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Introduction: Urease is an enzyme exploited by many virulent bacteria and fungi to
infect the host and exert their virulence. The Gram-negative bacterium Helicobacter
pylori relies on the activity of urease to infect the highly acidic human stomach. The
activity of urease depends on the presence of a catalytic site containing twoNi(II) ions.
In vivo, urease is initially synthesized as an inactive apo-enzyme and requires a
post-translational activation process that involves the incorporation of the metal
ions into its buried active site. In H. pylori, as well as in other bacteria, this activation
process is mediated by four accessory proteins, named UreD, UreF, UreG, and UreE.
Targeting the interactions between urease chaperones could potentially inhibit the
activation of urease through blocking the Ni(II) ions incorporation, providing a route
for the development of antimicrobial strategies against ureolytic pathogens.

Methods: In this paper, an evolutionary couplings (EC) approach was adopted to
determine the interaction surface between urease and UreD, the first protein that
binds the enzyme, preparing it for the subsequent activation steps. Site-directed
mutagenesis and an in-cell assay were used to detect urease activity in
recombinant bacteria expressing the mutated operon. The obtained data were
used to drive a protein-protein docking computational approach.

Results and Discussion: The EC prediction retrieved ten pairs of residues lying at the
interface between UreD and the urease subunit UreB, likely involved in contacts
essential to build the protein complex. These contacts were largely confirmed
experimentally, leading to the obtainment of a model for the urease-UreD complex
that agrees well with the recently reported experimental cryo-EM structure. This work
represents a proof of concept for the calculation of reliable models of protein
interaction surfaces in the absence of experimental structures of critical assemblies.
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Introduction

Urease is a Ni(II) ion-dependent enzyme involved in essential
biological processes of bacteria, archaea, unicellular eukaryotes, and
plants (Zambelli et al., 2011;Mazzei et al., 2017;Mazzei et al., 2019). The
enzymatic hydrolysis of urea leads to the production of ammonia and
carbamate, the latter spontaneously decomposing into ammonia and
bicarbonate, with a rise of the environmental pH that is exploited by
many bacteria and fungi to infect the host and exert their virulence
(Rutherford, 2014). Some pathogenic agents, such as the Gram-negative
bacterium Helicobacter pylori that infects the highly acidic human
stomach, use the pH buffering outcome of urea hydrolysis to
colonize specific niches and to survive in the host environment
(Savoldi et al., 2018), thus making Ni(II) a virulence factor for this
WHO Class I bacterial carcinogen (Maroney and Ciurli, 2021).
Therefore, urease represents a target to develop antibiotics for
infections by ureolytic bacteria. The activity of urease relies on the
presence of an active site containing two Ni(II) ions bridged by the
carboxylate group of a carbamylated lysine and by a hydroxide ion, the
nucleophile of the hydrolysis reaction (Mazzei et al., 2020; Mazzei and
Ciurli, 2021). While several enzyme inhibitors that target the catalytic
mechanism have been proposed to this task, the enzyme activation
process could be another way to modulate its activity.

In vivo, urease is initially synthesized as an inactive apo-enzyme,
and its activation requires a post-translational process that involves
the incorporation of the metal ions, concomitantly with
carbamylation of the lysine, both located in its buried active site.
The accepted general view of this process, which is specifically
discussed here for the case of H. pylori urease (HPU), involves
four accessory proteins, named UreD, UreF, UreG, and UreE
(Zambelli et al., 2011; Mazzei et al., 2017; Nim and Wong, 2019).
The genes encoding these chaperones are in the same operon as the
structural genes ureA and ureB coding for the β and α subunits
respectively, which assemble into the enzyme. Indeed, while
bacterial ureases are generally hetero oligomers of the (αβγ)3
type, the Helicobacter genus represents an exception in which the
β and γ subunits are fused to yield a [(αβ)3]4 quaternary structure
(Ha et al., 2001b; Cunha et al., 2021). The activation of urease
requires the formation and dissociation of protein complexes with
various combinations of the chaperones, this process being regulated
by Ni(II) ions, GTP hydrolysis, CO2 uptake for lysine carbamylation,
as well as conformational changes in flexible regions at the protein-
protein and protein-metal interfaces (Zambelli et al., 2020). In
particular, the UreDFG complex plays a critical role by binding
and pre-activating urease, a modification needed for urease to
receive Ni(II) ions (Fong et al., 2013; Musiani et al., 2017).
Nickel trafficking is effected by UreE2, a dimeric
metallochaperone (Soriano et al., 2000; Bellucci et al., 2009;
Merloni and Ciurli, 2014). The Ni(II) ion-binding site in UreE2
is situated at the edge of the dimerization interface, on the surface of
the protein, and involves two conserved His residues (Remaut et al.,
2001; Song et al., 2001; Shi et al., 2010; Banaszak et al., 2012;
Zambelli et al., 2013). Some UreE2 proteins contain His-rich
C-terminal tails that bind additional Ni(II) ions acting as a Ni(II)
ion deposit (Grossoehme et al., 2007). In all structurally
characterized UreE2 proteins, these sequences show intrinsic
flexibility and contain at least one His residue involved in the
Ni(II) ion coordination, acting as “arms” that take and release

