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Neisseria gonorrhoeae is a pathogenic bacterium responsible for the disease gonorrhea, which has gained
increasing attention in recent years due to the emergence of strains resistant to the currently used antibiotics. In
the absence of a vaccine, understanding mechanisms that contribute to infection is imperative. One such
mechanism is the reduction of hydrogen peroxide by the outer membrane bound bacterial peroxidase. Here,
steady-state kinetics shows that cytochrome cy, previously implicated in nitrite reduction, is an efficient electron
donor to this enzyme, proving to be an alternative to the lipid-modified azurin. The cytochrome cy-mediated
peroxidase activity has a Ky of 0.74 + 0.08 pM and a k,ps of 18 1 s7! for hydrogen peroxide, with an optimum
pH at 7.7. The pH and ionic-strength dependence of this activity differs from that of azurin, suggesting that the
two electron donors can play complementary roles depending on external conditions. Furthermore, the viscosity
dependence of the activity suggests that protein-protein interactions are not purely diffusion-controlled but also
governed by conformational changes required for complex formation and/or electron transfer, and docking
analysis implies that cytochrome c, binds near the exposed edge of the electron transferring heme of the bacterial
peroxidase.

This study improves our understanding of the periplasmic physiology of N. gonorrhoeae by demonstrating how
the pathogen’s flexibility in using electron donors enables it to maintain peroxidase activity and cope with
oxidative stress in different host environments. These insights could inform future strategies aimed at disrupting
redox homeostasis to combat antibiotic-resistant strains.

1. Introduction

The obligatory human pathogen Neisseria gonorrhoeae is responsible
for the sexually transmitted infection gonorrhea and according to the
World Health Organization, approximately 87 million new cases of
gonorrhea infection were reported globally in 2016 [1].

The antimicrobial resistance exhibited by N. gonorrhoeae represents a
major public health threat and underscores the urgent need for the
development of new antimicrobial agents [2]. In response to these
challenges, new therapeutic targets, such as the bacteria’s defense
mechanisms towards the host immune responses and neighboring mi-
croorganisms, are increasingly being explored [3-5].

During infection, this pathogen is often subjected to oxidative stress

caused by reactive oxygen species (ROS) produced by the host’s defense
mechanisms, such as hydroxyl radical (HO*), hydrogen peroxide (H202)
and superoxide anion (03) [6]. N. gonorrhoeae oxidative stress response
involves several transcriptional regulators and defense proteins tailored
to detoxify both endogenous and exogenous ROS [7-10]. Exogenous
ROS, mainly HyOs, is generated during the macrophagic oxidative burst
and tissue inflammation associated with gonococcal infection and pro-
liferation [9]. in In N. gonorrhoeae the main H,O5 scavengers are catalase
(KatA) [11] and the bacterial peroxidase (BCCP) [12,13].

N. gonorrhoeae bacterial peroxidase is an outer membrane-bound
classic bacterial peroxidase encoded by the ccp gene, that catalyzes
the reduction of hydrogen peroxide to water, using the lipid-modified
azurin as electron donor [14,15]. The expression of the ccp gene is
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induced in low oxygen environments as it is under the regulation of the
anaerobic transcription factor Fumarate and Nitrate reduction Regulator
(FNR) [10]. Since the globular domain of the bacterial peroxidase is
located in the periplasm, it is regarded as the first line of defense against
exogenous HyO, [6]. This assertion is supported by the fact that a ccp/
katA double-mutant is more sensitive to H,O5 under anaerobic condi-
tions in comparison to a katA single-mutant [16].

The bacterial peroxidase has two c-type hemes in two distinct do-
mains, each of which has a cytochrome fold (Fig. 1A). The heme in the C-
terminal domain was named electron transferring heme (E heme), and
the heme in the N-terminal domain was named peroxidatic heme (P
heme) (Fig. 1A) [17]. The E heme has a reduction potential of around
+300 mV at pH 7.5 and has a His/Met coordination in a low/high-spin
equilibrium at room temperature (Fig. 1B) [12,17]. Its function is to
receive electrons from small redox proteins and to transfer them to the P
heme. The P heme has a reduction potential of —300/—190 mV at pH 7.5
[12], and is low-spin and bis-histidine coordinated when the enzyme is
isolated in the oxidized state. It is the catalytic center where the
reduction of hydrogen peroxide occurs [12,17]. However, reductive
activation is required for this to be possible, whereby the distal histidine
is lost from the P heme (Fig. 1B). This is a calcium-dependent process
initiated by the reduction of the E heme, triggering conformational
changes in the polypeptide chain [12,17]. These changes displace the
distal axial histidine ligand of the P heme, resulting in the formation of a
penta-coordinated high-spin heme that is accessible to the substrate
[12,17].

As mentioned, classic bacterial peroxidases use small redox proteins
as electron donors. These electron shuttle proteins are either c-type cy-
tochromes or type 1 copper proteins, from the azurin or pseudoazurin
subfamilies [18-26].

