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ABSTRACT

In this study, we computationally investigated the strength of FeS chemical bonds in heme groups and hydrogen bonds in bac-

terioferritin (BR) from Pseudomonas aeruginosa in the presence of small molecular inhibitors. The investigations were based on

QM/MM calculations in both the ferric and ferrous oxidation states of BR, followed by Local Mode Analysis, with initial coor-
dinates taken from available experimental x-ray structures of BR with ligands. Our results show that the FeS chemical bonds in
both oxidation states were stronger, shorter, more covalent, and generally less polar than in the gas phase. In the ferrous state
of the protein, the FeS bonds tended to be weaker, shorter, less covalent, and less polar than in the ferric state. On average, the

hydrogen bonds in both oxidation states of the protein were stronger than a hydrogen bond in a water dimer, highlighting the

influence of the protein environment on these interactions.

1 | Introduction

Many enzymatic reactions across diverse metabolic processes
involve the transition metal iron (Fe) [1]. In bacteria Fe can exist
mainly in two oxidation states, as water insoluble ferric (Fe>*)
and soluble ferrous (Fe?*) ions. The bacterial Fe homeostasis re-
quires a right balance between these two oxidation states of Fe,
because an excess of the low solubility ferric Fe leads to a re-
duced Fe bioavailability, while an excess of the soluble ferrous
Fe can react with O, and H,0, generating reactive oxygen spe-
cies such as superoxide or hydroxyl radicals. Therefore, a correct
concentration ratio between ferric and ferrous Fe, is important
for storage and utilization of Fe and for preventing iron-induced
toxicity [2]. Fe is accumulated in bacteria in the form of a ferric
Fe mineral, using a protein bacterioferritin (BF) which is a key
protein for bacteria homeostasis. The correct ferric to ferrous
ratio is regulated in bacteria by an associated ferredoxin protein

© 2025 Wiley Periodicals LLC.

(FD), which binds to the surface of BF by a protein-protein in-
teraction [3]. Small molecules can also bind to the surface of BF
and inhibit the protein-protein interaction with FD, which can
unbalance the bacterial Fe homeostasis leading to a cell death
[4]. BF is composed of 24 protein subunits that assemble into a
spherical hollow structure with an external diameter of about
120A and an internal diameter of about 80A [3-5]. There are
generally three types of Fe sites within BF: a dinuclear Fe site,
a b-type heme group, and a single Fe ion site. The protein chains
of BF are connected by 12 heme groups through the side chains
of two methionine residues. The overall structure of BF also de-
pends on the Fe oxidation state, as confirmed by experimental
x-ray studies of BF from Azotobacter vinelandii [6]. The transi-
tion between the ferric and ferrous oxidation states is responsi-
ble for Fe mineralization in BF. Numerous experimental studies
have highlighted the importance of the heme groups in BF ac-
tivity, including their role in Fe release from the BF biomineral
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[3, 4, 7-21]. The heme groups of BF facilitate electron transfer
between the dinuclear Fe site and the ferric mineral core, lead-
ing to the formation of soluble ferrous Fe ions.

In this study, we computationally investigated a strength of FeS
chemical bonds in the heme groups in both the ferric and the
ferrous oxidation state, involving the small molecular inhibitors
in the binding sites of BR from Pseudomonas aeruginosa, which
experimental x-ray structures have been reported [4]. We have
also analyzed a strength of hydrogen bonds between the molec-
ular ligands and the BR binding sites in both Fe oxidation states.
The objective of this study, was to find any relation between the
strength of the FeS chemical bonds in the different Fe oxidation
states, and the strength of the hydrogen bonds formed between
the ligands and the BR binding site. We also correlated in this
study the strength of the FeS bonds, with other bond properties
such as a bond length, a bond covalent character, and a bond po-
larity. For the hydrogen bonds we correlated their strength with
a hydrogen bond length.

