The targeting AHNP that
recognizes the HER2 receptor is fused at one of the two
termini of Ftn (Figure 5A). It is shown that A-Ftn maintains
the assembled cage structure, whereas Ftn-A is found to be
expanded in size with irregular shapes (Figures 5C,D). It is
implied that AHNP fused at the C-terminus of Ftn causes the
collapse of Ftn cavity and forms fused balls that are observed by
TEM images (Figure 5D). It is observed from the treatment of
synthesized A-Ftn-81-TAMRA with BT474 breast cancer cells
that, AHNP on A-Ftn-81-TAMRA probably targets HER2
receptors on BT474 cells. Followed by the recognition, labeled
Ftn enters BT474 cells and mainly resides in the cytosol. Some
aggregated forms are observed, which may indicate the co-
localization on the cell membrane and lysosome.

Breast cancer is the leading cause of cancer death globally,
especially the Her2+ subtype, which quickly spreads and potentially
develops into metastatic breast cancer. The strategy described here
enables the preparation of an Ftn platform conjugated with drugs to
allow targeted therapy and chemotherapy for curing malignant breast
cancer. DBCO-PEG4-DOX is incorporated on residues of A-Ftn,
pointed either inward or outward (Figures 7A,B). After the treatment
of A-Ftn-143-DOX with BT474 cells for 72 h, the MTT assay is
performed to examine the cytotoxicity (Figure 7C). A-Ftn-143-DOX
is shown to exhibit a similar trend as free Dox. However, free Dox is
shown to reside at the nucleus immediately after the incubation for 1 h
(Figure 7D). In contrast, after the incubation for 1 h, A-Ftn-143-DOX

is shown to mainly locate in the cytosol and slightly distribute in the
nucleus (Figure 7E). It is hypothesized that, after the 1-h incubation,
Dox observed in the nucleus is released fromA-Ftn-143-DOXand the
releasemight be resulted fromacidic hydrolysis and protease digestion
in lysosomes. After the incubation for 36 h, most Dox released from
A-Ftn-143-DOX is located in the nucleus (Supplementary Figure
S18). As the hydrolysis and the digestion take time, thismight pose the
chance for the design of extended-release drugs in the future.

CONCLUSION

In conclusion, an evolved MmPylRS variant, AzFRS-MS, can
improve the amber suppression efficiency when charging AzF (4),
resulting in suppression of up to 10 sequential TAG stop codons
through the monitoring for the production of the sfGFP-27am
gene product. The improved activity of AzFRS-MS is also
established when charging the other eight ncAAs tested in this
study. The charging of 4 on Ftn by AzFRS-MS allows the SPAAC
chemistry for DBCO-mediated conjugation to occur, leading to
the application on the preparation of Ftn-fluorophore/drug
conjugates with the quantitative conversion. Using this
approach, the N-terminal AHNP-fused Ftn–DOX conjugate is
prepared and shown to be able to target HER2 receptors on
BT474 breast cancer cells. Conjugated Dox is then slowly released
into the nucleus. This showcase study demonstrates the potential
use of this approach in therapeutic areas. In addition, the
capability to co-label Cy3 and Cy5 in a single cage suggests
that this Ftn delivery platform can harbor different chemical
moieties for various future applications such as combination
therapy. Taken together, an example is given herein to support
that the evolved MmPylRS systems enabling the chemical
conjugation on proteins present the potential versatile
applications, and they are worth further exploration.
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Orthogonal Activation ofMetabotropic
Glutamate Receptor Using
Coordination Chemogenetics
Akinobu Senoo1†, Yutaro Yamada1†, Kento Ojima1,2, Tomohiro Doura1, Itaru Hamachi2,3 and
Shigeki Kiyonaka1*

1Department of Biomolecular Engineering, Graduate School of Engineering, Nagoya University, Nagoya, Japan, 2Department of
Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University, Kyoto, Japan, 3ERATO
(Exploratory Research for Advanced Technology, JST), Tokyo, Japan

Cell-surface receptors play a pivotal role as transducers of extracellular input. Although
different cell types express the same receptor, the physiological roles of the receptor are
highly dependent on cell type. To understand each role, tactics for cell-specific activation of
the target receptor are in high demand. Herein, we developed an orthogonal activation
method targeting metabotropic glutamate receptor 1 (mGlu1), a G-protein coupled
receptor. In this method, direct activation via coordination-based chemogenetics (dA-
CBC) was adopted, where activation of mGlu1 was artificially induced by a protein
conformational change in response to the coordination of a metal ion or metal-ion
complex. Our structure-based protein design and screening approach identified mGlu1
mutants that were directly activated by the coordination of Cu2+ or Zn2+, in addition to our
previous Pd-complex-sensitive mGlu1 mutant. Notably, the activation of the mutants was
mutually orthogonal, resulting in cell-type selective activation in a model system using
HEK293 cells.

Keywords: chemogenetics, coordination chemistry, orthogonal activation, class C GPCR, metabotropic glutamate
receptor

INTRODUCTION

Several hundred types of receptors are expressed on the cell surfaces of mammals, each of which plays
essential roles in transmitting extracellular information into cells. Moreover, the same receptor is
found in different cells or tissues, yet the physiological roles of each different receptor are highly
dependent on the cell or tissue type (Vassilatis et al., 2003). Selective activation of receptors of interest
in cell lines or primary cell cultures is a useful way to investigate the physiological roles of these
receptors. However, chemical methods alone are insufficient to analyze the roles of receptors in a cell-
specific manner in particular tissues or organs because of the challenges associated with cell-specific
delivery of chemicals (Mondoloni et al., 2019). Thus, the development of new tools for cell-specific
activation of target receptors is highly desired.

Chemogenetics, a process in which proteins of interest (POIs) are genetically engineered to
selectively interact with designed chemicals, is a potential approach for cell-specific activation of
target receptors (Islam, 2015; Atasoy and Sternson, 2018; Tsai et al., 2021). Some representative
examples of chemogenetics include the bump-and-hole approach (Bishop et al., 2000; Knight and
Shokat, 2007), ligand-induced stabilization (i.e., chemical rescue) (Pratt et al., 2007), and chemically
induced dimerization (Schreiber, 1998). Another well-known example of chemogenetic activation of

Edited by:
Yu-Hsuan Tsai,

Shenzhen Bay Laboratory, China

Reviewed by:
Shinya Tsukiji,

Nagoya Institute of Technology, Japan
Yoshihiro Kubo,

National Institute for Physiological
Sciences (NIPS), Japan

*Correspondence:
Shigeki Kiyonaka

kiyonaka@chembio.nagoya-u.ac.jp

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Chemical Biology,
a section of the journal
Frontiers in Chemistry

Received: 30 November 2021
Accepted: 28 December 2021
Published: 14 January 2022

Citation:
Senoo A, Yamada Y, Ojima K, Doura T,

Hamachi I and Kiyonaka S (2022)
Orthogonal Activation of Metabotropic

Glutamate Receptor Using
Coordination Chemogenetics.

Front. Chem. 9:825669.
doi: 10.3389/fchem.2021.825669

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 8256691

ORIGINAL RESEARCH
published: 14 January 2022

doi: 10.3389/fchem.2021.825669

95

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2021.825669&domain=pdf&date_stamp=2022-01-14
https://www.frontiersin.org/articles/10.3389/fchem.2021.825669/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.825669/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.825669/full
http://creativecommons.org/licenses/by/4.0/
mailto:kiyonaka@chembio.nagoya-u.ac.jp
https://doi.org/10.3389/fchem.2021.825669
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2021.825669


FIGURE 1 | Screening of mGlu1 mutants with sensitivity to metal ion or complex. (A) Schematic illustration of activation of mGlu1 in physiological condition or in dA-
CBC. In dA-CBC, addition of metal ion or complex induces the conformational change required for signal transduction. (B) Crystal structure of VFT domain of mGlu1
(PDB ID; 1EWT, 1EWK). Mutation sites are colored in magenta, orange, or blue, which are named Site I, Site II, or Site III, respectively. (C) Heat map of the primary
screening. The heat map shows average Δratio values upon the addition of 10 μM glutamate or 3 μM each metal ion or complex. Mutation sites are described
separately for upper or lower lip of VFT domain, and the mutation is shown in bold characters. See Supplementary Figure S2B for raw data. (D) Activation of the hit
mutant by Cu2+. Left; dose dependency of Cu2+-induced activation of WT mGlu1 (black) or the Q73H/D324H/E325C mutant (red). The EC50 value of the mutant was
1.5 μM. (n � 11–15). Right; Representative traces of CuCl2 response as a function of time. The black bar represents the period when CuCl2 was added. (E) Activation of
the hit mutant by glutamate (Glu). Left; Dose dependency of Glu-induced activation of WT mGlu1 (black) or Q73H/D324H/E325C mutant (red). The EC50 values were
0.52 or 1.4 μM forWTmGlu1 or the mutant, respectively. (n � 12–15). Right; Representative traces of glutamate response as a function of time. The black bar represents
the period when glutamate was added. Data are represented as mean ± s.e.m.
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G-protein coupled receptors (GPCRs) is designer receptor
exclusively activated by designer drugs (DREADD)
(Armbruster et al., 2007; Urban and Roth, 2015). In
DREADD, the designer receptor derived from muscarinic
acetylcholine receptor is selectively activated by a designed
chemical, clozapine-N-oxide, but not endogenous ligands.
Similar approaches have been reported using other GPCRs
such as the β2 adrenergic receptor (Strader et al., 1991), κ-
opioid receptor (Coward et al., 1998; Redfern et al., 1999;
Vardy et al., 2015), and free fatty acid receptor 2 (Hudson
et al., 2012). Although these methods are powerful for cell-
specific activation of the downstream signaling pathways of
the targeted GPCRs, they are unsuitable for investigating the
physiological roles of receptors of interest that are endogenously
expressed in the target cells, because the original ligand-binding
properties of the receptors are altered.