the metal ions to other protein chaperones such as UreG
(Zambelli et al., 2020).

Urease activation requires the binding of UreD to urease,
which was proposed to induce a conformational change
preparing the enzyme for the subsequent steps (Park et al.,
1994; Chang et al., 2004; Farrugia et al., 2013; Eschweiler
et al., 2018). The formation of the urease-UreD complex
recruits UreF (Moncrief and Hausinger 1996; Farrugia et al.,
2013) in a UreDF complex, whose crystal structure has been
reported (Fong et al., 2011). Structural analysis of this complex
revealed extended contacts between an α-helical segment of
UreF, which is degraded by proteolysis when the protein is
expressed alone (Lam et al., 2010; Zambelli et al., 2014). This
segment is required for the UreDF interaction (Fong et al., 2011;
Tarsia et al., 2018). The UreDF complex interacts with UreG to
form the UreDFG super-complex (Fong et al., 2013). UreE2 has
been shown to deliver Ni(II) ions to the pre-activation assembly
through the interaction with UreG (Bellucci et al., 2009). UreG
thus switches between the UreDFG and the UreEG complex,
depending on the nucleotide and metal ion-bound states (Yuen
et al., 2017; Pierro et al., 2020). In this mechanism, a role is played
also by HypA and HypB, two Ni-chaperones involved in the
maturation of (Ni-Fe)-hydrogenase (Tsang and Wong, 2022). In
particular, HypA provides Ni(II) ions to the urease system
through its interaction with UreE2 in a Ni-UreE2-HypA
assembly (Spronk et al., 2018; Zambelli et al., 2023). Targeting
the interactions between urease chaperones could potentially
inhibit the activation of urease through blocking the Ni(II)
ions incorporation, providing a route for the development of
antimicrobial strategies against ureolytic pathogens (Tarsia et al.,
2018). A model for the structure of K. aerogenes urease bound to
its accessory proteins was proposed based on crosslinking, mass
spectrometry experiments, and small angle X-ray scattering
studies; this model suggested the occurrence of specific
interactions between UreD and UreB in the proximity of the
active site, which caused a conformational change with better
access to the nascent active site (Quiroz-Valenzuela et al., 2008;
Farrugia et al., 2013; Ligabue-Braun et al., 2013; Eschweiler et al.,
2018).