2 | Methodology

The main objective of this study was to calculate precisely the
strength of chemical and hydrogen bonds in the protein active
sites. Such calculations require advanced methods capable
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of accurately describing the electronic structure of the active
site and its interactions with the surrounding protein. For this
reason, we employed a combined QM/MM approach, which
enables reliable treatment of active sites together with the
overall protein geometry [22, 23]. The starting coordinates for
the QM/MM calculations were taken from x-ray structures of
BF with small molecular inhibitors from Pseudomonas aerugi-
nosa (PDB entries: 6NLG for ligand L1, 6NLI for L2, 6NLK for
L3, 6NLL for L4, 6NLM for L5 and 6NLN for L6; see Figure 1)
[4]. From each structure we selected two protein chains con-
nected by the heme group and the ligand in the binding site.
Because the experimental geometries lack hydrogen atoms,
they were added following AMBER protonation rules [24]. To
mimic the aqueous environment, each system was embedded
in a TIP3P [25] water sphere of 16 A radius centered at the
heme Fe atom. Sodium counter-ions were added for charge
neutrality, and the systems were minimized at the MM level
with AMBER. The QM region comprised the heme group, the
side chains of two methionines bound to it (Figure 2a), and
the ligand. Bonds connecting the heme and methionines to
the protein backbone were cut and saturated with link hydro-
gen atoms. The remainder of the protein and water molecules
formed the MM region. Calculations were performed for the
ferric (doublet) and ferrous (singlet) states using ONIOM [26]
at the PBE0/6-31G(d,p)/AMBER level [27, 28]. Geometry op-
timizations were followed by vibrational frequency analyses.
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FIGURE1 | Sketches of molecular ligands of bacterioferritin investigated in this study.

FIGURE2 | Sketches of heme QM models investigated in this study; (a) QM/MM calculations; (b) gas phase calculations.
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No imaginary frequencies were found, confirming local min-
ima. The PBEO functional, well suited for transition metal
complexes [27, 29-31], had also been used successfully in our
earlier QM/MM studies of hemoproteins [32, 33]. As valida-
tion, the FeN bond length of a bishistidyl heme model (1.965 A)
agreed with the x-ray value of bis(1-methylimidazole) (meso-
tetramesitylporphinato) ferric Fe (1.970A) [34]. To assess
protein effects, we also carried out gas-phase calculations on
a simplified heme model (Figure 2b) and on a water dimer.
Bond strengths of the FeS bonds and hydrogen bonds were
then determined using Local Mode Analysis (LMA) [35].
Originally developed by Konkoli and Cremer [36-40], LMA
has been extensively applied to quantify covalent bonds
[41-54], non-covalent interactions [52, 55-69], and hydrogen
bonds [70-80], and has been used by us in previous QM/MM
studies of hemoproteins [32, 33]. To compare bond strengths
with standard single and multiple bond concepts, local mode
force constants (k%) were converted into relative bond strength
orders (BSO) via the relation BSO = A x (k%) following the
generalized Badger rule [41, 49]. Parameters A and B were
obtained from reference molecules using Mayer bond or-
ders [81-83]. For transition metal bonds, CuCH, (k* = 3.243
mDyn/A, BSO=1.005) and NiCH, (k%=5.568 mDyn/A,
BSO =1.894) gave A = 0.2530, B = 1.1724. For hydrogen bonds,
F,H™ (k®=1.340 mDyn/A, BSO=0.5) and HF (k®=9.804
mDyn/A, BSO =1.0) yielded A = 0.4515, B = 0.3483. Covalent
character was further assessed within Bader's QTAIM frame-
work [84-86] using the Cremer-Kraka criterion: [87-89] a
negative energy density at the bond critical point indicates
covalency, while a positive value indicates electrostatics. All
DFT calculations were performed with Gaussian [90], LMA
with LModeA [91], charges with NBO [92], and QTAIM with
AIMALL [93]. Chemical sketches of the ligands in their bind-
ing sites are shown in Figures 3 and 4. In addition, Figure S1
shows the relationships between the SFeS bond angle and the
force constants for both ferric and ferrous states, as well as
the correlations between the FeS and SFeS force constants.
Figures S2-S5 present the optimized geometries of the active
sites and protein-ligand complexes. The coordinates of the
optimized geometries of the ligands in the binding sites in-
vestigated in this study are also provided in the Supporting
Information.