Incorporation of a metal-binding site is another potential
strategy for chemogenetic activation of POIs. Because of their
strictly-defined coordination geometry, incorporation of
coordinating amino acid residues at appropriate positions
enables metal-induced conformational changes for activation
of POIs (Yu et al., 2014; Ghanbarpour et al., 2019). In
addition to successful examples of targeted soluble proteins,
functional switching of GPCRs by metal coordination was
previously demonstrated by Schwartz and co-workers. They
introduced histidine (His) or cysteine (Cys) mutations into
GPCRs such as tachykinin NK-1 receptor (Elling et al., 1995)
and β2 adrenergic receptor (Elling et al., 1999) to yield metal-
sensitive GPCRs. However, the mutations were introduced at the
ligand-binding site, which resulted in reduced affinity to the
endogenous ligand in most cases.

To investigate the physiological roles of receptors of interest
using chemogenetics, the target receptors should be mutated in a
way that causes a specific response to the designed ligand without
affecting the original receptor function. In this context, we have
developed a chemogenetic method termed “direct activation via
coordination-based chemogenetics (dA-CBC)” targeting
metabotropic glutamate receptor 1 (mGlu1) by focusing on
the structural changes upon glutamate binding (Kiyonaka
et al., 2016; Kubota et al., 2019; Ojima et al., 2021). mGlu1,
which belongs to class C GPCR, is composed of an extracellular
ligand-binding domain called Venus Flytrap (VFT) domain, a
cysteine rich domain (CRD), and a 7-transmembrane domain
(7TMD) (Figure 1A). Glutamate binding to the VFT domain
induces closure of the domain, and this signal is then transmitted
to the 7TMD to cause receptor activation in mGlu1 (Kunishima
et al., 2000; Tsuchiya et al., 2002). Inspired by the signal
transduction induced by the structural changes, we introduced
His mutations that cause metal-induced structural changes
(Figures 1A,B). Through dA-CBC of mGlu1, His mutation
(N264H) at the N264 position led to Pd-2,2′-bipyridine (Pd
(bpy))-induced activation of the mGlu1 mutant (Ojima et al.,
2021). In this case, Pd (bpy) coordinates endogenous H55 and
N264H on the upper and lower lips of the VFT domain,
respectively (Figure 1B). More importantly, the original
ligand-binding properties were not affected in this method,
which allowed us to prepare knock-in mice bearing the

N264H mutation in the mGlu1 gene for chemogenetic
regulation of endogenous mGlu1(N264H) (Ojima et al., 2021).
dA-CBC has the potential for analyzing the physiological roles of
mGlu1 endogenously expressed in the human brain. However,
mGlu1 is expressed in various brain regions, such as the olfactory
bulb, thalamus, hippocampus, and cerebellum (Lavreysen et al.,
2004). Thus, orthogonal activation methods are necessary to
simultaneously analyze the individual roles of mGlu1 in
different brain regions.

In this paper, we identified two mGlu1 mutants that are
selectively activated by Cu2+ or Zn2+ through structure-based
design of the mutants and cell-based screening. Notably, these
two mutants and the N264H mutant are activated in an
orthogonal manner, allowing orthogonal activation of the
three mGlu1 mutants by Pd (bpy), Cu2+, and Zn2+. Thus,
these mGlu1 mutants could provide a potential platform for
analyzing mGlu1 function in a cell-specific manner.

MATERIALS AND METHODS

Construction of Expression Vector of mGlu1
Mutants
Site directed mutagenesis was performed using the Q5® Site-
Directed Mutagenesis Kit (NEB) with pBluescript II SK (+)
encoding rat mGlu1 by following the manufacture’s
instruction. The cDNA of mGlu1 was subcloned into
pCAGGS vector (Niwa et al., 1991) or pCDM vector to obtain
the expression vectors. The pCDM vector were prepared from
pcDNA3.1 (+) (Invitrogen), in which neomycin cassette was
excised using PvuII.

Culture and Transfection of HEK293 Cells
HEK293 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 100 unit ml−1 penicillin and 100 μg ml−1

streptomycin and 10% FBS (Sigma) at 37°C in a humidified
atmosphere of 95% air and 5% CO2. HEK293 cells were
transiently transfected with plasmids encoding WT mGlu 1,
the mGlu1 mutants, or the control vector using Viafect
(Promega) following the manufacture’s instruction. The cells
were co-transfected with pEGFP-F (Clontech), pDsRed
monomer-F (Clontech), or iRFP-670 (kindly gifted from Prof.
Verkhusha) as transfectionmarkers. For the culture of transfected
cells, DMEM supplemented with 10% dialyzed FBS (Sigma) was
used to decrease the cytotoxicity. The medium was exchanged 4 h
after the transfection, and the cells were used for the experiments
after 24–48 h.

Fluorescent Ca2+ Imaging
The transfected HEK293 cells were seeded on glass coverslips
(Matsunami) coated with poly-L-lysine solution (Sigma) and
incubated for 4 h at 37°C in a humidified atmosphere of 95%
air and 5% CO2. The calcium indicator Fura-2 AM (Dojindo) was
loaded to the cells at 5 μM for 20–30 min. The imaging
experiment was carried out in HBS buffer (20 mM HEPES pH
7.4, 107 mM NaCl, 6 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2,
11.5 mM glucose). The fluorescence images and the Fura-2 ratio
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were measured using a fluorescence microscope (IX71, Olympus)
equipped with a complementary metal-oxide semiconductor
(CMOS) camera (ORCA-flash 4.0, Hamamatsu Photonics)
under xenon-lamp illumination, and analyzed with a video
imaging system (AQUACOSMOS, Hamamatsu Photonics)
following the manufacture’s instruction. In imaging
experiments, three different HEK293 cells transfected with one
of the mGlu1 mutants were co-cultured on a glass coverslip, and
each mutant was visually distinguished by the transfection
markers. These three different cells were assayed
simultaneously. The Δratio value was defined as the difference
between the maximum ratio value after adding the reagent (metal
ion or complex, or glutamate) and the average ratio before adding
the reagent. The Δratio was fitted with KaleidaGraph to calculate
the EC50 value using the equation: a + (b-a)/(1+(x/c)̂d).

Confocal Live Cell Imaging of Cell-Surface
mGlu1 in HEK293 Cells
The HEK293 cells transfected with plasmids encoding WT
mGlu1, the mGlu1 mutants, or control vector together with
iRFP-670 as a transfection marker were seeded on glass
bottom dishes coated with poly-L-lysine solution (Sigma) and
incubated for 24 h at 37°C in a humidified atmosphere of 95% air
and 5% CO2. After washing the cells with HBS buffer, 100 nM
FITM-Cy3 in HBS was added to the dishes and incubated for
30 min at 16°C to suppress endocytosis. Confocal live imaging
was performed using a confocal microscope (LSM900, Carl Zeiss)
equipped with a 63×, numerical aperture (NA) � 1.4 oil-
immersion objective. Fluorescence images were obtained by
excitation at 561 or 640 nm derived from diode lasers.
Fluorescence intensity from Cy3 on the cell surface was
quantified from the line scans of iRFP-670-positive cells and
calculated with subtraction of background.

Statistical Analysis
All data are expressed as mean ± s.e.m. We accumulated the data
for each condition from at least three independent experiments.
We evaluated statistical significance with Student’s t-test or one-
way ANOVA with Dunnet’s test. A value of p < 0.05 was
considered significant.

RESULTS

Design and Screening for
Metal-Responsive mGlu1 Mutants
We previously reported that the conformational change of the
VFT domain from an open to closed conformation by Pd (bpy)
caused the selective activation of the mGlu1 (N264H) mutant.
Notably, other metal ions (Cu2+, Zn2+, Ni2+, Cd2+, and Pd2+)
failed to activate this mGlu1(N264H) mutant. Thus,
identification of new mGlu1 mutants that are selectively
activated by metal ions other than Pd (bpy) would allow
orthogonal cell-specific activation of mGlu1 by transfecting
either the mGlu1(N264H) mutant or the new mGlu1 mutants.
To achieve this goal, we first designed a few more potential

coordination sites around the N264 residue, which hereafter we
call Site I (Figure 1B). Based on the mechanisms employed by
Cu2+- or Zn2+-binding proteins such as azurin (Tian et al., 2016)
or ZntR (Reyes-Caballero et al., 2011), a Cys residue was
introduced in place of the His residue at N264 site. We
designed the H55/P58H/N264C and H55/P58H/S263H/N264C
mutants because Cu2+ or Zn2+ forms tridentate or tetradentate
coordination in the metalloproteins (Figures 1B,C). In addition,
in the cases of Ni2+- or Cd2+-binding proteins, acidic amino acids
are sometimes used for the coordination of those metal ions
(Trakhanov et al., 1998; Stegmann et al., 2010). Thus, we also
designed P58E/S263E/N264E mutant (Figures 1B,C).

In addition to Site I, we focused on different regions in the
VFT domain, termed Site II and Site III, as candidate
coordination sites. At these sites, the distance between the
upper and lower lips drastically changes upon domain closure
(Figure 1B, Supplementary Figure S1). We designed the Q73H/
D324H/E325C and V405H/D322H/D324C mutants from Site II
and Site III, respectively, for metal ion-induced receptor
activation (Figures 1B,C). Note that the mutation residues
selected here do not participate in glutamate binding
(Kunishima et al., 2000), so we expected that the designed
mutants would maintain the original activity of mGlu1.
Collectively, we performed primary screening of a total of five
mutants from Site I through Site III for obtaining metal-
responsive mGlu1 mutants.

Fluorescent Ca2+ imaging was performed to check whether
these mutants are activated by metal ions or complexes
(Supplementary Figure S2A). Because mGlu1 is a Gq-coupled
GPCR, its activation causes elevated intracellular Ca2+

concentrations ([Ca2+]i) via phospholipase C (PLC) activation.
Each mutant was transiently transfected into HEK293 cells, and
the [Ca2+]i changes upon the addition of each metal-ion or
complex were monitored by a fluorescent Ca2+ indicator,
Fura-2. As control experiments, the vector control, wild-type
(WT) mGlu1, and the previously reported Pd (bpy)-selective
N264H mutant were also examined. As expected on the basis of
our prior report, metal ions andmetal complexes failed to activate
WT mGlu1, whereas Pd (bpy) selectively activated the N264H
mutant (Figure 1C). We subsequently examined the effects of the
metal ions or complexes on the newly designed mGlu1 mutants.
Focusing on the mGlu1 mutants from Site I, although the H55/
P58H/N264Cmutant was activated by Pd (bpy), none of the three
newly designed mutants, including the H55/P58H/N264C
mutant, were activated by other metal ions. (Figure 1C,
Supplementary Figure S2B). Interestingly, the V405H/
D322H/D324C mutant from Site III showed sensitivity to
Ni2+. However, this mutant was also activated by Pd (bpy).