The mechanism of Ni(II) ion transfer from the UreDFG
complex to urease has been only partly elucidated (Zambelli
et al., 2011; Zambelli et al., 2020). The binding site of the
catalytic Ni(II) ions in urease is buried in its structure (Zambelli
et al., 2011; Maroney and Ciurli, 2014; Mazzei et al., 2017).
Furthermore, while UreD is the chaperone that directly contacts
urease, the interaction surface is far away from the Ni(II) ion binding
site of UreG. Thus, the question arises as to how Ni(II) ions can be
transported from one side of the UreDFG chaperone complex to the
other. The answer to this question was provided by the X-ray
structure of UreDFG, which revealed the presence of intra-
molecular tunnels as viable routes for Ni(II) ions translocation
(Zambelli et al., 2014). This hypothesis, initially supported by
site-directed mutagenesis studies on UreF (Zambelli et al., 2014)
and UreD (Farrugia et al., 2015), as well as molecular dynamics
simulations (Musiani et al., 2017; Masetti et al., 2020; Masetti et al.,
2021), was then confirmed experimentally by the cryo-electron
microscopy (cryo-EM) structure of the UreDF-urease complex
(Nim et al., 2023).
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In this paper, an evolutionary couplings (EC) approach (Marks
et al., 2011; Hopf et al., 2014) was adopted to investigate the
interaction surface between urease and UreD. The EC predictions
were experimentally evaluated by site-directed mutagenesis and
subsequently used to drive a protein-protein docking
computational approach that led to the obtainment of a model
for the urease-UreD complex that agrees well with the experimental
cryo-EM structure. This study thus represents a proof-of-concept
indicating that only a minimum number of experimentally verified
contacts predicted using evolutionary couplings is sufficient to build
reliable structural models of protein-protein complexes.

Materials and methods

Evolutionary couplings

Multiple sequence alignments (MSAs) were generated for UreA,
UreB, and UreD by running the Jackhmmer software (Johnson et al.,
2010) against the Uniref100 dataset (Suzek et al., 2015) downloaded on
24 July 2020 for bitscore thresholds (normalized to sequence length)
between 0.1 and 0.9. From theseMSAs, sequences (rows) were dropped
if they contained more than 30% gaps, a threshold that was used to
exclude fragmental hits and improve the quality of the alignment.
Similarly, MSA columns—each representing an individual amino
acid—were retained for further analysis if they contained fewer than
30% gaps, which is the default in the EVcouplings software and limits
our predictions only to residue positions that align to a high proportion
of sequences. OneMSAwasmanually chosen for each UreA, UreB, and
UreD subunit based on optimizing for maximum number of sequences
in the alignment while maintaining a high number of residues meeting
our column coverage threshold. The UreA MSA contained
4,663 sequences and 93.7% sequence coverage, the UreB MSA
contained 23,307 sequences with 99.3% sequence coverage, and the
UreDMSA contained 22,907 sequences with 93.2% sequence coverage.

These chosen alignments were then run through the
EVcouplings software package, using both the monomer (Marks
et al., 2011; Hopf et al., 2019) and complex (Hopf et al., 2014; Green
et al., 2021) pipelines for these chosen alignments. For all complex
runs to investigate inter-protein interactions between the three
subunits, theta (a clustering threshold for down-weighting
redundant sequences) was set to 0.9 and the row and column
maximum gap thresholds were retained at 30%. Sequences from
the two subunits per pairing were concatenated based on the “best
hits” protocol with only reciprocal best hits retained. The resulting
concatenated alignment contained 10,723 sequences with 97.7%
sequence coverage across both sequences.

Top contacts contained within each subunit were compared to
the following PDB structures detected through homology search: for
UreB, PDB IDs 6QSU and 6ZJA (Cunha et al., 2021) and 1E9Z (Ha
et al., 2001b); for UreD, PDB ID 3SF5 (Fong et al., 2011) and 4HI0
(Fong et al., 2013), and for UreA, PDB IDs 1E9Y and 1E9Z (Ha et al.,
2001a), as well as 6ZJA and 6QSU (Cunha et al., 2021). The top
predicted inter-protein contacts (i.e., between subunits) for UreB-UreD
were then used to design mutations in these subunits for further
experimental testing and for protein-protein docking. The multiple
sequence alignments are freely available at https://site.unibo.it/
bioinorgchem/en/downloads.

Site-directed mutagenesis and in-cell
determination of urease activity

The pGEM-ureOP plasmid, carrying the H. pylori strain
G27 urease operon (Zambelli et al., 2014) was used as PCR
template for site-directed mutagenesis using the Quikchange
mutagenesis kit (Agilent), according to the manufacturer’s
instructions. The vectors containing the mutated operons were
amplified in E. coli TOP10 cells and sequenced on both strands
to confirm the mutations.