3 | Results and Discussion
3.1 | FeS Chemical Bonds of Heme Groups

Results of the FeS bond properties such as the bond length R, the
local mode force constant k¢, the local mode frequency w? the
energy density at a bond critical point H,, the Fe and S atomic
charge difference AQ, and the bond strength order BSO, in the
heme group of BR with different ligands are presented in Table 1
for the ferric state and in Table 2 for the ferrous state. The label
LloFeSa denotes the properties of the FeS bond for the protein
with the ligand L1 in the oxidized (ferric) state of the bond in the
distal heme pocket, while the label L1oFeSb refers to the proxi-
mal heme pocket. The label L1rFeSa is related to the properties
of this bond in the reduced (ferrous) protein state. Similarly for
the proteins with the other five ligands (L2, L3, L4, L5, and L6),
while GoFeSa and GoFeSb are the FeS bond properties in the

oxidized state of the gas phase model. Figure 5a—-d show graphi-
cal representations of the relations between BSO and k¢ as well
between R and k“, while Figure 6a-d the relations between H,
and kY in addition between AQ and kY in the ferric and ferrous
states. According to Figure 5a, the strength of the FeS bond in
the ferric state of the proteins (the average k% =0.855 mDyn/A)
is generally bigger that in the gas phase model (the average k*
=0.621 mDyn/A), with the outliner for the FeS bond strength in
the ligand L6 (the average k* =0.486 mDyn/A).

Similarly, according to Figure 5b, the strength of the FeS bond
in the ferrous state (the average k% =0.719 mDyn/A) is bigger
than in the gas phase (the average k? =0.544 mDyn/A), which
generally indicates that the protein environment increases
the FeS bond strength in both oxidation states of the proteins.
Moreover, we observed in our study that the FeS bond in the
ferrous state, is weaker then in the ferric state in both environ-
ments such as the protein (k* =0.855 and 0.719 mDyn/A, in
the ferric and ferrous state, respectively) and the gas phase (k®
=0.621 and 0.544 mDyn/A). The only exception is the protein
with the ligand L6, for which this change of the oxidation state
makes the FeS bond stronger in the protein (k* =0.486 and 0.744
mDyn/A, in the ferric and ferrous state, respectively). Although
a shorter chemical bond is generally expected to have a bigger
strength, there is a number of papers showing an opposite effect
[42, 48, 50, 52,94-96]. Therefore, it is interesting to verify the re-
lation between the FeS bond length and its local mode force con-
stant in the investigated protein systems. According to Figure 5¢
there is a relatively good correlation (R* =0.9156) between the
FeS bond length R and its local mode force constant k® in the
ferric state, with two outliners namely the protein with the li-
gand L6 and the gas phase. Similarly, according to Figure 5d,
there is also a good correlation (R?> =0.9067) between the FeS
bond length R and its local mode force constant k® in the ferrous
state, showing that in both oxidation states a stronger FeS bond
correlates with a smaller bond length. The change of the oxida-
tion state from ferric to ferrous generally makes the bond length
R smaller (the average bond length R=2.359 and 2.341 A, in the
ferric and ferrous state, respectively). Similarly in the gas phase,
the change of the oxidation state makes the FeS bond shorter
(R=2.384 and 2.366 A). However, in both oxidation states the
average bond length R in the protein (R=2.359 and 2.341A) is
smaller than in the gas phase (R=2.384 and 2.366A), which
shows how the protein environment changes the geometry of
the heme group.

Figure 6a,b present the relation between the energy density
at a bond critical point H, and the local mode force constant
ke for the ferric and ferrous states. According to Figure 6a,
there is a relatively good correlation (R? =0.9739) between
these two quantities in the ferric state, with the two outliners
namely the protein with the ligand L6 and the gas phase, in-
dicating that a stronger FeS bond corresponds to a more neg-
ative energy density and a more covalent bond character. The
FeS bond in the ferric state of the protein has a more covalent
character than in the gas phase (the average H, = —0.0196 and
—0.0174 Hartree/Bohr3, respectively). Similarly, according to
Figure 6b, in the ferrous state there is a good correlation (R?
=0.9399) between the energy density at a bond critical point
H, and the local mode force constant k¢, where the FeS bond
in the protein has a more covalent character than in the gas
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FIGURE 3 | Sketches of hydrogen bonds for ligands in bacterioferritin, (left) oxidized, (right) reduced; (a) L1; (b) L2; (c) L3.
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FIGURE4 | Sketches of hydrogen bonds for ligands in bacterioferritin, (left) oxidized, (right) reduced; (a) L4; (b) L5; (c) L6.