In contrast to these mutants from Site I and III, the Q73H/
D324H/E325Cmutant from Site II was strongly activated by Cu2+

while also showing moderate sensitivity to Ni2+ (Figure 1C).
Notably, the Q73H/D324H/E325C mutant was not activated by
Pd (bpy), hence allowing orthogonal activation of this mutant
and the N264H mutant by Cu2+ and Pd (bpy) respectively. The
activation of the Q73H/D324H/E325C mutant by Cu2+ was
further validated by the dose-dependent response of Cu2+ in
the fluorescent Ca2+ imaging. As shown in Figure 1D, the EC50
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value was 1.5 µM, while WT mGlu1 was not activated at that
concentration of Cu2+ at all. Besides, the EC50 value of glutamate
(1.4 µM) for the mutant slightly shifted to a higher concentration
but was comparable to that for the WT mGlu1 (0.52 µM),
indicating that this mutant preserved the original ligand-
binding properties of mGlu1 (Figure 1E). Therefore, we
selected the Q73H/D324H/E325C mutant as a Cu2+-responsive
mGlu1 mutant from the primary screening.

Optimization and Characterization of
Cu2+-Responsive mGlu1 Mutant
We proceeded to evaluate the Q73H/D324H/E325C mutant in
further detail. To confirm the importance of the mutated His or
Cys residues, we designed the Q73H/D324H, Q73H/E325C, and
D324H/E325C mutants, where one of the three mutated residues
from the Q73H/D324H/E325Cmutant was substituted back with
the original amino acid residue. As expected, fluorescent Ca2+

imaging revealed a loss in sensitivity to Cu2+ for the Q73H/
D324H mutant (Figure 2A). However, unexpectedly, prominent
Cu2+-induced responses were observed in the case of the Q73H/
E325C and D324H/E325C mutants. Since all Cu2+-responsive
mutants shared the same E325C mutation, we next evaluated the
Cu2+-induced response of the single mutant, mGlu1 (E325C). As

shown in Figure 2A, the Cu2+-induced response was maintained
in the single mutant, suggesting that the E325C mutation alone is
sufficient for the activation by Cu2+. In addition, the E325C
mutant showed a high selectivity to Cu2+ (Figure 2B,
Supplementary Figure S3). Considering that the activation
mechanism of mGlu1 requires the VFT domain closure, the
coordination partner should be found in the upper lip of that
domain. According to the crystal structure of the closed
conformation of the VFT domain (PDB ID; 1EWK),
endogenous residues such as H55, E72, and Q73 are candidate
residues for Cu2+ coordination in collaboration with the E325C
mutation (Figure 2C). To check this possibility, these candidate
residues were substituted with phenylalanine or alanine, and the
Cu2+-induced responses of the H55F/E325C, E72A/E325C, and
Q73A/E325C mutants were subsequently examined. As shown in
Figure 2D, the sensitivity to Cu2+ was slightly affected for the
Q73A/E325C mutant. In contrast, the Cu2+-induced responses
drastically decreased for the H55F/E325C and E72A/E325C
mutants, suggesting that H55 and E72 could be potential
coordination partners of E325C for Cu2+-induced activation.

Next, we performed a functional characterization of the newly
identified E325C mutant. The dose-dependency of Cu2+-induced
responses revealed that the EC50 value of Cu

2+ for this mutant was
0.22 µM (Figure 2E), which is lower than that for the Q73H/

FIGURE 2 |Optimization of Cu2+-responsive mGlu1 mutant and its characterization. (A)Mutation study to confirm the importance of His- and Cys-incorporation at
the mutation sites. Upper; the average Δratio values for Q73H/D324H/E325C, Q73H/D324H, Q73H/E325C, D324H/E325C, or E325C mutant upon the treatment of
1 μMCuCl2. (n � 12–20). Lower; representative traces from E325C or Q73H/D324H mutant. The black bar represents the period when CuCl2 was added. (B)Heat map
showing the metal selectivity of the newly identified Cu2+-responsive E325C mutant. The map shows the average Δratio values upon the addition of 10 μM
glutamate or 3 μM metal ion or complex. See Supplementary Figure S3 for raw data. (C) Candidate residues for the coordination of Cu2+ with E325C in the VFT
domain (PDB ID; 1EWK). (D)Mutation study to identify the coordination residues. The average Δratio values upon the treatment of 1 μM CuCl2 are shown. (n � 12–20).
(E) Activation of the mGlu1 E325C mutant by Cu2+. The EC50 value for mGlu1 E325C mutant was 0.22 μM. (n � 12–20). (F) Activation of the mGlu1 E325C mutant by
glutamate (Glu). The EC50 value of the mutant was 4.0 μM. (n � 12–20). (G) Chemical structure of FITM-Cy3. (H) Evaluation of the expression and distribution of mGlu1
mutant on the cell surface using FITM-Cy3. The representative confocal images are shown. The scale bar shows 20 μm. (I) Quantification of signal intensity from FITM-
Cy3. (n � 20–31). Data are presented as mean ± s.e.m. ***Significant difference (p < 0.001, One-way ANOVA with Dunnet’s test). **Significant difference (p < 0.01). n.s,
not significant (p > 0.05).
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D324H/E325C mutant (Figure 1D). The EC50 value of glutamate
to induce activation of the E325C mutant was 4.0 µM
(Figure 2F). As was the case with the Q73H/D324H/E325C
mutant, the EC50 value of glutamate for the E325C mutant
slightly increased but was still on the same order of magnitude
as that for the WT mGlu1. We also assessed the distribution and
expression level of the E325C mutant under live-cell conditions.
Here, we used a synthetic fluorescent probe named FITM-Cy3,
which is a Cy3-conjugated FITM ligand (Figure 2G). FITM is a
negative allosteric modulator (NAM) that binds to the 7TMD of
mGlu1 (Supplementary Figure S4) (Wu et al., 2014), and FITM-
Cy3 binds to cell-surface mGlu1 with high affinity (Kd � 6.8 nM)
(Ojima et al., 2021). Thus, the distribution of the mGlu1 mutant
can be estimated quantitatively using FITM-Cy3. As shown in
Figure 2H, confocal live imaging of HEK293 cells transfected
with either the WT mGlu1 or the E325C mutant revealed the
clear localization of the probe on the cell surface, while the
fluorescent signal was hardly detectable in vector-transfected
cells. Importantly, the fluorescent intensity was not
significantly different (p > 0.05) between the WT mGlu1 and
the E325C mutant (Figure 2I), suggesting that the localization
and expression level of the E325C mutant was unaffected by the
mutation. In summary, through a precise analysis of the hit
mutant obtained from the primary screening, we concluded
the E325C mutant is a Cu2+-responsive mGlu1 mutant.

Identification of Zn2+-Responsive mGlu1
Mutant
In metal-binding proteins, the coordination geometry has
essential roles for the function or metal-selectivity. For
instance, the metal ion selectivity of azurin, a Cu2+-binding
protein, is affected by the geometry of the coordinating
residues (Nar et al., 1992). As described above (see
Figure 1C), we revealed that the V405H/D322H/D324C
mutant from Site III was activated by both Ni2+ and Pd (bpy)
in the primary screening. As a result, this mutant cannot be
applied for orthogonal activation in conjunction with the Pd
(bpy)-responsive mutant. Based on examples of prior successes
such as that of azurin, we proceeded to perform secondary
screening on the V405H/D323H/D324C (HHC) mutant by
changing the geometry of the mutated residues.

In the secondary screening, we designed two more mutants,
V405C/D322H/D324H (CHH) and V405H/D322C/D324H
(HCH), where we altered the position of the Cys residue
without changing the mutation sites themselves. Similar to the
characterization of the primary screening, metal-induced cellular
responses were again evaluated using fluorescent Ca2+ imaging.
As illustrated in the heat map in Figure 3A, the two newly
designed mutants (CHH and HCH) showed drastically different
metal-selectivity, compared with the original HHC mutant. The
CHH mutant showed a broad selectivity since it was strongly

FIGURE 3 | Identification of Zn2+-responsive mGlu1 mutant and its characterization. (A) Heat map of the secondary screening. The map shows the average Δratio
values upon the addition of 10 μM glutamate or 3 μM metal ion or complex. See Supplementary Figure S5 for raw data. (B) Mutation study to confirm the Zn2+-
coordination at the mutation sites. Upper; The Δratio values for the HCH, V405H/D322C, V405H/D324H, and D322C/D324H mutants. Lower; representative traces of
the cells from two mutants. The black bar shows the period when ZnCl2 was added. (n � 12–20). (C) Activation of WT mGlu1 (black) or the HCH mutant (red) by
Zn2+. The EC50 value for the mutant was 0.44 μM. (n � 11–20). (D) Activation of the HCH mutant by glutamate (Glu). The EC50 value of the mutant was 0.39 μM. (n �
11–20). (E) Evaluation of the expression and distribution of mGlu1 mutant on the cell surface using FITM-Cy3. The representative confocal images are shown. The scale
bar shows 20 μm. (n � 50–70). (F) Quantification of signal intensity from FITM-Cy3. Data are presented as mean ± s.e.m. ***Significant difference (p < 0.001, One-way
ANOVA with Dunnet’s test). n.s, not significant (p > 0.05, Student’s t-test.).
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activated by several metal ions such as Cu2+, Zn2+, Ni2+, and Pd2+.
In contrast, the HCH mutant was activated strongly by Zn2+,
moderately by Ni2+ or Cd2+, and not activated at all by either Cu2+

or Pd (bpy) (Figure 3A, Supplementary Figure S5). Therefore,
the HCH mutant has the potential to be another orthogonal
mutant for use along with the Pd (bpy)-responsive N264H
mutant and the Cu2+-responsive E325C mutant.