TOP10 bacterial cells harboring the pGEM-ureOP plasmid, or
its variants, were tested for urease activity by modifying a
previously reported method (Tarsia et al., 2018). Briefly, cells
were pre-cultured at 37°C in 5 mL of lysogeny broth (LB)
containing 50 μg/mL of carbenicillin (Cb). After 16 h, 2 mL of
this culture were used to inoculate 10 mL of LB containing the
same concentration of Cb and kept at 37°C until OD600 reached
0.5–0.6; subsequently, 2 mMNiSO4 and 320 mM urea were added
to each culture to 2 and 320 mM respectively, together with
10 μg/L of cresol red as pH indicator. The color change of the
cresol red indicator was monitored over time by measuring the
absorbance at 430 nm and at 580 nm. All experiments were
performed in triplicate.

Protein-protein docking calculations

The H. pylori 26695 UreD structure from PDB ID 4HI0 (Fong
et al., 2013) together with one UreA subunit and two UreB subunits
from the urease structures from the same bacterium [PDB IDs 6ZJA
and 6QSU (Cunha et al., 2021)] were used for the docking
calculations by using the data-driven docking webserver Haddock
2.2 (Dominguez et al., 2003; van Zundert et al., 2016) with default
parameters. Haddock’s algorithm uses biochemical and/or
biophysical information to drive the docking process in the form
of “active residues,” that are supposed to be at the protein-protein
interface. For the present calculations, the residues identified
through the evolutionary couplings analysis were used as “active
residues.” A Haddock computation is composed of three rounds: 1)
a rigid-docking stage that produces 1,000 putative docking
complexes that are ranked according to an apt scoring function
called “Haddock score”; 2) a semiflexible simulated annealing
performed on the best 200 solutions calculated in the first round,
and 3) an explicit water refinement performed on the same
200 structures resulting from the second round. The achieved
docking poses are then clustered using a fraction of common
native contacts cutoff of 0.6. The best urease-UreD complex was
selected based on the cluster population and the Haddock score. The
urease-UreDFG model complex was then reconstructed through
structure superimposition between the best docked structure
(i.e., the structure with the lowest Haddock score in the most
populated cluster) and the whole H. pylori 26695 urease (HPU)
structure together with the UreDFG complex. The results were
visualized and analyzed with UCSF ChimeraX 1.6 (Goddard
et al., 2018; Pettersen et al., 2021). The model structure was
compared with the HPU-UreDF cryo-EM structure (PDB ID:
8HC1) (Nim et al., 2023). The calculated model is freely available
at https://site.unibo.it/bioinorgchem/en/downloads.
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Results and discussion

Evolutionary couplings

Because selective pressures can act to maintain interactions
between protein complex subunits, protein evolutionary
information can be used to identify co-evolving residues that are
critical for maintaining protein-protein interactions across species.
The EVcouplings framework (Marks et al., 2011; Hopf et al., 2014)
has been used successfully to predict the interaction interface for two
proteins involved in bacterial cell wall synthesis before the crystal
structure of the complex was determined (Sjodt et al., 2018; Sjodt
et al., 2020). Here, we used this same in silico framework to predict
which residues are important for binding between UreB and UreD.

Both intra- and inter-protein contacts were predicted using a
single complex pipeline EVcouplings run. The resultant predicted

intra-protein contact maps for the UreA, UreB and UreDmonomers
matched well overall with homologous cryo-EM and crystal
structures (Figures 1–3). In addition, contacts between different
chains of the same protein, occurring in the urease topological
assembly, are well predicted for UreA and UreB proteins (Figure 1).
These observations are a primary measure of how well this method
can predict unknown interacting residues between proteins. As a
proof of principle, the predicted contact maps for the UreA-UreB
interactions (Figure 1), matching very well with the experimental
structure, confirm the utility of this approach. The overall H. pylori
urease structure [PDB ID 6ZJA, (Cunha et al., 2021)] made of UreA
and UreB subunits, indicates that 12 out of the top 15 predicted
inter-protein contacts via EC analysis are observed within 5 Å
minimum atom distance in the structure. The overall precision,
including intra-protein, monomeric predicted contacts at this level,
is 0.8.