phase (the average H,=-0.0129 and —0.0106 Hartree/Bohr3,
respectively). The change of the oxidation state from ferric
to ferrous in the protein, makes the FeS bond less covalent
(H, = —0.0196 and —0.0129 Hartree/Bohr?, respectively), and

similarly in the gas phase (H, = —0.0174 and —0.0106 Hartree/
Bohr3). The charge difference AQ between the Fe and S atoms
in the FeS bonds is correlated with the local mode force
constant k® for the ferric and ferrous states in Figure 6c¢,d.
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TABLE1 | BondlengthR,local mode force constant k?, local mode frequency o energy density at a bond critical point H,, Fe and S atomic charge
difference AQ, and bond strength order BSO of FeS chemical bond, in ferric state of bacterioferritin with molecular ligands investigated in this study.

R k* o° H, AQ
Bond A mDyn/A cm™! Hartree/Bohr? e BSO
LloFeSa 2.400 0.750 250 —0.0175 0.579 0.181
LloFeSb 2.399 0.748 250 —-0.0172 0.585 0.180
L2oFeSa 2.341 0.892 273 —0.0201 0.542 0.221
L20oFeSb 2.345 0.857 267 —0.0199 0.537 0.211
L3oFeSa 2.337 0.906 275 —0.0208 0.533 0.225
L3oFeSb 2.342 0.874 270 —0.0200 0.538 0.216
L4oFeSa 2.375 0.855 267 —0.0192 0.565 0.211
L4oFeSb 2.385 0.786 256 —0.0182 0.567 0.191
L5oFeSa 2.323 0.981 286 —-0.0225 0.524 0.247
L50FeSb 2.338 0.905 275 —0.0202 0.530 0.225
LéoFeSa 2.367 0.483 201 —0.0175 0.554 0.108
L60FeSb 2.363 0.489 202 -0.0177 0.552 0.109
GoFeSa 2.381 0.632 230 —-0.0176 0.562 0.148
GoFeSb 2.386 0.609 225 —-0.0173 0.566 0.141

Note: For labels see the text.

TABLE 2 | Bond length R, local mode force constant k¢, local mode frequency w energy density at a bond critical point H,, Fe and S atomic
charge difference AQ, and bond strength order BSO of FeS chemical bond, in ferrous state of bacterioferritin with molecular ligands investigated in
this study.

R k® o H, AQ

Bond A mDyn/A cm™! Hartree/Bohr? e BSO
L1rFeSa 2.369 0.593 222 -0.0114 0.421 0.137
L1rFeSb 2.382 0.546 213 —0.0104 0.430 0.124
L2rFeSa 2.340 0.731 247 —0.0127 0.396 0.175
L2rFeSb 2.334 0.735 248 -0.0137 0.385 0.176
L3rFeSa 2.345 0.718 245 —0.0127 0.394 0.172
L3rFeSb 2.322 0.785 256 —0.0140 0.381 0.191
L4rFeSa 2.333 0.759 252 —0.0130 0.381 0.183
L4rFeSb 2.318 0.802 259 —0.0140 0.384 0.195
L5rFeSa 2.338 0.729 247 —0.0136 0.394 0.175
L5rFeSb 2.335 0.743 249 —0.0129 0.399 0.179
LérFeSa 2.352 0.689 240 —0.0123 0.394 0.163
Lé6rFeSb 2.320 0.799 258 —0.0144 0.388 0.194
GrFeSa 2.364 0.548 214 —0.0107 0.397 0.125
GrFeSb 2.367 0.539 212 —0.0105 0.400 0.123

Note: For labels see the text.
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Properties of FeS chemical bonds in bacterioferritin and gas phase models. (a) Functional relationship between local mode force

constant k* and BSO for ferric state. (b) Functional relationship between local mode force constant k® and BSO for ferrous state. (c) Relation between

local mode force constant k® and bond length R for ferric state. (d) Relation between local mode force constant k® and bond length R for ferrous state.

For molecular labels, see the text.