N. gonorrhoeae has both types of redox proteins in the periplasm, a c-
type cytochrome, cytochrome cy [27] (Fig. 1C), and a lipid-modified
azurin (LAz) [28]. LAz is a small cupredoxin lipid-anchored to the
outer membrane via an N-terminal palmitoyl modified cysteine residue
and exhibits the typical cupredoxin fold [15], while cytochrome ¢ is a
small, soluble, monohemic cytochrome encoded by the cccA gene [27],
proposed to be involved in respiration under low oxygen tensions [27].
Previous kinetic studies determined turnover numbers (kqps/[Laz]) of
3.9 tM 157!, and Ky of 0.4 uM for hydrogen peroxide, with optimum
catalytic activity observed at 37 °C and pH 6.0-7.5 [14], which closely
matches the physiological conditions of N. gonorrhoeae. This electron-
transfer complex is driven by hydrophobic interactions, which facili-
tates dissociation and allows a high turnover. Its model structure pre-
dicted LAz binding near the E heme of the bacterial peroxidase [14].

The coexistence of c-type cytochromes and cupredoxins in the peri-
plasm of certain Gram-negative bacteria under low oxygen tensions has
led to the hypothesis that these two types of electron shuttle can both
donate electrons to enzymes from the denitrification pathway and to
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bacterial peroxidases [25,29,30]. In the case of Pseudomonas aeruginosa,
Paracoccus pantotrophus and Paracoccus denitrificans both in vitro and in
vivo evidence supports this proposal [20,25,29,30]. While
N. gonorrhoeae cytochrome cy has been shown to be involved in the
electron-transfer pathway required for nitrite reduction [27], evidence
of its involvement in either in vivo or in vitro hydrogen peroxide reduc-
tion is lacking, a gap that will be addressed here for the latter.

In this study, the kinetic parameters of cytochrome cy-mediated
hydrogen reduction by N. gonorrhoeae bacterial peroxidase were deter-
mined, showing that this protein is a competent electron donor to this
enzyme. The electron-transfer complex was structurally characterized
using molecular docking. These results improve our understanding of
N. gonorrhoeae physiology and electron-transfer pathway under
infection-like conditions.

2. Materials and methods

2.1. Heterologous production and purification of bacterial peroxidase and
cytochrome cz

Bacterial peroxidase was heterologously produced and purified as
described in [12]. The final protein sample had a purity ratio A4o3nm/
Asgonm above 4.0 and an expression yield of 8.2 mg pure protein per L of
growth media. The samples were stored in 25-50 pL aliquots at —80 °C.
The concentration of the bacterial peroxidase was determined using the
extinction coefficient at 402 nm of 222 mM ! cm’l, in the oxidized state
[12].

Cytochrome cy encoding gene (cccA) was codon optimized for het-
erologous production in Escherichia coli. The first 21 codons encoding
the native signal peptide were removed. The cccA gene was cloned into
the pET22b(+) expression vector, and hereby named pET22b_NgCytcs.
The sequence was cloned within the restriction sites Ncol, downstream
of the pelB sequence, and Xhol. The expression vector confers ampicillin
resistance and adds a signal peptide (pelB) of 21 residues to the N-ter-
minus of the encoding gene, to signal the protein to the periplasm. The
cloning strategy introduced only a Met in the N-terminus in the mature
protein. Cytochrome c, was produced in E. coli BL21(DE3) (NZYtech)
competent cells co-transformed with pET22b_NgcccA and pEC86
(harboring the ccm genes that encode the machinery responsible for the
biosynthesis/maturation of a functional c-type cytochrome and confers
chloramphenicol resistance). Cytochrome cy was produced in E. coli
BL21(DE3) as described for the bacterial peroxidase [12], only changing
the concentration of isopropyl p-D-thiogalactopyranoside (IPTG) used to
induce gene expression to 0.8 mM, and the buffer used to resuspend the
cells (50 mM Tris-HCI, pH 8.0, due to the high pI 9.2 of cytochrome c5).
The periplasmatic fraction was obtained by 5 freeze-thaw cycles and
separated from the spheroplasts and cell debris at 48000 g, 45 min, 6 °C.
The periplasmic extract was diluted 5 x with cold Milli-Q water and
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Fig. 1. Structural representation of the proteins studied here, bacterial peroxidase (panel A and B) and cytochrome c; (panel C) from Neisseria gonorrhoeae. Panel (A)
shows the bacterial peroxidase in the mixed-valence state with the backbone of each monomer colored differently, and the hemes represented as sticks colored by
element. Panel (B) shows the coordination of the hemes, calcium ion and residues proposed to be involved in electron transfer between the two heme (Trp98) and
catalysis (Glu118 and GIn108), represented as sticks colored by element. Panel (C) shows the AlphaFold model of cytochrome c,, with the backbone colored in white,
with the heme and heme iron coordinating residues as sticks colored by element. Panel A and B were prepared using the coordinates PDB ID 7ZS8.
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loaded onto a 5 mL HiScreen SP Sepharose Fast Flow column (Cytiva)
equilibrated with 50 mM Tris-HCl pH 8.0. The unbound proteins were
eluted with 10 mM Tris-HCI, pH 8.0, and cytochrome c, was eluted with
a linear gradient between 0 and 500 mM NacCl in 10 mM Tris-HCl, pH
8.0. The fractions with A419nm/A2gonm above 7.0 were combined and
concentrated over a 3 kDa MWCO Amicon® ultra centrifugal filter and
the buffer was exchanged to 20 mM Tris-HCl, pH 7.6, using a desalting
PD-10 column (Cytiva). A 12.5 % Tris-Tricine SDS-PAGE stained for
protein (Coomassie blue) and heme content [31] was also used to
evaluate protein purity. The final cytochrome cy sample had a purity
ratio above 7.0 and was stored in 500 pL aliquots at —80 °C, until further
use. This production protocol had a yield of 20 mg of purified protein per
L of growth media. For the kinetic assays cytochrome cy was reduced
with 2 mM sodium ascorbate and 5 pM 3,6-diaminodurol (DAD) for 30
min at room temperature under an inert atmosphere. The reducing agent
and DAD were removed inside a MBraun glove box using a desalting
column, NAP-5 (Cytiva), equilibrated with 10 mM of 2-(N-morpholino)
ethanesulfonate (MES) buffer, pH 6.5, 10 mM NaCl and 1 mM CaCls. The
final protein concentration was determined using the extinction coeffi-
cient of the reduced cytochrome co at 553 nm (es53nm of 22.9 mM~L.
cm’l).