FIGURE 1
Intra- and inter-protein predicted contacts using evolutionary couplings for HPU UreA and UreB. The complex pipeline was used to compute
evolutionary coupled residues for a compound alignment of UreA and UreB, shown in these contact maps. In all cases, axes correspond to residue
indices. Predicted contacts (black dots) are shown that are entirely within UreA (top left), UreB (bottom right), or inter-protein between UreA and UreB
(top right and bottom left, with axes flipped between the two versions). Residue pairs with EC scores at or above the 15th top ranked inter-EC are
shown. For comparison, known contacts from the monomeric (blue dots) and homo-multimeric (e.g., different chains of the same protein, orange dots)
are shown, taken from PDB IDs 1E9Y, 1E9Z, 6ZJA, and 6QSU for UreA and PDB IDs 6QSU, 6ZJA, and 1E97 for UreB. Orange dots in the top right and
bottom left panels are the known interacting residues between UreA and UreB, taken from PDB ID 6ZJA. Where the black dots (evolutionary coupled
residue pairs) overlay the orange dots (contacts from experimentally determined structure), our predictions are accurate. All these structural contacts are
shown if they are within 5 Å minimum atom distance between residues.
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The ECs for the UreA-UreD interaction were then identified and
shown in Figure 2; the overall precision of monomer contacts above
or at the level of the top three inter-protein residue pairs was 0.49,
with one predicted contact having a relative monomer precision
above 0.8. However, the UreD-UreB complex run outperformed the
UreA-UreD run; ECs calculated for the UreB-UreD pair revealed the
presence of up to ten strong correlations (Figure 3; Table 1). For the
top-ranked residue pair, involving UreB Asn87 and UreD Asn539,
the overall precision of monomer contacts up to that point is 0.98.
Similarly, for the top ten inter-protein residue pairs, the overall
monomer precision is 0.72. These predicted contacts do not appear
to introduce any inconsistent clashes with each other, further giving
confidence in the predictions.

In-cell urease activity tests

To experimentally validate the protein-protein interaction (PPI)
contacts derived by EC analysis, in-cell experiments were performed
heterologously, according to a method previously described (Tarsia

et al., 2018). The plasmid, expressing both H. pylori urease enzyme
and its accessory genes, was inserted in E. coli TOP10 cells to
produce a holo-enzyme, whose activity was evaluated in living
bacteria, using a colorimetric assay that determined the
pH increase in the bacterial environment caused by urea
hydrolysis by urease as a change of absorbance of a pH indicator
(Figure 4). The sequence of the plasmid was used as a template for
site-directed mutagenesis of the amino acids of UreB and UreD
found at the protein interface and involved in ionic interactions in
EC analysis. If the protein contacts are correctly predicted,
mutations of these residues would break the interaction between
UreD and UreB, which is necessary for Ni(II) ion loading into urease
active site. This would be reflected in lower or absent enzyme
activity. Specifically, from the list of identified residues (Table 1),
the charged residues were chosen and mutated to alanine, in the
hypothesis that the replacement of a charged residue with a
hydrophobic one has a higher impact on PPI. Lys326, Asp336,
Glu541, and His544 were mutated to alanine in the UreB sequence,
and Lys59, Glu89, Arg146, and Arg149 were mutated to alanine in
the UreD sequence, likely breaking five essential contacts between

FIGURE 2
Intra- and inter-protein predicted contacts using evolutionary couplings for UreA and UreD. The complex pipeline was used to compute
evolutionary coupled residues for a compound alignment of UreA and UreD, shown in these contact maps. In all cases, axes correspond to residue
indices. Predicted contacts (black dots) are shown that are entirely within UreA (top left), UreD (bottom right), or inter-protein between UreA and UreD
(top right and bottom left, with axes flipped between the two versions). EC pairs with scores at or above the level of the top 3 inter-EC pairs are
shown. For comparison, known contacts from the monomeric (blue dots) and homo-multimeric (e.g., different chains of the same protein, orange dots)
are shown, taken from PDB IDs 1E9Y, 1E9Z, 6ZJA, and 6QSU for UreA and PDB IDs 3SF5 and 4HI0 for Ure D. These structural contacts are shown if they
are within 5 Å minimum atom distance between residues.
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UreB and UreD, i.e., Lys326/Ala37; Glu541/Arg146; Glu541/
Arg149; His544/Glu89; Asp336/Lys59. In addition, the double
mutants Arg146Glu/Arg149Glu and Lys59Ala/Arg149Ala of
UreD were produced to evaluate possible additive effects of the
residue variations. The triple mutant Arg146Glu/Arg149Glu in
UreD and Glu541Arg in UreB was also produced to evaluate the
possible restorative effect of charge exchange. Ser163Ala and
Asp167Ala in UreD, not involved in PPI according to the EC
analysis, were produced as negative controls.