According to Figure 6c, there is a relatively small correlation
(R? =0.8639) between these quantities in the ferric state, with
the two outliners the protein with the ligand L6 and the gas
phase, showing that a stronger FeS bonds correlates with a
smaller charge difference. Generally, the average charge dif-
ference in the ferric state of the protein is smaller than in the
gas phase (AQ=0.550 and 0.564 e, respectively). Similarly, in
the ferrous state the correlation between AQ and k¢ is even
smaller (R* =0.5602), and the average charge difference in
this oxidation state of the protein is similar to in the gas phase
(AQ=0.397 and 0.399 e). Changing the oxidation state from
ferric to ferrous in the protein, makes the charge difference
smaller (AQ=0.550 and 0.397 e), and similarly in the gas
phase (AQ=0.564 and 0.399 e).

Generally, we observe in our calculations that the FeS chemical
bond in the ferric state of the protein is stronger, shorter, more
covalent, and less polar than in the gas phase, however there
are two outliners namely the protein with the ligand L6 and the
gas phase model. Similarly, the FeS bond in the ferrous state
of the protein is stronger, shorter, more covalent, and similarly
polar than in the gas phase, without outliners. In the protein

ferrous state the FeS bonds are weaker, shorter, less covalent,
and less polar than in the ferric state. The similar changes of
the FeS bond properties are observed in our calculations in the
gas phase.

3.2 | Hydrogen Bonds Between Ligands And
Proteins

The properties of the hydrogen bonds between the ligands and
the surrounding amino acids of the protein binding sites for
the ferric oxidation state are presented in Table 3, and for the
ferrous state in Table 4. The protein environment can change
the hydrogen bonding interactions between the investigated
ligands and the side chains of amino acids in the binding
pocket. In order to analyze this effect, we have also calculated
in the gas phase (without the protein surrounding) a simple
water dimer forming a hydrogen bond between water mono-
mers (H20-HOH), and the results of this calculations are also
presented in Tables 3 and 4 as a hydrogen bond strength refer-
ence. In order to calculate the energy density at a bond critical
point and the atomic charge difference for hydrogen bonded
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FIGURE 6 | Properties of FeS chemical bonds in bacterioferritin and gas phase models. (a) Relation between local mode force constant k® and

energy density for ferric state. (b) Relation between local mode force constant k% and energy density for ferrous state. (c) Relation between local mode

force constant k® and charge difference for ferric state. (d) Relation between local mode force constant k and charge difference for ferrous state. For

molecular labels, see the text.

complexes, both monomers of a dimer should be present in the
QM part of the QM/MM calculations. Because in our study
only the ligand is included in the QM part, we present here
only results of the bond length R, the local mode force constant
k?, the local mode frequency w? and the bond strength order
BSO for the hydrogen bonds between the ligands and the pro-
tein. Including all amino acids forming hydrogen bonds with
the ligands in the QM part, would require much longer and
more advanced QM/MM computations, which is beyond the
scope of this manuscript. Moreover, hydrogen bonds between
QM and MM atoms are pretty well defined in the standard
QM/MM calculations [97]. The labels of the hydrogen bonds
are formed in the similar way as the labels of the FeS chemical
bonds investigated in this study, where the characters “a”, “b”,
and so on, indicate different positions of the hydrogen bonds,
which chemical sketches are presented in Figures 3 and 4 and
also in Figures S2-S5. The relations between the hydrogen
bond properties are presented in Figure 7a-d. According to
Figures 3, 4, and S2-S5, the number and the form of the hy-
drogen bonds between the ligand and the protein depends on a
particular ligand and the oxidation state of the protein.

The ligand L1 (5-hydroxyisoindoline-1,3-dione) is the simplest
ligand in our calculations, forming two hydrogen bonds with
the protein in the ferric states, namely L1oHBa (red circle in
Figure 7) and L1oHBD (red triangle in Figure 7). The LloHBa
hydrogen bond is of a N-H ... O type, where the hydrogen atom
donor is from the ligand, while the oxygen atom is from Pro69
of the protein. LLoHBD is also the N-H ... O type, but the hy-
drogen atom donor is from Leu71 of the protein and the oxygen
atom is from the ligand. According to Figure 7a LloHBa and
L1oHBDb are relatively weak in the ferric states of the protein
(k® =0.141 and 0.210 mDyn/A, respectively), and their strengths
are smaller than the hydrogen bond strength in the water dimer
(k® =0.214 mDyn/A, pink circle in Figure 7). Similarly, accord-
ing to Figure 7b, LlIrHBa and L1rHBD in the ferrous state are
also weak.