The SDS-PAGE and visible spectra of the purified bacterial peroxi-
dase and cytochrome c; are presented in Supplementary Materials S1.

2.2. Kinetic assays with cytochrome cz as electron donor

The activity of the bacterial peroxidase using reduced cytochrome cy
as an electron donor was determined by monitoring the decrease in the
absorbance at 553 nm over time, in a TIDAS diode array inside a MBraun
glove box. In all kinetic assays, N. gonorrhoeae bacterial peroxidase was
pre-activated. For that 5 pM enzyme solution in 10 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonate (HEPES), pH 7.5, 10 mM NaCl, 1
mM CaCly, 0.2 mM sodium ascorbate and 5 pM DAD, was incubated
during 30 min at room temperature under inert atmosphere [12].

The assays were performed inside the glove box, at 25 °C, in 10 mM
MES, pH 6.5, 10 mM NaCl and 1 mM CaCl,, containing 10 uM reduced
cytochrome c3, 100 pM H20s, and initiated with 10 nM pre-activated
bacterial peroxidase. At the end of each assay, a small aliquot of po-
tassium ferricyanide was added to fully oxidize cytochrome c; to
confirm that the electron donor was completely oxidized at the end of
the assay. To establish the concentration of enzyme to be used in the
kinetic studies, assays were performed at pH 6.5, with 100 pM H303 in
the presence of 5 to 50 nM pre-activated bacterial peroxidase. To
determine the kinetic parameters relative to HoO2, HoO2 concentration
ranged between 2.5 and 500 pM in the same assay conditions. The
dependence on the concentration of reduced cytochrome c; was also
studied between 1.5 and 16 pM, in an assay mixture composed by 10 mM
MES, pH 6.5, 10 mM NaCl, 1 mM CaCly, 100 pM H303 and initiated with
10 nM pre-activated enzyme. The pH dependence of the peroxidase
activity was assessed by varying the buffer pH at a concentration of 10
mM with 10 mM NaCl and 1 mM CaCl, (MES buffer with pH 5.5 to 6.5;
HEPES buffer with pH 6.5 to 8.0; 3-([1,1-dimethyl-2-hydroxyethyl]
amino)-2-hydroxypropanesulfonate (AMPSO) buffer with pH 8.0 to 9.5).
The pH dependence was not assessed at pH values below 5.5 and above
9.5 because of the stability of both proteins. The ionic strength depen-
dence was evaluated by adding NaCl to the assay buffer between 0 and
500 mM, and the effect of viscosity was assessed by adding glycerol to
the assay buffer between 0 and 30 % glycerol. The viscosity values of
these solutions were taken from [32]. These assays were performed in
the presence of 100 pM H20; and initiated with 10 nM pre-activated
enzyme.

All the assays were performed at least in triplicates, and the values
reported are the average with the associated error. The observed initial
velocities, Vp, were determined by the difference between the slope, in
the first seconds of the cytochrome c5 oxidation, after enzyme addition
and the slope of the oxidation of cytochrome cy in the presence of
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hydrogen peroxide. The pH dependence data was fitted using a bell-
shaped function [33] with Eq.1.

Vinax ([31 + ﬁz{l%l] + ﬁs-Kﬁ_llf](gz )
Vo = (@]

Kay Kay Kay
1+ RN

in which the reaction rate, Vj, is given as a function of [H"] considering
two K, values and three p values. In this case, f; and 3 were 0, and f
has 1.

2.3. Bioinformatic analysis of the structures

The protein electrostatic surface was analyzed using Adaptive
Poisson-Boltzmann Solver (APBS [34,35]). The PDB files were treated in
PDB2PQR [36] (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/). The final
POR file from PDB2PQR was used as input in the APBS (http://www.po
issonboltzmann.org/) to determine electrostatic properties using default
parameters. The solvent accessible surface was colored according to
electrostatic potential in ChimeraX 1.9, from —5 to +5 kT/e (red to
blue). The hydrophobic surface was rendered in Discovery Studio 2021,
colored from non-hydrophobic residues, in green, to hydrophobic resi-
dues, in magenta (—3 to +3: color scale green-white-magenta).