All UreB mutations fully inactivated the urease activity
(Figure 4A), confirming the importance of the selected residues
either for PPI or for the enzymatic activity. The negative controls,
with UreD mutated as Ser163Ala and Asp167Ala, presented an
activity similar to that of the wild-type operon, indicating that
these residues do not impact on the PPI, as predicted by EC
analysis (Figure 4B). Similarly, Lys59Ala mutation did not
significantly influence the in-cell measure of urease activity
(Figure 4B). Arg149Ala showed a partial increase of pH over
time, with no additive effect observed for Lys59Ala/Arg149Ala

FIGURE 3
Intra- and inter-protein predicted contacts using evolutionary couplings for UreD and UreB. The complex pipeline was used to compute
evolutionary coupled residues for a compound alignment of UreD and UreB, shown in these contact maps. In all cases, axes correspond to residue
indices. Predicted contacts (black dots) are shown that are entirely within UreD (top left), UreB (bottom right), or inter-protein between UreD and UreB
(top right and bottom left, with axes flipped between the two versions). The top 10 inter-EC pairs are shown, alongwith all monomeric ECs that are at
or above the same score. For comparison, known contacts from the monomeric (blue dots) and homo-multimeric (e.g., different chains of the same
protein, orange dots) are shown, taken from PDB IDs 3SF5 and 4HI0 for UreD and PDB IDs 6QSU, 6ZJA, and 1E97 for UreB. These structural contacts are
shown if they are within 5 Å minimum atom distance between residues.

TABLE 1 The identified ECs for the interaction between the UreB subunit in
urease and the UreD chaperone, ranked according to the overall precision of
monomer contacts.

UreD UreB Precision

Asn87 Asn539 0.978

Ala37 Lys326 0.888

Arg146 Glu541 0.846

Arg149 Glu541 0.843

Glu89 His544 0.827

Thr30 Ala312 0.800

Phe39 Ser11 0.761

Asn87 Thr542 0.729

Pro41 Ser11 0.727

Lys59 Asp336 0.721
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double mutant, coherently with the absence of influence of Lys59
(Figure 4B). Both Glu89Ala and Arg146Ala single mutations, as
well as Arg146Glu/Arg149Glu double mutation, fully switched
off the urease activation, coherently with their predicted
importance for UreD contacts with residues His144 and
Glu541 of UreB. Charge inversion of Glu541Arg was not able
to restore the activity of Arg146Glu/Arg149Glu double mutant,
indicating either that one of the two Arg residues in UreD might
be involved in an additional electrostatic interaction that was not
predicted by EC analysis, or that this asymmetric interaction,
showing two positively charged residues on UreD contacting a
single negatively charged residue on UreB, cannot be
compensated using simple charge inversion.

These results indicate that altering most of the charged
residues predicted to be involved in UreB-UreD contacts
strongly impacts the in-cell urease activity. The only exception
is Lys59 in the UreD sequence, whose mutation to Ala shows
negligible effect on urea hydrolysis rate, suggesting that its
interaction with Asp336 in UreB is not required for in-cell
UreB-UreD functional interaction. On the other hand,
mutation to Ala of Asp336 in the UreB sequence fully

abrogates the urease activity, indicating that this residue might
be important to contact other residues of UreD, still to be
identified. To confirm that the identified UreB-UreD
interactions functional to Ni(II) ion delivery are close on the
protein-protein interface in the quaternary structure, a model of
the protein complex is necessary and complements the
experimental observations.