The ligand L2 is a modification of L1 and it involves the o-hy-
droxyphenyl ring capable of an additional hydrogen bond for-
mation. There are four hydrogen bonds of L2 in the ferric state,
namely L2oHBa, L2oHBb, L20oHBc, and L2oHBd. L2oHBa
(blue circle in Figure 7) has the same N-H ... O character as in
the ligand L1, but contrary to L1 it is relatively strong (k® =0.602
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TABLE 3 | Bond length R, local mode force constant k¢, local mode
frequency % and bond strength order BSO of hydrogen bonds between
ligands and bacterioferritin, in ferric state.

TABLE 4 | Local mode bond length R, local mode force constant
k49, local mode frequency w?, and bond strength order BSO of hydrogen
bonds between ligands and bacterioferritin, in ferrous state.

R k* o°
Bond A mDyn/A cm™! BSO
LloHBa 1.932 0.141 503 0.228
L1oHBb 1.936 0.210 614 0.262
L2oHBa 1.763 0.602 1038 0.378
L20HBb 2.249 0.036 252 0.142
L20oHBc 2.155 0.055 313 0.164
L20oHBd 1.801 0.388 834 0.325
L3oHBa 1.807 0.411 858 0.331
L30HBDb 1.885 0.269 694 0.286
L3oHBc 2.238 0.053 308 0.162
L4oHBa 1.753 0.664 1090 0.392
L4oHBb 1.885 0.281 709 0.290
L40HBc 1.829 0.320 757 0.304
L4oHBd 2.231 0.055 315 0.164
L50oHBa 1.754 0.647 1077 0.388
L50HBb 1.915 0.213 617 0.263
L50HBc 2.035 0.106 436 0.207
L6oHBa 1.740 0.685 1108 0.396
L6oHBb 1.960 0.159 534 0.238
L6oHBc 2.130 0.061 331 0.170
H,0-HOH 1.906 0.214 619 0.264

Note: For labels see the text.

mDyn/A). L20HBb and L2oHBc (blue triangle and square in
Figure 7) are two components of the bifurcated hydrogen bond
of the N-H ... O type, where Leu71 and GIn72 of the protein are
the hydrogen atom donors, while the oxygen atom is from the
ligand, and both components are relatively weak (k® =0.036 and
0.055 mDyn/A, respectively). L2o0HBd (blue romb in Figure 7)
is a hydrogen bond of the O-H ... O type, formed between the
hydroxy group of the ligand as a hydrogen atom donor, and the
oxygen atom of Glu81l. L2oHBd is relatively strong (k? =0.388
mDyn/A), however is weaker than the strongest hydrogen bond
of this ligand L2oHBa (k® =0.602 mDyn/A). In the ferrous state
of the protein with L2 (blue marks in Figure 7b), the strength
of the hydrogen bonds is similar as in the ferric state, however
the strongest hydrogen bond in this group L2rHBa is slightly
weaker than in the ferric state L2oHBa (k® =0.546 and 0.602
mDyn/A, respectively).

The ligand L3 has the hydroxyphenyl ring similarly as L2,
however the hydroxy group is in the para position, and the
hydroxyphenyl ring is attached to the main part of the ligand
(the isoindoline-1,3-dione group) by a longer hydrocarbon
chain, increasing flexibility of the entire molecule. There are

R k* o®
Bond A mDyn/A cm™! BSO
L1rHBa 1.907 0.162 538 0.240
L1rHBb 1.943 0.200 599 0.258
L2rHBa 1.774 0.546 989 0.366
L2rHBb 2.216 0.032 239 0.136
L2rHBc 2.184 0.044 282 0.152
L2rHBd 1.794 0.400 847 0.328
L3rHBa 1.813 0.396 842 0.327
L3rHBb 1.915 0.217 623 0.265
L3rHBc 2.280 0.042 274 0.150
L4rHBa 1.830 0.367 811 0.318
L4rHBb 1.841 0.365 808 0.318
L4rHBc 1.804 0.367 810 0.318
L5rHBa 1.751 0.644 1074 0.387
L5rHBb 1.906 0.244 661 0.276
L5rHBc 2.846 0.005 90 0.071
L6érHBa 1.782 0.524 969 0.361
L6rHBb 1.951 0.188 581 0.252
L6rHBc 2.531 0.011 143 0.094
H20-HOH 1.906 0.214 619 0.264