Because Zn2+ strongly activated this HCH mutant, the Zn2+-
coordination was further analyzed. First, we evaluated whether all
three mutations were necessary for the Zn2+-coordination. For
this purpose, three mutants, V405H/D322C, V405H/D324H, and
D322C/D324H were designed, where each of the three mutated
residues in the HCHmutant was individually changed back to the
original residue. As shown in Figure 3B, the Zn2+-induced
responses were significantly impaired in the three mutants,
suggesting that all three mutations were required for the Zn2+-
induced activation of the mGlu1 mutant.

We then further studied the Zn2+-response of this mutant in
detail. The dose-dependent response of Zn2+ determined the EC50

value to be 0.44 µM for the mutant, while the WTmGlu1 was not
activated at all at this Zn2+ concentration (Figure 3C). To verify
whether the original ligand-binding property of mGlu1 is
preserved in this mutant, the dose-dependent glutamate
response was also measured. As shown in Figure 3D, the
EC50 value of glutamate for the activation of this mutant was
0.39 µM, which was comparable to that of the WT mGlu1
(0.52 µM, Figure 1E). In addition, confocal live imaging using
FITM-Cy3 revealed that the distribution and the expression level
of the mGlu1 mutant were not affected by the introduction of
these mutations (Figures 3E,F). In summary, our secondary
screening identified the HCH mutant as a Zn2+-responsive
mGlu1 mutant which was insensitive to Pd (bpy) and Cu2+.

Cell-specific Activation Utilizing Mutually
Orthogonal mGlu1 Mutants
Through the primary and secondary screening, we identified two
more mutants in addition to the Pd (bpy)-responsive N264H
mutant: the Cu2+-responsive E325C and Zn2+-responsive HCH
mutants. Notably, these three mutants have sufficient metal-
selectivity among Cu2+, Zn2+, and Pd (bpy). Namely, N264H
was not activated by Cu2+ or Zn2+, E325C was not activated by
Zn2+ or Pd (bpy), and HCHwas not activated by Cu2+ or Pd (bpy)
(Supplementary Figure S6). Besides, the metal-induced
activations were repeatedly observed after washing out the
bound metals for 2 min, suggesting a minutes-order
reversibility of the activation (Supplementary Figure S7).
However, the activation of the E325C mutant by Cu2+ or the

FIGURE 4 |Orthogonal activation of three mGlu1 mutants with Pd(bpy),
Cu2+, and Zn2+. (A) Merged fluorescent images of HEK293 cells transfected
with N264H (green), E325C (red), or HCH mutant (gray). The scale bar shows
100 μm. (B) Orthogonal activation of the N264H, E325C, HCH mutant
by 3 μM Pd (bpy), 1 μM CuCl2, or 3 μM ZnCl2, respectively. 3 μM glutamate
(Glu) was added after the metal ions or complex. The traces of Δratio values as
a function of time for the representative cells marked in (A) are shown.
The black bars inside the figure show the period when each reagent was

(Continued )

FIGURE 4 | added. (C) The transfection markers and Δratio images of the
cells expressing each mutant. The white arrows show the representative cells
marked in (A). The scale bars show 25 μm. (D) Schematic illustration of oA-
CBC system. Mutations in VFT domain produced three types of mutants
orthogonally sensitized to Pd (bpy), Cu2+, and Zn2+. These mutants allow the
cell-specific activation by Pd (bpy), Cu2+, and Zn2+, while all of three mutants
are activated by Glu, because they keep the original ligand binding property.
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HCH mutant by Zn2+ was impaired in the co-presence of Pd
(bpy) or Cu2+, respectively (Supplementary Figure S8).

Considering these properties of the three mutants, we
demonstrated cell-specific mGlu1 activation. Here, we
prepared a model experiment for the cell-specific regulation of
mGlu1, where HEK293 cells were transfected with a plasmid
encoding either the N264H, E325C, or HCH mutant. In this
experiment, we regarded each of these transfected cells as
different cell types. To visually distinguish these cells, the
transfection markers EGFP, DsRed-monomer, and iRFP-670
were co-expressed with the N264H, E325C, and HCH mutant,
respectively. After 48 h of transfection, these three types of
HEK293 cells were mixed and seeded on a single glass
coverslip (Figure 4A). Given the impairment on the metal-
induced activation of the E325C or HCH mutant in the co-
presence of Pd (bpy) or Cu2+, respectively, ZnCl2, CuCl2, and Pd
(bpy) were sequentially applied for 60 s onto the glass coverslip
via perfusion in this order. As shown in Figures 4B,C, the
fluorescent Ca2+ imaging revealed that each metal ion or
complex selectively activated the cells that expressed its
corresponding mutant. Notably, the glutamate-induced
responses were intact after metal-induced activation,
suggesting that mGlu1 activity was not affected after metal-
induced activation. These results indicate that the HEK293
cells that expressed the three different types of mGlu1 mutants
were selectively activated by either Zn2+, Cu2+, or Pd (bpy), thus
demonstrating an orthogonal trio for mGlu1 activation. We
termed this method orthogonal activation via coordination-
based chemogenetics (oA-CBC) of mGlu1 (Figure 4D).

DISCUSSION

In this study, three mutually orthogonal mutants for the dA-CBC
system were developed. Specifically, a N264H mutant sensitized to
Pd (bpy), a E325C mutant sensitized to Cu2+, and a HCH mutant
sensitized to Zn2+ were identified and characterized. Fluorescent
Ca2+ imaging using HEK293 cells demonstrated that three kinds of
metal ions or complexes orthogonally activated the cells expressing
a corresponding mGlu1 mutant. This system was termed as the
oA-CBC system. Although our current study was limited to
demonstrating this orthogonal activation in HEK293 cells, the
oA-CBC system has the potential to analyze mGlu1 function in
several different human brain regions simultaneously using tissue-
selective promoters in the brain, given that mGlu1 is expressed in
the olfactory bulb, thalamus, hippocampus, and cerebellum in the
brain (Lavreysen et al., 2004).

The mGlu family comprises eight subtypes (mGlu1–8) and is
classified into three groups (group I–III) based on the amino-acid
sequence and transducing signal properties of each subtype
(Niswender and Conn, 2010). mGlu1 and mGlu5 are both
“group I” because of their closely homologous sequences that
couple to Gq-proteins. Although both are predominantly
expressed in the brain, their distribution is different. Unlike
mGlu1, mGlu5 is expressed in the caudate-putamen, lateral
septum, and cortex in the brain (Romano et al., 1995). Although
both subtypes are expressed in the hippocampus, previous studies

revealed that the functional contributions of each subtype are
different in the region (Neyman and Manahan-Vaughan, 2008).
Group I metabotropic glutamate receptor agonists such as 3,5-
dihydroxyphenylglycine (DHPG) are frequently used to analyze the
physiological roles of these receptors (Fitzjohn et al., 1999).
However, this agonist cannot discriminate mGlu1 from mGlu5
because of the high sequence homology. Thus, it is challenging to
independently activate and analyze mGlu1 or mGlu5 expressed in
the same region of the brain. Therefore, potential future work could
be to apply the oA-CBC method to mGlu5, thus creating an
orthogonal pair of mGlu1 and mGlu5 mutants. The mutants
could be activated by two different metal ions or complexes and
utilized for the subtype-selective activation of mGlu proteins.

Another future application of our oA-CBCmethod is to construct
an artificial signal-transducing system using three different metal
ions or complexes as its input. SincemGlu1 is coupled toGq-protein,
the activation of mGlu1 by a metal ion or complex leads to the
elevation of [Ca2+]i via PLC activation. However, the other mGlu
proteins in groups II or III coupled with Gi/o-protein decreases the
intracellular cAMP level by inhibiting adenylyl cyclase activity
(Niswender and Conn, 2010). The oA-CBC method can also be
applied to other types of mGlu proteins to artificially hijack different
types of G-protein signals in an orthogonal way.
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Using a coiled-coil peptide dimer as a model system to explore furan reactivity, we
describe novel cross-link partners of furan warheads for site-specific cross-linking. We
demonstrate that replacement of weak interhelical ionic contacts with a furan moiety and
its potential cross-link partner affords covalently connected coiled-coil motifs upon furan
activation. We describe for the first time the reaction of the activated furan warhead with
cysteine and tyrosine, besides the previously reported lysine, thus enhancing the versatility
of the furan cross-link methodology by the possibility to target different amino acids. The
present in vitro validation of “furan-armed” α-helices provides further grounds for exploiting
furan technology in the development of furan-modified ligands/proteins to target proteins
in a covalent way through various amino acid side chains.

Keywords: furan oxidation, singlet oxygen, molecular modeling, cross-link (CL), coiled-coil peptide, protein–protein
interaction (PPI), peptide–protein interaction

INTRODUCTION

Peptide–protein and protein–protein interactions play key roles in biological processes. Therefore,
approaches to target proteins in a covalent way can provide useful analytical tools for chemical
biology and could lead to potential applications in therapeutic development. We recently reported on
a novel cross-link technology applied to peptide–protein (Vannecke et al., 2017) and protein–protein
(Miret-Casals et al., 2021a) interactions, based on the introduction of an unnatural, furan-containing
amino acid in a peptide or protein and its subsequent oxidation into an electrophilic moiety upon the
action of reactive oxygen species (ROS) or visible light irradiation in the presence of a photosensitizer
(PS, Figures 1A,B, respectively) (Vannecke et al., 2017; Miret-Casals et al., 2021a). Initially, a furan
modified kisspeptin-10 peptide ligand could be covalently cross-linked to its membrane receptor,
GPR54, on live cancer cells with spontaneous oxidation of the furan moiety by endogenous ROS
(Figure 1A) (Vannecke et al., 2017). The GPR54 (also called KISS1R) is a well-known modulator of
the physiology of reproduction in mammals (Pinilla et al., 2012). GPR54 binds kisspeptins, a family
of truncated forms of kisspeptin peptides (54, 14, 13, or 10 amino acids) with a common Arg-Phe-
amide C terminus responsible for the high-affinity binding and activation of GPR54 (Kotani et al.,
2001). We chemically synthesized kisspeptin-10 (KP-10) replacing the Trp3 residue with a
furylalanine (Fua) amino acid. We could demonstrate that upon incubation of live cells
expressing the GPR54 receptor with the furan-modified peptide, a covalently cross-linked
kisspeptin-10/GPR54 complex was formed as demonstrated by extensive analysis of the cell
lysate by Western blotting (Vannecke et al., 2017). Due to the complexity of the system