2.4. Molecular docking simulation

Two docking algorithms were used to obtain a structural model of
the bacterial peroxidase-cytochrome cy complex: ZDOCK [37] and
HADDOCK (High Ambiguity Driven protein-protein Docking) [38]. The
bacterial peroxidase dimer in the mixed-valence state (PDB ID 7ZS8)
was considered the target and the probe was the structural model of
cytochrome c, obtained using Alphafold3 server (the confidence of the
model is shown in Supplementary Materials S3, Fig. S5) [39]. ZDOCK is
a Fast Fourier Transform-based protein docking program, which per-
forms a rigid-body simulation (“hard-dock™) in the ZDOCK web-based
server 3.0.2 (https://zdock.wenglab.org/). ZDOCK output consisted of
2000 models with a combined score based on shape complementary,
electrostatics and desolvation energies, however, only the top five
models were analyzed. HADDOCK is an information-driven flexible
docking approach (“soft-dock”) for the modelling of biomolecular
complexes in the HADDOCK web-based 2.4 server (https://rascar.scienc
e.uu.nl/haddock2.4/). HADDOCK scores the complexes by a linear
combination of buried surface area and several energy scores, such as
van der Waals, electrostatic, distance restraints, radius of gyration re-
straint, direct residual dipolar coupling restraint, intervector projection
angle restraints, pseudo contact shift restraint, diffusion anisotropy,
dihedral angle restraints, symmetry restraints energy, binding energy
and desolvation energy. In this case the top five models were analyzed.
AlphaFold3 (https://alphafoldserver.com/) [39] was also used to
generate 5 structures of the cytochrome cy/bacterial peroxidase complex
using their mature sequence and indicating the presence of c-type hemes
as cofactors.

The protein-protein interface analysis of all the complexes was per-
formed in the PDBePISA web server [40], which calculate the geomet-
rical and physicochemical properties according to Jones & Thornton
[41]. The electron-transfer pathway was analyzed using the online
platform eMAP (https://emap.bu.edu/) [42].

3. Results
3.1. Steady-state kinetics using cytochrome cz as electron donor
The cytochrome cp-mediated catalysis of bacterial peroxidase was

studied in continuous assays following the oxidation of the reduced
cytochrome cz at 553 nm in the presence of enzyme and hydrogen
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peroxide (Fig. 2A). The kinetic trace presented in Fig. 2A shows that
upon addition of hydrogen peroxide, cytochrome c; is oxidized with a
low rate (0.022 + 0.002 pM/s), that increases significantly upon addi-
tion of pre-activated bacterial peroxidase. These results demonstrate
that cytochrome c, can donate electrons to the bacterial peroxidase,
while it catalyzes hydrogen peroxide reduction, supporting its role as a
physiological electron donor in alternative to LAz.

To establish the enzyme concentration to be used in the kinetic
studies, assays were performed varying bacterial peroxidase from 0 to
50 nM, as described in the Materials and Methods. The concentration
chosen was 10 nM, at which the steady-state conditions are met as the
concentration of both substrates, 100 pM H202 and 10 pM cytochrome
o, are >1000 [BCCP]. In fact, this concentration of enzyme falls within
the linear region of the graph (Fig. 2B).

The kinetic parameters for the cytochrome cs-mediated bacterial
peroxidase catalytic activity, for the reduction of hydrogen peroxide,
were obtained from the fitting of the initial velocities at increasing
concentrations of HyO, (Fig. 3A) at pH 6.5 to the Michaelis-Menten
equation. This experiment was performed at this pH as it was previ-
ously established to be the optimum pH of this enzyme [12,14]. The
kinetic parameters determined were a Ky; of 0.74 + 0.08 uM of H,O5 and
a Vmax of 0.18 &+ 0.01 uM/s, at pH 6.5 and 25 °C. Considering the con-
centration of enzyme, the kys was determined to be 18 + 1 s L
Compared to previous studies, the Ky, decreased one order of magnitude
compared to the ABTS? -mediated catalysis (4 + 1 pM) and was very
similar to the Ky of the LAz-mediated catalysis (0.4 + 0.2 pM). This
shows the high affinity of the bacterial peroxidase for HoO, when either
of the biological electron donors are used as electron donors. However,
the kops is half the value of the N. gonorrhoeae LAz/BCCP pair (39 s1 for
LAz), and four-times lower than the k. of the bacterial peroxidase using
ABTS?~ as electron donor (79 s_l).

The dependence of the initial velocity on cytochrome cy was also
studied (Fig. S3 in Supplementary Materials S2), showing a hyperbolic
tendency with a Ky > 50 pM, similar to the values estimated for the
mediated catalysis of other redox pairs involving bacterial peroxidases:
R. capsulatus cytochrome c3/BCCP (Ky ~ 60 pM) [22], P. pantotrophus
pseudoazurin/BCCP (Ky ~ 70 pM) [21], Pseudomonas stutzeri cyto-
chrome c551/BCCP (Ky ~ 54 pM) [24], P. aeruginosa cytochrome css1/
BCCP (91 pM) [25], and Methylococcus capsulatus cytochrome cs55/BCCP
(61 pM) [26].