Note: For labels see the text.

three hydrogen bonds formed by L3 in the ferric state, such as
L3oHBa, L30HBb, and L3oHBc. L3oHBa has the similar hy-
drogen bond character as LloHBa and L20oHBa, and it is the
strongest one in L3 (green circle, k* =0.411 mDyn/A). L3oHBc
is the weakest one (green square, k% =0.053 mDyn/A), it has
the N-H ... O character, and is formed between Trp35 acting as
a hydrogen atom donor, and the oxygen atom of the ligand. L3
in the ferrous state, forms similar hydrogen bonds with similar
strengths (L3rHBa green circle, L3rHBb green triangle, and
L3rHBc green square in Figure 7b, k* =0.396, 0.217, and 0.042
mDyn/A, respectively).

The next ligand investigated in our study L4, has two hy-
droxy groups in the phenyl ring (ortho and para), and a sim-
ilar longer hydrocarbon chain linking the phenyl ring with
the isoindoline group. In the ferric state L4 forms four hy-
drogen bonds with the protein, such as L4oHBa, L40HBD,
L4oHBc, and L4oHBd (purple marks in Figure 7a). L4oHBa
(purple circle), L4oHBb (purple triangle), and L4oHBc (pur-
ple square) have the similar hydrogen bond characters as L3,
however with bigger strengths (k® =0.664, 0.281, and 0.320
mDyn/A, respectively). L4oHBd is a weak hydrogen bond
(purple rhomb, k =0.055 mDyn/A) of the O-H ... O charac-
ter, formed between the hydroxy group of the ligand acting
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FIGURE 7 | Properties of hydrogen bonds between ligands and bacterioferritin. (a) Functional relationship between local mode force constant
k® and BSO for ferric state. (b) Functional relationship between local mode force constant k* and BSO for ferrous state. (c) Relation between local
mode force constant k® and bond length R for ferric state. (d) Relation between local mode force constant k% and bond length R for ferrous state. For

molecular labels, see the text.

as a hydrogen atom donor, and the oxygen atom of Glu81. In
the ferrous state L4 forms only three hydrogen bonds, namely
L4rHBa, L4rHBb, and L4rHBc (purple marks in Figure 7b),
and the hydrogen bond with Trp35 has not been found in our
calculations. L4rHBa and L4rHBDb have the similar hydrogen
bond character as in the ferric state, while L4rHBc which is
a hydrogen bond between the ligand and Glu81, corresponds
to L40oHBd in the ferric state. It is interesting to note that in
the ferrous state, all three hydrogen bonds L4rHBa, L4rHBbD,
and L4rHBc have similar strengths (k¢ =0.367, 0.365, and
0.367 mDyn/A, respectively).

The ligand L5 is a modification, which has the methoxy instead
of the hydroxy group in the ortho position of the phenyl ring.
This modification prevents formation of a hydrogen bond with
Glu8l, therefore in L5 there are only three hydrogen bonds in
the ferric state (orange marks in Figure 7a), such as L5oHBa
(circle), L5oHBD (triangle), and L50HBc (square), which char-
acters are the same as in L4, and they have similar strengths as
in L4 (k* =0.647,0.213, and 0.106 mDyn/A, respectively). In the
ferrous state L5 forms three hydrogen bonds (orange marks in
Figure 7b), namely L5rHBa (orange circle, k® =0.644 mDyn/A),

L5rHBb (orange triangle, k® =0.244 mDyn/A) and L5rHBc (or-
ange square, k¢ =0.005 mDyn/A). It is interesting to note that
the strength of L5rHBc forming a hydrogen bond with Trp35
in the ferrous state (k% =0.005 mDyn/A), is much smaller than
the strength of this hydrogen bond in the ferric state (k* =0.106
mDyn/A), which is consistent with L4 in the ferric state, where
the ligand does not form a hydrogen bonds with Trp35.