Protein-protein docking

All but one of the five EC-predicted residue pairs experimentally
tested were confirmed by the enzymatic assay. In addition, the very
good match between contacts for the structural protein monomers
predicted and experimentally observed (see above) confirms the
reliability of the data deriving from the EC analysis. For this reason,
all UreB-UreD contacts derived from EC were included in the
procedure to build up our model for UreB-UreD complex. The
UreB andUreD residues identified through the EC analysis (Table 1)
were mapped on the surface of urease and UreD in the UreDFG
complex, respectively (Figures 5A, B).

FIGURE 4
Urease activity, measured as the ratio of absorbance at 430 nm and at 580 nm for the cresol red indicator, added to the E. coli cultures harboring the
pGEM-ureOP plasmid with site-directed mutations in ureB (A) and ureD (B) genes, as indicated in the figure. The urease activity of the E. coli strain,
transformed with the wild-type urease operon, is shown for reference. Every measurement was performed in triplicate and the error bars represent the
standard deviations of the average values. The single-letter amino acid nomenclature is used.
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OnUreD, the identified residues are localized in a specific region
of the protein surface. Interestingly, the residues found by EC
analysis surround the exit of one of the protein tunnels,
identified through molecular dynamics (MD) calculations on the
UreDFG complex, that was proposed to bring the Ni(II) ions from
UreG to UreD, and eventually to the urease active site, passing
through UreF (Musiani et al., 2017; Masetti et al., 2020; Masetti et al.,
2021). Among the residues composing the tunnel exit, Asp61 and
Glu83 are among a list of residues required for urease activation and
identified in a mutagenesis/MD study conducted on Klebsiella
aerogenes UreD (Farrugia et al., 2015).

While most of the identified residues on UreB are located on a
limited area on the surface of the protein, Ser11 appears to be placed
in a completely different region. However, in HPU each UreB
subunit is part of a large, nearly spherical quaternary structure
formed by twelve UreB and twelve UreA subunits, so that if one
considers Ser11 from a subunit of UreB adjacent to the one to which
all other residues are mapped, then all residues localize in a well-
defined region. Thus, the minimal set of protein subunits for protein
docking should include at least two UreB subunits. Moreover, in the
region comprising the selected residues of UreB, a UreA subunit is
also present. For these reasons, and to reduce the computational cost

FIGURE 5
UreD2-UreF2-UreG2 (A) and urease (B)molecular surfaces reporting in dark red the position of the residues identified through the EC analysis. The
residues identified through MD simulations to be at the exit of one of the UreD tunnels are in dark orange. For urease, the subunits used in the docking
calculations have been colored, while the other subunits are in grey. The urease-UreDFG complex resulting from the docking is reported in (C), while the
residues found at the urease-UreD interface are shown in (D). The residues cited in the text are in sticks colored according to the atom type,
proposed H-bonds are indicated using dashed red lines, while possible contacts are indicated using dashed blue lines.
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of the docking calculations, a UreD monomer was docked on a
UreA-(UreB)2 urease portion. The knowledge-based docking
software Haddock (Dominguez et al., 2003; van Zundert et al.,
2016) used for the calculations allows the inclusion of,
upstream of the calculation, biochemical and/or biophysical
interaction data as ambiguous interaction restraints to drive
the docking process. The list of UreB and UreD residues
predicted by the EC analysis was provided to the docking
software without imposing any residue pairing. The best
docking model was selected as the best scoring protein
complex in the most densely populated cluster of model
structures. The latter cluster comprised 50 structures against a
total of 200 models, with an average Haddock score of −152 ± 8,
and an average buried surface area of 2,745 ± 124 Å2. The use of
different urease structures (PDB IDs 6ZJA and 6QSU) did not
have any relevant effect on the result of the calculation.