Edited by:
Yu-Hsuan Tsai,

Shenzhen Bay Laboratory, China

Reviewed by:
Aimee Boyle,

Leiden University, Netherlands
Douglas Root,

University of North Texas,
United States

Christopher Wood,
University of Edinburgh,

United Kingdom

*Correspondence:
Laia Miret-Casals

Laia.MiretCasals@UGent.be
Annemieke Madder

Annemieke.Madder@UGent.be

Specialty section:
This article was submitted to

Chemical Biology,
a section of the journal
Frontiers in Chemistry

Received: 21 October 2021
Accepted: 27 December 2021
Published: 16 February 2022

Citation:
Miret-Casals L, Van De Putte S,

Aerssens D, Diharce J, Bonnet P and
Madder A (2022) Equipping Coiled-

Coil Peptide Dimers With Furan
Warheads Reveals Novel Cross-

Link Partners.
Front. Chem. 9:799706.

doi: 10.3389/fchem.2021.799706

Frontiers in Chemistry | www.frontiersin.org February 2022 | Volume 9 | Article 7997061

ORIGINAL RESEARCH
published: 16 February 2022

doi: 10.3389/fchem.2021.799706

105

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2021.799706&domain=pdf&date_stamp=2022-02-16
https://www.frontiersin.org/articles/10.3389/fchem.2021.799706/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.799706/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.799706/full
http://creativecommons.org/licenses/by/4.0/
mailto:Laia.MiretCasals@UGent.be
mailto:Annemieke.Madder@UGent.be
https://doi.org/10.3389/fchem.2021.799706
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2021.799706


combined with the low abundance of the GPR54 membrane
receptor, we were not able to determine the identity of the
attacking amino acid residue and the exact structure of the
cross-linked species, despite extensive attempts at receptor
pulldown and MS-based identification of the complex. In
order to shed more light on the exact nature of the
nucleophile involved in the covalent bond formation, and
since no crystal structure of GPR54 is available, a homology
model was built (see ESI 1 and Supplementary Figure S1). Three
GPCRs were used as templates: the nociceptin opioid receptor,
the delta-opioid receptor, and the kappa-opioid receptor. The
homology model of GPR54 was built using Modeller software
(Webb and Sali, 2016) and 10 models were generated. Molecular
dynamics were applied with Amber 16 (Case, 2016) to relax the
generated structure and one representative structure was selected
to propose two starting points for the prediction of the GPR54/
kisspeptin-10 interaction: the rigid and the relaxed state of
GPR54. Then, the new in silico Iterative Residue Docking and
Linking method (Diharce et al., 2019), which allows to efficiently
predict peptide–protein interactions, was used to dock
kisspeptin-10. The best predicted docking poses of the native
kisspeptin-10 ligand into the GPR54 model receptor structure
using the rigid (Figure 2A; Supplementary Figure S2A in ESI 1)

and the relaxed (Supplementary Figure S2B in ESI 1)
conformation of the receptor show that several GPR54-
tyrosine (Y) residues, as well as GPR54-tryptophan (W),
-cysteine (C), and -lysine (K) are located in sufficient
proximity of the KP-10-W3 residue and could cross-link when
W3 is replaced by Fua. In amore recent work on the further use of
the furan-oxidation strategy for protein–protein cross-linking, we
studied the interaction between actin, the major cytoskeletal
protein of the cell that forms filaments, and Tβ4, which
regulates the polymerization of actin and keeps it in the
monomeric form. Starting from the available 3D
structure–function information on the Tβ4–actin complex
(PDB 4PL7, Figure 2B), we determined the optimal position
to insert a furan in Tβ4 (Tβ4-E24), and several Actin-lysine (K)
residues were identified as potential nucleophiles, proximate
enough to engage in covalent bond formation (Miret-Casals
et al., 2021a). In addition, several Actin-tyrosine (Y) residues
were also observed in close proximity to Tβ4-E24 (Figure 2B).
The furan-modified Tβ4 analogue was found able to efficiently
cross-link to monomeric actin upon singlet oxygen generation by
irradiation in the presence of a PS (Figure 1B), and the cross-link
site in the Tβ4-actin covalent complex was characterized in detail
(Miret-Casals et al., 2021a). In this case, we could firmly establish

FIGURE 1 | (A) Model for endogenous furan oxidation by reactive oxygen species (ROS). The mature glycosylated GPR54 receptor is present at the cell surface.
When the furan-modified kisspeptin-10 peptide (Furan-KP10) is added, it interacts at the cell surface with GPR54 (step 1). Due to the presence of an NADPH oxidase
(likely NOX4), present in the plasma membrane, ROS are locally released in the extracellular environment. Then, the Furan-KP10 is oxidized by ROS (step 2) to a keto-
enal-KP10 (step 3) and forms a covalent cross-link with the receptor (step 4). (B)Model for in vitro furan oxidation by singlet oxygen production. Actin and Fua-Tβ4
were first pre-incubated. Then, the furan moiety was activated by oxidation followed by cross-link formation. The oxidation relies on singlet oxygen generation by visible
light irradiation in the presence of a photosensitizer (PS), such as Rose Bengal or Rhodamine B. (C)Model system to explore furan warhead reactivity towards different
amino acid side chains in a coiled-coil peptide heterodimer.
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that lysine is a target for the furan warhead, and a potential
chemical structure of the covalent adduct between lysine and the
activated furan was put forward based on the MS data (Miret-
Casals et al., 2021a). Even if these cross-linked residues were
identified by MS, it cannot be excluded that other amino acids in
Actin can also react but the cross-linked products resulting
thereof were not detected due to a lack of knowledge on all
potential furan-cross-link partners. In both studies, the furan
moiety is used as a caged warhead and can be triggered to a keto-
enal (electrophilic intermediate) by the production of singlet
oxygen (Figures 1A,B). Earlier studies on the toxicity of furan
derivatives resulting from furan metabolism in vivo describe both
amine and thiol species as suitable target nucleophiles for
activated furan (Peterson, 2013).

In order to further explore the scope and limitations of furan-
oxidation-based cross-linking to proteins, we aimed at
determining which amino acid other than lysine can be
potentially targeted by a furan warhead and lead to a stable
cross-linked adduct. For that purpose, we searched for a system
able to mimic protein–protein interactions and suited for rational
protein design. Coiled-coil systems are described by the
interaction between two or more α-helices that coil around
each other to form a supercoiled structure composed of
identical or different helices, resulting in homomers or
heteromers that can be arranged in a parallel or antiparallel

manner (Lupas, 1996; Litowski and Hodges, 2002; Mason and
Arndt, 2004; Liu et al., 2006; Grigoryan and Keating, 2008; Boyle
and Woolfson, 2011; Woolfson et al., 2017; Lapenta et al., 2018).

Coiled-coil helical systems represent ideal scaffolds to bring
potential peptide cross-link partners in close proximity and we
decided to evaluate the propensity for site-specific cross-linking
between two coils, one of which is equipped with a furan moiety
(Figure 1C). In this work, the well-known heterodimeric E3/
K3 coiled-coil (Litowski and Hodges, 2002) was used as a model
system (Figure 1C), which is composed of a total of 42 residues
(Figure 3A), comprising two complementary right-handed α-
helices wrapped around each other in a left-handed fashion
(Figure 3B and the helical wheel diagram displayed in
Figure 3C). Each coil peptide contains three heptad repeats (3
× gabcdef) of seven amino acids with hydrophobic contacts at the
a and d positions, ionic residues at the e and g positions, and
generally polar residues at the surface-exposed positions b, c, and/
or f to enhance solubility (Figure 3A). The residues at the e and g
positions are crucial for ensuring either homo or hetero
association in native coiled-coils (Lavigne et al., 1995; Kohn
et al., 1998; Krylov et al., 1994), and this has been key to
design heterodimeric coiled-coils (Zhou et al., 1994). The E3/
K3 coiled-coil with the sequence (EIAALEK)3/(KIAALKE)3
contains a high number of glutamic acids (Glu, E) and lysines
(Lys, K) at positions e and g to be complementary to one another,

FIGURE 2 | (A) The best predicted docking pose of the native kisspeptin-10 ligand into the GPR54 model receptor structure using the rigid pose conformation of
the receptor. (B) 3D structure of Tβ4-actin complex based on PDB 4PL7. Left panels: an overview of the complex system; right panels: zoom in on GPR54/ACTIN amino
acids side chains (Lys, Cys, Tyr, and Trp) proximate to KP-10-W3 or Tβ4-E24, respectively, without the secondary structure. The amino acid that is replaced by
furylalanine (W3 in kisspeptin, E24 in Thymosin β4) is highlighted with a yellow background. N, C = N-, C-termini. Images prepared using MAESTRO (for details, see
ESI 1).
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allowing 10 electrostatic interaction pairs at the interface between
the two subunits to enhance heterodimer stability and destabilize
homodimer formation (Litowski and Hodges, 2002) (Figure 3).
Folding a sequence with this repeating pattern into an alpha-
helical secondary structure causes the hydrophobic residues
(isoleucine and leucine at positions a and d, respectively) to be
presented in a way that allows interaction with the same residues
of the complementary coil (Figure 3C). This characteristic
“knobs-into-holes” manner of packing (Litowski and Hodges,
2002) establishes the hydrophobic core. The stability of such
coiled-coils is directly proportional to the correct
complementarity of both the electrostatic and hydrophobic
interactions at the interface, resulting in a high-affinity
binding with a dissociation constant of 70 nM (Litowski and
Hodges, 2002). In the current work, we apply the furan
technology for the first time in this coiled-coil peptide
heterodimer as a model system to explore the reactivity of
oxidized furan moieties towards different amino acid side
chains (Figure 1C).