Therefore, since cytochrome c; was not used in saturating condi-
tions, to compare the kinetic parameters of N. gonorrhoeae bacterial
peroxidase relative to HoO, with those of other bacterial peroxidases,
the kops was corrected for the electron donor concentration, by kqps/
[ED], which gives an effective biomolecular rate constant. This correc-
tion is appropriate given that the [ED] used in the assays is well below its
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anticipated Ky value and under these conditions, the reaction rate is
linearly proportional to [ED] (Fig. S3 in Supplementary Materials S2).

The kops/[Cytochrome c3] was estimated to be 2 pM’l.s’1 (pH 6.5),
which is of the same order of magnitude as those determined for
N. gonorrhoeae LAz/BCCP (3.9 pM_l.s_l, pH 6.0) [14], Rhodobacter
capsulatus cytochrome c5/BCCP (2 pM’l.s’l) [22], and Methylococcus
capsulatus cytochrome cs55/BCCP (5 pM’l.s’l) [26] but lower than
those of Shewanella oneidensis cytochrome ¢s/BCCP (18 pM~1.s™!, pH
6.0) [23], P. aeruginosa cytochrome cs51/BCCP (13 prl.sfl) [25], and
P. stutzeri cytochrome cs51/BCCP (11 pM~L.s™L, pH 7.5) [24].

The pH dependence of the mediated catalytic activity was studied
between 5.5 and 9.5 at saturating concentrations of HyO (Fig. 3B). The
activity profile exhibited a bell-shaped curve, consistent with the pres-
ence of two ionizable groups whose protonation state is critical for
product formation. The pKa values estimated from the fitting of the data
to Eq. 1, were a pKa; of 5.8 + 0.2 and pKay of 9.6 + 0.1, with an opti-
mum pH of 7.7. The optimum pH is the highest reported in the literature
for bacterial peroxidases in which pH-dependence of activity has been
determined [43]. The ionizable groups, with pKa of 5.8 and 9.6, may
either participate in the formation of a competent electron-transfer
complex or be directly involved in the catalytic cycle, as will be
discussed.

The ionic strength dependence of the catalytic activity was studied
by increasing the concentration of NaCl in the buffer assay (Fig. 3C). The
activity profile shows a steady increase in activity up to 100 mM NaCl,
reaching 2.3-fold increase of its activity in the absence of NaCl, and
remains constant from 100 to 500 mM. This suggests that moderate ionic
strength enhances enzyme activity, suggesting that unfavorable elec-
trostatic interactions are shielded, enabling the stabilization of the
active conformation of the electron-transfer complex governed by hy-
drophobic interactions.

The effect of solution viscosity on catalytic activity can provide
insight into the rate-limiting step. The solution viscosity was changed by
adding glycerol (0-30 %) to the buffer assay at pH 6.5 and 25 °C
(Fig. 3D). The presence of 0 to 5 % glycerol (1 of 1.0387 mPa-s [32]) has
only a marginal effect on the enzyme activity, while at higher values the
activity decreases drastically, being inversely proportional to viscosity
(Fig. S4 in Supplementary Material S2). These results can be interpreted
by considering that the rate-limiting step involves a diffusion-controlled
electron transfer between cytochrome cy and the bacterial peroxidase,
associated with conformational changes [44]. However, the possibility
that glycerol is working as an osmolyte cannot be ruled out. Although,
the percentage of glycerol used is not expected to destabilize the pro-
teins, it could on the other hand stabilize them in a conformation that is
not suitable for electron transfer.
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3.2. Molecular docking simulation

Two docking algorithms, the ZDOCK (“hard-docking™) [51,77] and
the HADDOCK (“soft-docking™) were used to obtain a structural model
of the bacterial peroxidase/cytochrome cy competent electron-transfer
complex. The structural model of this complex was also obtained
using AlphaFold3. In most of the top 150 models generated by ZDOCK,
cytochrome co was positioned near the exposed bacterial peroxidase E
heme, while in a few solutions it was located at the dimer interface
(Fig. 4A). In 78 of the 150 models, the distance between the E heme iron
of bacterial peroxidase and the heme iron of cytochrome cy was less than
20 A, which is generally considered the upper limit for effective
electron-transfer [45,46]. The “soft-docking” performed with
HADDOCK clustered 118 models into 14 clusters, representing 59 % of
the water-refined models generated. Of these 118 models, 40 featured a
distance between the heme iron of cytochrome c3 and the E heme iron of
bacterial peroxidase of less than 20 A (Fig. 4B). In all the AlphaFold3
generated models, cytochrome c; is positioned very close to the E heme
(Fig. 4C).