The analysis of the UreD-UreB interface showed that several
of the interactions predicted by the EC analysis are present in
the model structure (Figures 5C, D). In particular, UreB
Glu541 is forming two H-bonds with UreD Arg146 and
Arg149. UreD Glu89 is at H-bond distance with UreB His544,
even if the side chain of the latter is not in the ideal conformation.
Also, UreB Lys326 is in the vicinity of UreD Ala37 and,
considering the flexibility of lysine side chain, it is easy to
imagine how a H-bond could be formed between the side
chain of the former and the alanine backbone. The only
exception is Lys59 in the UreD sequence, which is far from
Asp336 in UreB, which is consistent with the experimental
observation that Lys59Ala does not have any impact on urease
activation.

A comparison of the calculated docked urease-UreD complex
with that determined using the recently reported cryo-EM

structure [PDB ID 8HC1, (Nim et al., 2023)] indicates that the
interaction surface has been correctly identified by the EC
analysis. In fact, the superimposition of UreD structure as
found in the cryo-EM structure with that coming from the
docking calculations (Figure 6) shows how in the
computational model the urease-UreD interacting surfaces are
well modelled. Although there is a rotation of about 30° and a
small translation in the orientation of UreD on the urease surface,
the model achieved is in good agreement with the experimental
structure. After superimposition of the UreA-(UreB)2 portion,
the root mean square deviation of the Cα atoms in the UreD
subunit is 11.1 Å. However, if one considers only the UreD

FIGURE 6
Urease surface oriented as in Figure 5B and comparison of UreD position as found in the cryo-EM structure (light yellow ribbons) and in the docking
model (orange ribbons). Urease subunits in contact with UreD are reported in green for UreB and in yellow for UreA. The remaining urease subunits are
reported as transparent grey ribbons.

TABLE 2 Cα-Cα distances (in Å) calculated from the cryo-EM urease-UreDF
structure (PDB ID 8HC1) and in best docked structure for the UreD-UreB
residues pairs identified with the EC analysis.

UreD UreB Experimental distance Model structure

Asn87 Asn539 9.98 10.21

Ala37 Lys326 7.66 11.67

Arg146 Glu541 12.71 10.64

Arg149 Glu541 14.84 12.32

Glu89 His544 10.95 12.03

Thr30 Ala312 6.89 7.93

Phe39 Ser11 11.20 21.60

Asn87 Thr542 5.87 6.17

Pro41 Ser11 10.74 21.76

Lys59 Asp336 20.26 17.43
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residues found at the UreB-UreD interface in the experimental
cryo-EM structure and identified using the PDBSum server
(Laskowski et al., 2018), the Cα RMSD value is reduced to
6.6 Å. This result indicates that, although the orientation is
perfectible, the calculated interaction interface is in fair
agreement with the experimental structure. Moreover, the Cα-
Cα distances calculated for the residue pairs identified through
the EC analysis in the cryo-EM structure and in the modelled
structure are in good agreement (Table 2). Finally, an estimation
of the binding affinity based on the network of interfacial
contacts and done by using the PRODIGY webserver
(Vangone and Bonvin, 2015; Xue et al., 2016) resulted in
comparable values (ΔG = −16.0 and −13.5 kcal·mol−1 for the
experimental and the modelled complex, respectively), showing
that the achieved model structure is reliable.

Conclusion

An EC analysis has been shown to correctly predict the
interaction surface between urease and its accessory protein
UreD, as demonstrated through the experimental validation via
point mutations and the evaluation of in-cell urease activation.
The correct mapping of the residues identified by EC analysis on
the urease multimer proved crucial to obtain a reasonable
model by macromolecular docking. The availability of the
cryo-EM structure of the protein complex confirms the
accuracy of the predicted model. This work represents a
proof of concept of a protocol exportable to other protein
systems, potentially making up for the lack of experimental
structures to generate realistic models of interaction surfaces.
The result of this approach predicts a position and orientation of
the proteins in the urease-UreDF complex that is largely
consistent with the experimental cryo-EM structure. In
particular, the interaction patch is correctly predicted to be
located on the large and fairly flat surface of an oblate
triangular prism that approximates the shape of each (αβ)3
trimer that makes up the nearly spherical [(αβ)3]4 aggregate in
HPU, in the proximity of the active site channel. The results of

such methodology, applied to structurally undetermined protein
complexes, can be used to provide new information on the
structure-function relationships of such quaternary contacts or
for the design of molecules capable of interfering with the protein
assembly.
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