RESULTS AND DISCUSSION

Coiled-Coil Structure and Design Rationale
for the Current Study
Based on the published NMR structure of the E3/K3 coiled-coil
(PBD 1U01) (Lindhout et al., 2004), we determined the optimal

position to insert a furan-containing amino acid and the potential
nucleophiles on the E3/K3Coil, respectively. In the first instance,
we tried to reproduce the previously observed cross-linking [vide
supra (Miret-Casals et al., 2021a)] between an activated furan
moiety and a lysine residue located in close proximity in the
current coiled-coil context. We envisioned that the replacement
of a weak interhelical ionic bond (ECoil: Glu at position 13 and
KCoil: Lys at position 8, Figure 3B) respectively with the two
partner moieties able to engage in covalent bond formation would
not interfere with the stability of the coiled-coil structure. The
salt-bridging pairs with the shortest distances (Lindhout et al.,
2004), essential for the coiled-coil formation, and the Glu and Lys
residues positioned at the N/C terminus with higher flexibility
were left untouched. To allow selective cross-linking and avoid
problems with the formation of multiple adducts, the KCoil was
transformed to an RCoil (Figure 1C), where all lysines, except for
the Lys residue at position 8, were replaced by arginine (resulting
in the sequence RCoil-Lys-8), which allows preserving the same
number of positive charges in the KCoil but eliminates potential
competing nucleophiles (Figure 3A). Introduction of the furan
moiety for cross-linking involves the precursor unnatural amino
acid Orn (ornithine), which is coupled with 2-furanpropionic
acid (Fur) through the amino group of the Orn side chain placed
at position 13 on the ECoil (Figure 3A, resulting in the sequence
ECoil-OrnFur-13). The ornithine residue, featuring three
methylene spacers between the backbone and the amine
attachment point for the furan moiety, was chosen to give

FIGURE 3 | (A) Peptide sequences of the native [(EIAALEK)3/(KIAALKE)3] and modified coiled-coil complex. Peptide sequences are written N-terminus to C-
terminus. The four amino acids (IAAL) in the peptide sequence correlate with the positions a, b, c, and d of the coiled-coil heptad repeat (abcdefg), and EKE (ECoil) or
KEK/RER (K/RCoil) correlate with the e, f, and g positions. An Aba (aminobenzoic acid) group is introduced at the N-terminus and NH2 indicates the amide group at the
C-terminus. (B) Crystal structure of the (EIAALEK)3/(KIAALKE)3 coiled-coil heterodimer in which the partner moieties of interest (Ecoil: Glu at position 13 and Kcoil:
Lys at position 8) are indicated. PDB ID: 1U0I. (C) Helical wheel representation of the (EIAALEK)3/(KIAALKE)3 coiled-coil heterodimer viewed in cross-section. The
interhelical hydrophobic interactions are denoted with orange arrows, and interhelical electrostatic interactions are denoted by the blue arrows.
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enough flexibility to the Fur moiety to scan its RCoil proximate
surroundings for potential furan-cross-link partners. In addition,
the peptides were additionally modified with an Aba
(aminobenzoic acid) group on the N-terminus to increase the
UV activity for HPLC detection and with an amide group on the
C-terminus to minimize any repulsive electrostatic interactions
between the E3/R3 coiled-coil (Figure 3A).

The E3/R3 Coiled-Coil System is an ideal
Model to Explore Furan Reactivity
To ensure that the chosen coiled-coil model effectively allows
cross-linking of the furan warhead with lysine, we thus chemically
synthesized ECoil-OrnFur-13 and RCoil-Lys-8. We assumed that
the modified coiled-coil peptides will have similar KD as the
native E3/K3 coiled-coil (Figure 3A, ESI 2.1-2.7, and ESI 3.2-3.3).
Initially, both coils were pre-incubated to allow coiled-coil
formation. At a concentration of 10 μM for each coil peptide,
the monomer↔dimer equilibrium is shifted toward the
formation of a coiled-coil dimer in 92.0% (see ESI 2.10). Then,
the furan moiety can be selectively oxidized to a reactive keto-enal
upon generation of singlet oxygen by light irradiation in the
presence of a photosensitizer, such as Rose Bengal (RB) or
Rhodamine B (Rhd B) (Miret-Casals et al., 2021a) (see ESI 2.8
and 2.9). A site-selective cross-link reaction can then occur
between the oxidized furan moiety at the ECoil and the amine
group present in the RCoil if proximate.

The reactivity of the oxidized furan moiety towards
nucleophiles is followed by HPLC analysis of the

corresponding reaction mixtures (Figure 4) after light
irradiation (trace A) of RCoil-Lys-8 (trace F) and ECoil-OrnFur-
13 (trace E) and concurrent singlet oxygen production with Rhd
B (D trace). The individual peptides were also exposed to singlet
oxygen using the same conditions but in absence of the
complementary coil (traces C and B, respectively). Note that
the cross-linked product peak is generated (purple star in trace A)
and the area of the signal corresponding to the RCoil-Lys-8 (red
dot in trace A) has decreased compared to the red dot in trace C.
Importantly, RCoil-Lys-8 does cross-link to activated ECoil-
OrnFur-13 using RB; however, different cross-linked products
were observed (see ESI 4.1, Supplementary Figure S14). The Rhd
B-irradiation protocol (10 μM; 60 min of light irradiation,
Figure 4) generates one cross-linked product with the
expected mass of the covalent product previously described in
Miret-Casals et al. (2021a) and the dehydrated form (−18 Da, see
ESI 4.2, Supplementary Figure S15). The oxidized covalent
product (+16 Da) is also detected and becomes the main
product when applying the RB-irradiation protocol (2.5 μM;
30 min of light irradiation, see ESI 4.1, Supplementary Figure
S15 in comparison with Supplementary Figure S16 in 4.2). We
have previously described that singlet oxygen produced by PS-
irradiation protocols can produce oxidation-induced damage in
several amino acids (such as Cys, Met, Tyr, His, and Trp) (Miret-
Casals et al., 2021a). However, the ECoil-OrnFur-13/RCoil-Lys-
8 coiled-coil model system does not contain amino acids
prone to oxidation. The fact that we observe an oxidized
cross-link product in the current system thus indicates that
the oxidation takes place at the level of the newly formed

FIGURE 4 | HPLC-UV chromatograms recorded at 260 nm with a XTerra® Shield RP18 column, 125 Å (5 μM 2.1 × 250 mm). The reaction mixture after light
irradiation [blue trace (A)] is the cross-link reaction between RCoil-Lys-8 [red trace (F)] and ECoil-OrnFur-13 [dark green trace (E)] after 60 min of light irradiation with Rhd B
[orange trace (D)] at 10 μM. The RCoil-Lys-8 oxidation (light red) trace (C) and ECoil-OrnFur-13 oxidation (green) trace (B)were generated by exposure to singlet oxygen by
light irradiation in the presence of Rhd B at 10 μM for 60 min in absence of the other coil.
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covalent adduct. Earlier work from Zhu and Sayre (2007)
describes a 4-ketoamide as the end product of the reaction of
a 4-oxo-2-enal species with a primary amine in pH 7.4 HEPES
buffer. Such a 4-ketoamide structure results in the same exact
mass as the structure described in Miret-Casals et al. (2021a)
(Figure 5, XL product). The oxidized cross-linked product

(+16 Da) can be explained by oxidation of the 4-ketoamide by
oxygen-derived free radical reactions due to singlet oxygen
production. In addition, RCoil-Lys-8 can react with the keto-
enal-ECoil forming an aldimine (cross-link product −18 Da,
Figure 5). To further increase the level of cross-linking
(ensuring more complete furan-activation) while minimizing

FIGURE 5 | The 4-ketoamide structure is proposed as the end product of the reaction between ECoil-XFur-13 with RCoil-Lys-8 after furan activation, with the same
exact mass as the structure described previously in Miret-Casals et al. (2021b). An aldimine species (XL product—H2O) can also be formed. XL refers to cross-linked
species.

FIGURE 6 | All the chromatograms show the cross-link reaction product (purple star) between RCoil-Lys-8 (red dot) and ECoil-OrnFur-13 (dark green dot) after light
irradiation with Rhd B (orange triangle) at 10 μM. The ECoil-OrnFur-13 oxidation products (light green dots) are produced after activation of the furan moiety by singlet
oxygen generation. (A) RCoil-Lys-8 (10 μM) and ECoil-OrnFur-13 (10 μM) and 60 min of light irradiation. (B) RCoil-Lys-8 (25 μM) and ECoil-OrnFur-13 (25 μM) and 60 min of
light irradiation. (C) RCoil-Lys-8 (25 μM) and ECoil-OrnFur-13 (25 μM) and 120 min of light irradiation. (D) RCoil-Lys-8 (15 μM) and ECoil-OrnFur-13 (30 μM) and 60 min
of light irradiation. The cross-link yield was quantified as the percentage of the cross-linked product area and the values are indicated in the table.
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oxidation of the cross-linked product, several conditions were
tested using the Rhd B-irradiation protocol [i.e., time dependency
of 1O2 production, dose dependency of the coiled-coil interaction,
and ECoil:RCoil ratio (Figure 6)]. To allow a more quantitative
analysis of the cross-link yield and to compare between different
experiments, the percentage of the cross-linked product was
calculated integrating the different signals in the HPLC
chromatograms taking into account that the ratio between
photosensitizer concentration and coil peptide concentration is
changing, as well as the E/RCoil ratio (see ESI 5.1-5.2 for a more
detailed explanation of how the respective yields were calculated).
The concentration of both coils was increased from 10 to 25 μM
(see Figures 6A,B, respectively) to study the influence of the
coiled-coil interaction on the cross-link yield, but no differences
were observed in terms of the cross-linked product area as
indicated in the table of Figure 6. Note that cross-link
efficiency at 10–25 μM is independent of concentration
because there is almost complete association of monomers to
the coiled-coil dimer (see ESI 2.10). Next, the 1O2 production
time was increased up to 120 min, and the cross-link efficiency
improved from 59% to 70% (Figure 6C). The highest level of
cross-linked product (79.5%) was achieved when changing the
ECoil:RCoil ratio from 1:1 to 2:1 (Figures 6B,D, respectively);
however, single and double oxidized covalent products (+16,
+32 Da, respectively, which probably relate to free radical
oxidation products of the 4-ketoamide) were also detected
(Supplementary Figures S19–S20 in 5.4).