The top 5 models obtained with either ZDOCK, HADDOCK or Alph-
Fold3 algorithms were analyzed with PDBePISA to obtain the geomet-
rical and physiochemical properties of the protein-protein interface and
heme iron distances (Table 1 and Fig. S6, S7and S8 in Supplementary
Materials S4). The distance between the heme irons of cytochrome cy

and bacterial peroxidase E heme was less than 20 A (Table 1) for all the
models, but in the AlphaFold models the distance between the heme
edges is larger than for the other complexes, being between 8 and 9 A
(Fig. S9 and S10 in Supplementary Materials). The variation of the
accessible surface area was determined to be in the range 816-1147 A2
for ZDOCK models, 644-804 A2 for HADDOCK models and 412-672 AZ
for AlphaFold3 models (Table 1). Furthermore, in these top models,
there is a negative solvation-free energy gain (A'G) upon complex for-
mation (—11.2 to —4.8 kcal.mol ™), a large proportion of apolar residues
(40 % — 61 %) and a large number of hydrogen-bonds (average of 8, 4
and 2 for ZDOCK, HADDOCK, and AlphaFold3, respectively), with only
a few salt-bridges identified specially in the ZDOCK models (Table 1).

Compared to the characterized electron transfer complex involving
N. gonorrhoeae bacterial peroxidase and LAz [14], the electron-transfer
complexes generated here shows a lower percentage of apolar residues
at the interface (~60 % for LAz), but similar number of salt bridges (0-2
for LAz).

All the complexes generated by ZDOCK, HADDOCK and AlphaFold3
show similar interface regions that involve a-helices and loop sections
around the c-type heme of both proteins and have a hydrophobic
character (Fig. 5). This further supports the proposal that the surface in
electron-transfer complexes around the redox centers is hydrophobic to
promote a more efficient electron-transfer process [47,48].

The disordered C-terminal region of cytochrome cy was found to be
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Fig. 4. Molecular docking of cytochrome c, to bacterial peroxidase dimer using (A) ZDOCK, (B) HADDOCK and (C) AlphaFold3 algorithms. The top 150 solutions, 14
solutions clusters, and 5 models represented by cytochrome c, heme iron atom position as green/red spheres, are shown in Panel A, B, and C, respectively. The heme
iron atoms within 20 A from the E heme iron are represented by green spheres and the others by red spheres. The E and P heme iron atoms of the bacterial peroxidase
are displayed as spheres in salmon, the hemes are shown as black sticks and bacterial peroxidase backbone is represented as white ribbons (left) or surface (right).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

involved in the binding interface of the ZDOCK and HADDOCK models,
while in the model complexes generated by AlphaFold3, the algorithm
modeled this region away from the interface (Fig. S8 in Supplementary
Materials S4).

4. Discussion

4.1. Cytochrome cy is an efficient electron donor to the bacterial
peroxidase from Neisseria gonorrhoeae

N. gonorrhoeae cytochrome cy is a small periplasmic c-type cyto-
chrome proposed to transfer electrons to the copper containing nitrite
reductase [27]. The copper containing nitrite reductase is an outer
membrane copper nitrite reductase that enables growth under low ox-
ygen conditions by utilizing nitrite as terminal electron acceptor
[18,49]. However, under these conditions, respiration is inefficient,
leading to electron leakage and the production of superoxide anion,
which is subsequently converted into hydrogen peroxide [43,50].
N. gonorrhoeae bacterial peroxidase is an outer-membrane-bound

enzyme that is also produced under low oxygen conditions, as the ccp
gene is under the control of FNR [10], and catalyzes the reduction of
hydrogen peroxide to water. This reaction requires electrons delivered
by small periplasmic shuttle proteins, and LAz has been identified as
capable of fulfilling this role [14,15].

The ability of periplasmic oxidoreductases to receive electrons from
multiple donors has been reported in other organisms [20,25,29,30].
Since both the bacterial peroxidase and cytochrome c, are produced
under oxygen limiting conditions [10,27], we investigated whether cy-
tochrome c3 could also act as an electron donor to that enzyme in vitro.

Our results demonstrate that cytochrome cy can efficiently transfer
electrons to the bacterial peroxidase, with a kyp; of 18 1 s !and a Ky,
for HoO, of 0.74 + 0.08 pM at pH 6.5. These kinetic parameters are of
the same order of magnitude as those obtained for the N. gonorrhoeae
LAz/BCCP pair (Ky of 0.4 & 0.2 pM for H2O4 and a kgps of 39 s7L at pH
6.0) [14], supporting the hypothesis that both proteins could be physi-
ological electron donors of the N. gonorrhoeae bacterial peroxidase.

A comparative analysis of the effect of pH and ionic strength on the
mediated bacterial peroxidase catalytic activity provides further insights
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Table 1

Geometrical and physicochemical characteristics of the top five models obtained
with ZDOCK, HADDOCK and AlphaFold3 algorithms. The models were analyzed
with PDBePISA.