The last ligand investigated in this study L6 has a hydroxy group
in the meta position of the phenyl ring, and forms three hydrogen
bonds in the ferric state (white blue marks in Figure 7a), namely
such as L6oHBa (circle), L6oHBb (triangle), and L6oHBc
(square). The characters of these hydrogen bonds are the same
as in L5, and have similar strengths (k* =0.685, 0.159, and 0.061
mDyn/A, respectively). In the ferrous state (white blue marks in
Figure 7b) L6 forms three hydrogen bonds (L6rHBa, L6rHBDb,
and L6rHBc) with the same character, and slightly smaller
strengths (k =0.524, 0.188, and 0.011 mDyn/A, respectively).

Generally, according to Figure 7a, the average strength the hy-
drogen bonds in the ferric state of the protein, is bigger than the
strength of the hydrogen bond in the water dimer (k* =0.282
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and 0.214 mDyn/A, respectively). The strongest hydrogen bonds
in this oxidation state (circles in Figures 3, 4, 7a, and S2-S5), are
of the N-H ... O character, where the hydrogen atom donor is
from the ligand, and the oxygen atom is from Pro69. The weak-
est hydrogen bonds in this oxidation state (squares in Figures 3,
4, 7a, and S2-S5) are generally of the O-H ... O character, where
the hydrogen atom donor is from the ligand, and the oxygen
atom is from Glu81, or of the N-H ... O character, where the
hydrogen atom donor is from Trp35, and the oxygen atom is
from the ligand. Similarly according to Figure 7b, the average
strength of the hydrogen bonds in the ferrous state, is bigger
than in the water dimer (k? =0.264 and 0.214 mDyn/A, respec-
tively), and the strongest hydrogen bonds are of the N-H ... O
character where the ligand acts as a hydrogen atom donor, while
the weakest are of the O-H ... O character where the ligands acts
as a hydrogen atom donor, and of the N-H ... O character, where
the protein acts as a hydrogen atom donor.

Figure 7c,d present relations between the local mode force
constant, and the hydrogen bond length, disclosing a relatively
good correlation between those two properties in the ferric state
(R? =0.9758), and in the ferrous state (R? =0.9830). Generally,
according to our results a stronger hydrogen bond relatively
good correlates with a shorter bond length, which is consis-
tent with the general power relation between these two bond
properties [98].

4 | Conclusions

In this study, we computationally investigated the strength of
the FeS chemical bonds in the heme groups and the hydrogen
bonds between molecular inhibitors and the binding sites of
bacterioferritin from Pseudomonas aeruginosa. The calculations
were based on available experimental structures of six ligands in
the protein and involved QM/MM geometry optimizations and
vibrational frequency analyses. Each QM/MM system included
two protein chains connected by a heme group through the side
chains of two methionine residues, with the heme, side chains,
and ligand treated at the QM level and the remainder of the pro-
tein at the MM level, in both the ferric and ferrous oxidation
states.

Our results show that in the ferric state the FeS chemical bonds
are stronger, shorter, more covalent, and less polar than in the
gas phase, with two notable outliers: the protein with ligand L6
and the gas-phase model. In the ferrous state, the FeS bonds are
also stronger, shorter, and more covalent than in the gas phase,
though their polarity is comparable. Overall, the transition from
ferric to ferrous weakens the FeS bond, making it shorter, less
covalent, and less polar, a trend that is consistent with our gas-
phase calculations. For the hydrogen bonds, the average bond
strength in both oxidation states exceeded that of a water dimer,
highlighting the stabilizing effect of the protein environment.
The strongest hydrogen bonds were typically of the N-H .. O
type, with the hydrogen donor originating from the ligand and
the acceptor oxygen from Pro69. The weakest interactions were
generally O-H ... O bonds, with the donor from the ligand and
the acceptor oxygen from Glu81, or N-H ... O bonds, where the
donor was Trp35 and the acceptor oxygen from the ligand.

Taken together, these results provide molecular-level insights
into the interplay between oxidation state, bond strength, and
the surrounding protein environment (or matrix). They demon-
strate how the protein environment modulates both covalent
and noncovalent interactions, providing insights into the mech-
anisms that influence electron transfer and Fe binding and re-
lease in bacterioferritin. Beyond these mechanistic findings, the
results may inform the design of antibacterial strategies target-
ing ferritin-related pathways and support the development of
ferritin-based nano-materials for biomedical applications.
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