To further evaluate the influence of chain length and
positioning of the furan moiety on the cross-link reaction, Lys
(4C chain), Dab (2,4-diaminobutyric acid, 3C chain), and Dap
(2,4-diaminopropionic acid, 1C chain) were introduced at

position 13 on the ECoil as handles to couple the Fur moiety
(Figure 7 and ESI 3.4-3.6). These three amino acids together with
Orn, featuring varying lengths of methylene spacers between the
terminal amino group of the side chain and the α-carbon atom,
were used to study the optimal distance between the furan moiety
and the peptide backbone. All HPLC and MS analyses of reaction
mixtures between RCoil-Lys-8 and ECoil-XFur-8 (with X = Lys,
Orn, Dab, or Dap) have been included in Supplementary
Materials (see ESI, section 5.3–5.6). In all cases, high cross-
link levels were achieved although the ratio between the
expected covalent product (4-ketoamide) and the −18 Da form
(aldimine) differs, the last one becoming the main product when
using ECoil-DapFur-13 (see ESI 5.6, Supplementary Figures
S23–S24). It is important to mention that high levels of
doubly oxidized covalent product (+32 Da) were observed
when using ECoil-LysFur-13 and ECoil-DabFur-13 (see ESI 5.3
and 5.5, Supplementary Figures S18, S22); however, the
oxidation level of the cross-linked product can be tuned by
the type of PS and by the PS properties (i.e., dose and time
dependency of 1O2 production). The secondary structure of the
RCoil and ECoil peptides can be monitored experimentally by
circular dichroism (CD). The CD spectra of the RCoil-Lys-8, ECoil-
DapFur-13, and ECoil-LysFur-13, as well as 1:1 mixture of E and R
coil were recorded (see ESI 2.10, 5.7 and 5.8, Supplementary
Figures S25, S26). ECoil-DapFur-13 and ECoil-LysFur-13 with the
shortest and longest furan-side chain length were chosen for CD
analysis. The CD spectra are reported as the mean residue molar
ellipticity ([θ]) and demonstrate that RCoil-Lys-8 forms a coiled-
coil domain with both ECoils with the characteristic minima at 208
and 222 nm as previously reported for the heterodimeric E3/
K3 coiled-coil model system (Litowski and Hodges, 2002). The

FIGURE 7 | Schematic representation of the strategy followed to explore furan reactivity in an E3/R3 coiled-coil peptide dimer. To scan the furan warhead reactivity
towards additional cross-link partners, ECoil-XFur-13 and RCoil-Z-8 were chemically synthesized. Dap, Dab, Orn, and Lys were introduced at position 13 on the ECoil as
handles to introduce the Fur moiety. These four amino acids featuring varying lengths of methylene spacers were used to study the optimal distance between the furan
moiety and the peptide backbone to increase the efficiency of cross-linking between the coiled-coil motifs. Ser, Cys, His, Tyr, and Trp, besides Lys, were chosen as
potential new partners for the furan warhead and were placed at position 8 on the RCoil. All possible E/R coiled-coil partners were pre-incubated to allow coiled-coil
complex formation, and then PSs (RB or Rhd B) were added and irradiated with light to afford covalently connected coiled-coil motifs upon furan activation.
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negative molar ellipticity ([θ]) at 222 nm is directly proportional
to the amount of helical structure and the (θ)222/(θ)208 ratio is
typically ˃1.0 for E3/K3 coiled-coil helical heterodimers and
0.66–0.72 for the single α-helices E3 and K3 coils as
previously reported by Litowski and Hodges (2002) (see
Supplementary Table S1 in ESI 2.10). The 1:1 mixture of
both ECoils with RCoil-Lys-8 had the largest (θ) at 222 nm (see
ESI 5.7-5.8, tables in Supplementary Figures S25, S26),
indicating that the heterodimeric coiled-coils have the
maximum helical structure. Note that transformation of the
KCoil to an RCoil as well as the introduction of the furan-side
chain at position 13 (residue on position e, which is not important
for the hydrophobic core) on the ECoil do not interfere in coiled-
coil formation. Furan cross-linking is described for the first time
to constrain coiled-coil helical dimers and demonstrates that the
E3/R3 coiled-coil system is an ideal model to explore furan
reactivity.

Scanning of Furan Warhead Towards Novel
Cross-Link Partners in a Coiled-Coil
Peptide Dimer
To evaluate whether other amino acids can cross-link with the
furan warhead, three nucleophilic amino acids, cysteine (Cys),
histidine (His), and serine (Ser), and two amino acids that can
potentially engage in electrophilic aromatic substitution,
tyrosine (Tyr) and tryptophan (Trp), were selected and
incorporated at position 8 on the RCoil (Figure 7). After
chemical synthesis (see ESI 3.7-3.11), the secondary structure
of the peptides was evaluated by CD spectroscopy for all RCoils

and ECoil-LysFur-13, as well as a mixture containing both (see ESI
6). All the RCoils formed heterodimeric coiled-coils with ECoil-
LysFur-13 with the characteristic minima at 208 and 222 nm and
the largest [θ] at 222 nm (see ESI 6, Supplementary Figures
S27–S31). Note that the introduction of different amino acids at
position 8 (residue on position g) on the RCoil does not alter the
coiled-coil nature. Next, the efficiency of the ECoil-OrnFur-13 to
cross-link to the new RCoils was examined using the two PS-
irradiation protocols as described above, and the reaction
mixtures after light irradiation were investigated by HPLC
analysis (see ESI 7). Rhd B and RB-irradiation protocols
show evidence of cross-linked product for Cys and Tyr-RCoil

to ECoil-OrnFur-13 (see ESI 7, Supplementary Figures S33, S35,
S38, S40). In addition, RCoil-Trp-8 seems to cross-link to ECoil-
OrnFur-13 using Rhd B albeit with a lower cross-link yield (see
ESI 7.1.5, Supplementary Figure S36). Note that the GPR54/
KP-10 homology model allowed visualization of GPR54-C62
and C277 in close proximity to KP-10-W3 residue (Figure 2A;
Supplementary Figure S2 in ESI 1). In addition, several GPR54-
Tyr residues, as well as several Actin-Tyr residues were observed
in sufficient proximity of the KP-10-W3 (see Figure 2A;
Supplementary Figure S2 in ESI 1) or Tβ4-E24 (Figure 2B),
respectively. All these residues were identified as potential
furan-cross-link partners when KP-10-W3 or Tβ4-E24 are
replaced by Fua, and we indeed prove site-specific cross-
linking of Cys and Tyr side chains towards the furan
warhead after activation (see below).

Cys was the only nucleophilic amino acid, besides Lys, to
cross-link with the Fur moiety. To further increase the level of
cross-link efficiency between RCoil-Cys-8 and ECoil-OrnFur-13
(ensuring furan-activation) while minimizing oxidation of the
cross-linked products, Rhd B was chosen as a PS in view of the
lower oxidation levels of RCoil-Cys-8 when

1O2 is produced in the
absence of the Fur-ECoil compared to RB (see ESI 7,
Supplementary Figures S33, S38). The concentration of both
coils was increased from 10 to 25 μM (Figures 8A,B, respectively)
to study the dose dependency of the coiled-coil cross-link yield. A
higher UV absorbance was observed in the chromatograms,
related to the increase in E3/R3 coil concentration, but there
were no differences in terms of cross-link yields (69.2% and
67.2%, respectively, see table in Figure 8; Supplementary Table
S4 in ESI 8.2). This confirms the almost complete association of
monomers to the coiled-coil dimer at 10–25 μM as previously
described for RCoil-Lys-8 and ECoil-OrnFur-13.

We note that the RCoil-Cys-8 cross-links by itself to give a
disulfide bond dimer when singlet oxygen is produced (see ESI
8.3, Supplementary Figures S43, S44). Disulfides formed from
oxidation of two Cys residues by singlet oxygen production via
the thiyl radical intermediates and subsequent dimerization of
these species has been previously reported (Schöneich, 2016;
Trujillo et al., 2016). Moreover, the disulfides can further react
with singlet oxygen to form zwitterionic peroxides, thiosulfinates,
and thiosulfonates (Clennan et al., 1997; Clennan, 2001). We
envisaged that by changing the ECoil:RCoil ratio from 1:1 to 2:1
(Figures 8B,C, respectively), RCoil–RCoil interactions would
become less important, as well as the level of Cys-mediated
dimerization, and the level of E3/R3 coiled-coil cross-linking
would improve (Figure 8C). However, the excess of ECoil-OrnFur-
13 was not enough to completely prevent RCoil-Cys-8
dimerization. RCoil-Cys-8 was pre-treated with tris(2-
carboxyethyl)phosphine (TCEP) in a 1:1 ratio for 10 min
before adding ECoil-OrnFur-13 and starting the Rhd B-light
irradiation protocol (Figure 8D). TCEP is known as a
reducing agent and is used to break the disulfide bonds and
keep cysteines in their reduced form. A total of 4 equivalents
(equiv.) of TCEP were needed to stop RCoil-Cys-8 dimerization
and to obtain a high level of coiled-coil cross-linked product
(81.3%, Figure 8E, Supplementary Table S4 in ESI 8.2, and ESI
8.5). The optimized protocol (RCoil: 15 μM + 60 μM TCEP,
ECoil: 30 μM, Rhd B: 5 μM, and 60 min of light irradiation)
was used to cross-link RCoil-Cys-8 with all ECoil-XFur-13 and the
reactionmixtures were investigated by HPLC andMS analysis (all
chromatograms and spectra can be found in ESI 8.4-8.7). As
previously reported for Lys, high cross-link levels were also
achieved with RCoil-Cys-8 with all Fur-ECoil (ECoil-XFur-13, see
ESI 3.1, Supplementary Table S2). The MS analyses (see ESI 8.4-
8.7, Supplementary Figures S45, S47, S49, S51) show peaks at
different retention times with the same cross-linked product
mass. The mass of the cross-linked product corresponds to the
Michael-type addition of the cysteine thiol group of RCoil-Cys-8
to the α,β-unsaturated double bond of the activated furan moiety
(keto-enal-ECoil) after generation of singlet oxygen. The addition
of the thiol may occur at the α- or β-position relative to the ketone
group of the activated furan, and possibly all cross-linked
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products are mixtures of R and S enantiomers (see ESI 8.1,
Supplementary Figure S42). That explains why various cross-
linked product peaks are observed in the HPLC chromatograms.
In addition to the Michael-type addition cross-linked product,
the dehydrated and the oxidized form of the cross-linked product
(–18 Da and +16 Da, respectively) can be observed in small
quantities, as well as RCoil-Cys-8 dimer.