Model Score Fe-Fe AASA" AlGP Apolar H-bonds

ZDOCK distance A% (kcal/  residues / Salt
A) mol) (%) Bridges

1 1233 15.3 1147 -11.2 40 12/2

2 1127 15.9 1112 -8.6 43 12/5

3 997 15.9 957 -7.5 42 5/0

4 991 15.4 942 -85 47 5/2

5 986 15.8 816 -5.8 47 4/0
Model Fe-Fe AASA? AlGP Ap.olar H-bonds

HADDOCK Score dlstfmce ) (kcal/ residues / Salt
A) mol) (%) Bridges

1 -91 16.7 729 -10.7 48 4/1

2 -83 17.3 804 -8.6 47 5/0

3 -80 16.4 719 -10.7 45 4/0

4 -78 17.6 753 -8.0 45 3/0

5 -76 16.9 644 -9.7 61 4/1
Model Fe-Fe AASA® AlgP Ap.olar H-bonds

AlphaFold Score dlst?nce ) (kcal/ residues / Salt
(A) mol) (%) Bridges

1 - 17.2 564 -6.9 48 1/0

2 - 18.2 473 -6.5 55 3/0

3 - 17.7 563 -6.7 51 3/0

4 - 17.8 672 -6.7 43 3/0

5 - 18.8 415 -4.8 55 1/0

@ ASA — Accessible surface area.
b AlG - Solvation energy gain.

on why two electron shuttle proteins may be required. Although the
assays were performed with different electron donor concentrations, the
activity profile show that the optimum pH is higher when cytochrome c;
is the donor, potentially sustaining enzyme activity under slightly basic
environmental conditions, such as those encountered at the intracellular
PH of host cells. More striking is the effect of ionic strength, as there is a
2.3-fold increase in activity at NaCl concentrations above 100 mM NaCl.
At this NaCl concentration, activity is 1.5-fold higher with cytochrome
co than with LAz as electron donor (Fig. 2C). This difference is
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particularly relevant given that the ionic strength of the periplasm is
expected to be within the physiological range (150 mM), and influenced
by the external environment [51].

The two pKa values found in the pH-profile, pKa; of 5.8 + 0.2 and
pKay of 9.6 + 0.1, are slightly higher than those obtained for the
N. gonorrhoeae LAz/BCCP pair (pKa; of 5.1 + 0.1 and a pKay of 8.5 +
0.1) [14] or for N. gonorrhoeae bacterial peroxidase when assayed with
an artificial electron donor (pKa; of 5.9 & 0.1 and a pKay of 8.4 + 0.1)
[12]. A bell-shaped activity profile has been reported for bacterial per-
oxidases from different microorganisms, such as Nitrosomonas europaea
(electrochemistry: 6.5/8.4) [52], P. aeruginosa (cytochrome css1: 4.4/
7.0) [25], R. capsulatus (cytochrome cssg: 6.1/7.9) [53], and Geobacter
sulfurreducens (CcpA/ABTS?™: 5/8) [54].

In mediated catalysis, the rate-limiting step is the formation of the
electron-transfer complex, and thus the pH dependence may reflect a
composite effect of binding and electron transfer. Therefore, direct
assignment of the observed pKa values to specific residues is chal-
lenging. The observed pKa values are generally attributed to ionizable
groups that are critical for catalysis, and thus in this case it is tempting to
assign the lower pKa value to the conserved residue in the catalytic
pocket (Glul18 for N. gonorrhoeae), proposed to act as the acid-base
catalytic group that leads to the heterolytic cleavage of the peroxide
O—O bond and donates the first proton for the release of the first water
molecule [17,55,56]. However, considering the electron transfer com-
plex formed between N. gonorrhoeae bacterial peroxidase and cyto-
chrome cy, the lower apparent pKa value around 6 may correspond to
protonation of the heme propionate groups of E heme bacterial perox-
idase and cytochrome cy. Protonation of these groups can modulate the
reduction of the heme and alter the electron transfer rate. The variability
in the reported lower pKa values for electron transfer complexes
involving cytochrome ¢ and bacterial peroxidases from different or-
ganisms, likely reflects differences in experimental conditions (buffer
composition, ionic strength).

The higher pKa value of 9.6 may arise from a residue that must
remain protonated for maximal activity and likely corresponds to a
surface-exposed residue in the N. gonorrhoeae bacterial peroxidase that
contributes to complex formation. Notably, lysine residues are observed
at the protein-protein interface in docking models of the bacterial

Fig. 5. The interface of (A) bacterial peroxidase and (B) cytochrome c5, colored according to the frequency that each residue occurs in the interface of the top
ZDOCK, HADDOCK and AlphFold3 models (> 75 % models in black; 50-75 % models in red; 25-50 % models in orange). The second and third images in each panel
show the surface of the proteins colored according to its electrostatic potential (form - 5 (red) to +5 kT/e (blue)) and hydrophobicity (from purple (hydrophobic) to
green (hydrophilic)). The monomer of the bacterial peroxidase is shown for simplicity. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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peroxidase with either LAz or cytochrome cy, with Lys216 and Lys287
appearing in approximately 75 % of the top-ranked complexes and
Lys243 in about 50 %. These positively charged residues can influence
association, orientation, and/or stabilization of the electron-transfer
complex. Nevertheless, assigning the observed pKa value to a specific
residue remains tentative. Definitive validation will require additional
experiments using site-directed variants of these lysines to determine
their contribution to complex formation and catalytic efficiency.