In addition, the activated Fur moiety cross-links with amino
acids that can engage in electrophilic aromatic substitution: Tyr
and Trp; however, the cross-linking efficiency for Trp (only
observed when using Rhd B) is lower as compared to Tyr
(cross-linked product is observed for both PS; however, cross-
link yield is higher when using RB, see Figures 9A,B and ESI
7.1.4, Supplementary Figure S35 in comparison with 40 in 7.2.4).
The level of cross-linking between RCoil-Tyr-8 and ECoil-OrnFur-
13 was slightly increased by increasing the concentration of both
coils up to 25 μM using RB (from 22.6% to 26.0%, see Figures
9B,C and ESI 9.2). No differences were observed in terms of
cross-link efficiency upon increasing the ECoil-to-RCoil ratio from
1:1 to 2:1 and increasing the 1O2 production time (data not
shown). Note that the RB-irradiation protocol produces
oxidation-induced damage to Tyr, but cross-link yields
are higher compared to Rhd B (See Figures 9A,B). ECoil-
DabFur-13 (2 methylene spacers) and ECoil-DapFur-13 (1
methylene spacer) with a shorter side chain did not cross-link

or cross-linked in much lower yields to RCoil-Tyr-8, respectively
(see ESI 9.5-9.6, Supplementary Figures S58, S59). The ECoil-
DapFur-13 mass analysis reveals a mini-peak with a high
molecular mass that could correspond to a cross-linked
product; however, more detailed characterization was not
possible (see ESI 9.6, Supplementary Figure S60). ECoil-
LysFur-13 cross-links to RCoil-Tyr-8 with similar efficiency to
the ECoil-OrnFur-13 (see ESI 9.3-9.4, Supplementary Figure
S54 in comparison with Supplementary Figure S56). We
propose that RCoil-Tyr-8 cross-links to ECoil-LysFur-13 through
an electrophilic aromatic substitution, after which aromatic
rearrangements and loss of water occur to give the final
product (see ESI 9.1, Supplementary Figure S53 for details of
the proposed structure). The calculated mass of this structure
correlates with the found mass for the cross-linked product (see
ESI 9.3, Supplementary Figure S55); however, when shortening
the connecting chain to the furan (cfr. cross-link experiments of
RCoil-Tyr-8 with ECoil-OrnFur-13), the corresponding adduct
could not be elucidated in detail. These results indicate that
the longest chains (ECoil-LysFur-13 and ECoil-OrnFur-13) with
more flexibility can accommodate the cross-linked product
with the most thermodynamically stable structure.

The RCoil-Trp-8 cross-links to ECoil-OrnFur-13 with low cross-
link yield. The best cross-link efficiency was achieved using an
ECoil:RCoil ratio of 1:1 with Rhd B at 10 μM and light irradiation

FIGURE 8 | All the chromatograms show the cross-linking reaction product (purple star) between RCoil-Cys-8 (red dot) and ECoil-OrnFur-13 (dark green dot) after
light irradiation with Rhd B (orange triangle). The ECoil-OrnFur-13 oxidation products (green light dots) are produced after activation of the furan moiety by singlet oxygen
generation. (A) RCoil-Cys-8 (10 μM) and ECoil-OrnFur-13 (10 μM), Rhd B 10 μM and 60 min of light irradiation. (B) RCoil-Cys-8 (25 μM) and ECoil-OrnFur-13 (25 μM), Rhd B
5 μMand 60 min of light irradiation. (C)RCoil-Cys-8 (15 μM) and ECoil-OrnFur-13 (30 μM), Rhd B 5 μMand 60 min of light irradiation. (D)RCoil-Cys-8 (15 μM) + 15 μM
TCEP and ECoil-OrnFur-13 (30 μM), Rhd B 5 μM and 60 min of light irradiation. (E) RCoil-Cys-8 (15 μM) + 60 μM TCEP and ECoil-OrnFur-13 (30 μM), Rhd B 5 μM and
60 min of light irradiation. The cross-link yield was quantified as the percentage of the cross-linked product area and the values are indicated in the table.
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for 120 min (see ESI 10.2, Supplementary Figures S62, S63). No
cross-link product was observed for the other ECoil-XFur-13 coil
peptides (see ESI 10.1 and 10.3).

CONCLUSION

In previous work, the furan-cross-link technology was applied to KP-
10-GPR54 andTβ4-Actin complex systems, and peptide–protein and
protein–protein cross-link products were observed. The formed
cross-link complex was shown to result from the reactivity of the
furan warhead (incorporated in a peptide or protein) towards a Lys
(in close proximity) in the target protein.However, theKP-10-GPR54
homology model as well as the crystal structure of Actin-Tβ4 (4PL7)
(Figure 2) indicate that besides Lys, other side-chain amino acids can
be located in close proximity to the activated furan moiety. The E3/
R3 coiled-coil model system used here, now enabled firm
identification of Cys and Tyr as new nucleophilic partners, able to
react and form a covalent bond. At the same time, the system allowed
to study the optimal distance between the furan moiety and the
peptide backbone.

In conclusion, we have reported that the replacement of
weak interhelical ionic contacts with suitable precursors for
furan-oxidation-based cross-linking affords stable dimeric

coiled-coil structures that can be covalently cross-linked upon
visible light irradiation. We describe for the first time reaction of
the oxidized furan moiety with cysteine and tyrosine residues in
the target strand, in addition to the earlier reported lysine-
oriented furan warhead (Miret-Casals et al., 2021a). It is
important to note that unnatural furan-containing amino acids
can be incorporated in peptides and proteins by either flexible
in vitro translation (Decoene et al., 2018) or genetic encoding of
noncanonical amino acids, in Escherichia coli (Schmidt and
Summerer, 2013) and in human cells (Schmidt et al., 2014),
respectively. This study suggests that furan warheads, when
incorporated into peptides or proteins, can be used for
oxidation-induced cross-linking to a variety of amino acid side
chains in the target protein when spatial proximity is ensured to
discover weak and/or transient protein–ligand and
protein–protein interactions.

MATERIALS AND METHODS

Synthesis, Purification, and
Characterization of Coil Peptides
Chemicals, general procedures, solid phase peptide synthesis,
purification, and characterization of the peptides are described

FIGURE 9 | All chromatograms show the cross-link reaction product (purple star) between RCoil-Tyr-8 (red dot) and ECoil-OrnFur-13 (dark green dot) after light
irradiation with Rhd B (orange triangle) and RB (yellow triangle). The ECoil-OrnFur-13 oxidation products (green light dots) are produced after activation of the furan moiety
by singlet oxygen generation. (A)RCoil-Tyr-8 (10 μM) and ECoil-OrnFur-13 (10 μM), Rhd B 10 μMand 60 min of light irradiation. (B) RCoil-Tyr-8 (10 μM) and ECoil-OrnFur-13
(10 μM), RB 2.5 μMand 30 min of light irradiation. (C)RCoil-Tyr-8 (25 μM) and ECoil-OrnFur-13 (25 μM), RB 2.5 μMand 30 min of light irradiation. The cross-link yield
was quantified as the percentage of the cross-linked product area and the values are indicated in the table.
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in the Supplementary Materials section of this paper (see ESI 2
and 3).

Circular Dichroism Spectroscopy
CD spectra of the E/RCoils analogues, as well as a mixture
containing both, were obtained using a JASCO J7100
instrument (Tokyo, Japan), equipped with a HAAKE cryostat
temperature-controlled cell holder at 25°C. CD spectra are
reported as the mean residue molar ellipticity ([θ]) with units
of degrees square centimeter per decimole (deg x cm2/dmol),
calculated by the equation:

[θ] � (θobs × MRW)/(10lc)
where θobs is the ellipticity in millidegrees, MRW is the mean
residue molecular weight (molecular weight of the peptide
divided by the number of amino acid residues), l is the path
length of the cuvette in centimeters, and c is the peptide
concentration in milligrams per milliliter. The CD spectra
were recorded at 50 nm/min scan rate, a bandwidth of 1 nm, a
data pitch of 0.1 nm, a response of 0.5 s, a wavelength range of
200–260 nm, and a 1-cm path length cell. Each spectrum was an
average of nine scans. Baselines were corrected by subtracting the
solvent contribution [phosphate-buffered saline (PBS) 1 ×
buffer]. The CD spectra for all RCoil-Z-8 and ECoil-LysFur-13
were measured at 5 μM in PBS (pH 7.4) for each coil peptide,
as well as a 1-to-1 mixture containing both; see Supplementary
Materials for further details (see ESI 2.10).

Cross-Linking Experiments and Singlet
Oxygen Production
The concentrated RCoil-Z-8 and ECoil-XFur-13 peptides (100 μM)
were diluted in air-saturated PBS (pH 7.4). The used
concentration of coil peptides is indicated in figures or figure
legends. Cross-linking experiments took place in 2-ml Eppendorf
vials in a total volume of 300 μl placed. RCoil-Z-8 and ECoil-XFur-
13 peptides were incubated for 5 min at room temperature
(binding step), and then the photosensitizers, Rhodamine B or
Rose Bengal, were added to the mixture to a final concentration of
10 or 2.5 μM, respectively (or as indicated in figures). The lamp
was then placed on top of the Eppendorf and the samples were
irradiated with a Euromex Illuminator Eκ-1 lamp (110W, 12 V,
halogen lamp LE.5210) coupled with an optical fiber arm

(Euromex LE.5214 dual-arm light conductor) at room
temperature for 60 and 30 min, respectively (or as indicated in
figures). The light intensity of the lamp was kept in between 6.8
and 7 Klux. After irradiation, the reaction mixture was left to
react for 1 h at 25°C, and the samples were submitted to HPLC-
UV and HPLC-MS analysis; see Supplementary Materials for
further details (see ESI 2.9).
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