4.2. The electron-transfer complex between cytochrome cy and bacterial
peroxidase

The dependence of the activity on ionic strength and viscosity sug-
gests that the electron-transfer complex has a hydrophobic character
and that its formation is not simply diffusion-controlled. A a value of 1.5
for the viscosity dependence of catalytic activity (Fig. S4, in Supple-
mentary Materials S2) indicates that solvent viscosity influences
conformational motions required to form a productive electron-transfer
geometry. Such motions likely include lateral or rotational diffusion of
the proteins along each other’s surfaces, a process that has been pro-
posed for several redox complexes [19,48,57]. Increasing viscosity slows
these conformational motions and may also shift the ensemble of
encounter orientations. Consequently, glycerol could stabilize non-
productive or misaligned orientations of the complex, thereby
decreasing the probability of forming the catalytically competent
electron-transfer arrangement.

The binding interface of the electron-transfer complex is mainly
hydrophobic and includes a few positive and negatively charged resi-
dues (Fig. 5C, and Table 1), which may need to be shielded for a more
efficient electron transfer, explaining the increase of activity up to 100
mM NaCl.

The existence of positively charged patches on the cytochrome c;
surface is likely crucial to guide the docking and formation of the initial
“encounter complex”, as efficient electron-transfer reactions require
precise orientation of donor and acceptor redox centers [19,48,57].
However, these charged patches are less pronounced than those re-
ported for P. pantotrophus pseudoazurin and cytochrome cssg, both redox
partners of the bacterial peroxidase from this organism [20]. This dif-
ference may contribute to lower binding affinities in Neisseria com-
plexes, which could result in a higher Kp. This could also explain why
these complexes are difficult to characterize using NMR titration ex-
periments [14], as multiple orientations and microstates might occur
without specific binding [57], even when docking programs identify a
preferred binding position.

The transient nature of these interactions is further supported by the
relatively small contact area [47,48,58] observed in the docking models
of cytochrome co/bacterial peroxidase. Furthermore, the flexible and
disordered C-terminal region of cytochrome cy; may represent an
evolutionary strategy that facilitates interactions with multiple redox
partners under physiological context, such as the bacterial peroxidase
and the nitrite reductase under low oxygen conditions.

4.3. The electron-transfer pathway

The docking models were analyzed using the eMAP webserver to
identify potential electron-transfer pathways between the two proteins.
No conserved pathway was identified among the top-ranked docking
models, reflecting the different possible docking geometries and the
transient and dynamic nature of the complex. Moreover, the analysis of
these models supports the proposal that electron transfer can occur via
direct through-space tunnelling between the c-type heme centers,
without the involvement of residues, as the distance between the E heme
methyl-3 (bacterial peroxidase) and the heme methyl-4 (cytochrome c2)
averages at 5-4 A (Fig. S9 in Supplementary Materials S4). Such
tunnelling pathways are known to support rapid electron transfer due to
strong electronic coupling and reduced energetic barriers, consistent
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with established principles of biological electron transfer [46,59,60].
5. Conclusions

Cytochrome cy from N. gonorrhoeae efficiently donates electrons to
the organism’s own bacterial peroxidase. This suggests a possible link
between the truncated denitrification pathway and the reduction of
hydrogen peroxide, which are both likely to occur simultaneously dur-
ing infection. To support this hypothesis, it has been shown that
hydrogen peroxide inhibits copper nitrite reductases [61], and their co-
occurrence be an extra defense mechanism given the importance of
maintaining the copper nitrite reductase functional for gonococcal
infection [62].

Steady-state kinetics were employed to study the cytochrome co-
mediated catalysis of N. gonorrhoeae bacterial peroxidase, and the esti-
mated kinetic parameters were found to be comparable to those deter-
mined for LAz-mediated catalysis. This finding lends weight to the idea
that small periplasmic redox proteins can act as substitutes for one
another and perform interchangeable functions. In this case, the
dependence on pH and ionic strength further suggests the advantage of
an alternative electron donor, enabling the gonococcus to adapt to
variable environmental conditions.

The electron-transfer complex between cytochrome c; and the bac-
terial peroxidase is stabilized by hydrophobic interactions, facilitating
rapid electron turnover at physiological pH, even in the event of minor
environmental changes. Kinetic studies also support the transient nature
of this complex, with cytochrome cy sampling multiple conformations
across the bacterial peroxidase surface.

A similar dynamic complex was observed for the LAz complex, which
binds to the same surface on the peroxidase. However, given that
N. gonorrhoeae bacterial peroxidase is anchored to the outer membrane
on the periplasmic side, the orientation of the electron-transfer complex
in vivo is constrained. These constraints are likely to be more significant
for the N. gonorrhoeae LAz/BCCP complex, as both proteins are mem-
brane anchored. In contrast, the soluble, periplasmic nature of cyto-
chrome c; allows greater conformational flexibility, and more degrees of
freedom for complex formation with the bacterial peroxidase. Compe-
tition studies between these two proteins as electron donors to the
bacterial peroxidase are therefore essential to determine the conditions
under which one complex predominates.

Overall, the findings presented here contribute to a more detailed
understanding of electron-transfer-driven protein-protein interactions
in the periplasm of N. gonorrhoeae, particularly in response to exogenous
H50s.
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