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ABSTRACT: Sulfur assimilation fuels bacterial growth by supplying
the reduced sulfur required for the biosynthesis of sulfur-containing
biomolecules. Adenosine 5′-phosphosulfate reductase (APSR) cata-
lyzes the reductive step of this pathway, converting adenosine 5′-
phosphosulfate (APS) to adenosine monophosphate. This reaction
proceeds through nucleophilic attack by catalytic C256, located in
the flexible C-terminal tail, on the sulfur atom of APS, forming a thio-
sulfonate enzyme intermediate. Here, we investigate this reaction in
APSR from Pseudomonas aeruginosa, an opportunistic pathogen
associated with severe infections, particularly in patients with cystic
fibrosis. APSR contains an iron−sulfur [4Fe−4S] cluster, which par-
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ticipates in redox steps of the reaction. Here, we show that the redox
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state of the iron−sulfur cluster also controls the catalytic step. Multiscale molecular simulations investigate how oxidized and reduced
cluster states affect APS binding, active site organization, and the nucleophilic attack step. Molecular dynamics (MD) simulations show
that the oxidized [4Fe−4S]2+ cluster stabilizes substrate interactions and the conformation of the C-terminus, facilitating a catalytically
productive orientation of C256. The activation barrier of 17.7 ± 1.7 kcal mol−1 from quantum mechanics/molecular mechanics
(QM/MM) umbrella sampling MD simulations at the B3LYP-D3(BJ)/6-31G(d) level is consistent with kinetics experiments performed
on an ortholog enzyme. The redox state of the iron−sulfur cluster shows its role in modulating the conformation of conserved K144,
which is important for transition state stabilization in the nucleophilic attack. These findings illuminate the mechanism of this
P. aeruginosa target and provide broader insight into the roles of iron−sulfur clusters in controlling enzyme reactivity.
KEYWORDS: antimicrobial resistance, adenosine phosphosulfate reductase, quantum mechanics/molecular mechanics, free energy,
molecular dynamics, iron−sulfur cluster, sulfur metabolism
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The increasing spread of multidrug-resistant pathogens has inten-
sified concern particularly over the ESKAPE group (E. faecium,
S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and
Enterobacter spp.), a leading cause of nosocomial infections
and a major public-health threat.1 P. aeruginosa is a clinically
important member of this group, exhibiting broad antimicrobial
resistance with biofilm-mediated tolerance that limits the effec-
tiveness of standard therapies.2 This opportunistic Gram-
negative bacterium is responsible for a wide range of infections
and poses a particular risk in immunocompromised hosts
and patients with cystic fibrosis.3 The clinical persistence of
P. aeruginosa in lungs of cystic fibrosis patients is driven by its
capacity to adapt to sulfate limitation in airway mucus by acti-
vating a sulfate starvation-induced response. This metabolic
reprogramming promotes the scavenging of host organic sulfur
pools, supporting the long-term survival and colonization of the
respiratory tract.4
such as cysteine and methionine, represents a fundamental
and highly conserved process across bacteria, plants, and fungi,
sustaining vital functions even under conditions of extreme
nutritional stress.5 Central to this are sulfonucleotide reductases
(SRs), a diverse family of enzymes that catalyze the first com-
mitted step in reductive sulfur assimilation for de novo cysteine
biosynthesis. This enzyme family comprises two subclasses.
The first subclass is the adenosine-5′-phosphosulfate (APS)
reductase, which harbors a [4Fe−4S] cluster6 and is expressed
in plants and many bacteria, including P. aeruginosa and
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Mycobacterium tuberculosis. The second subclass is the 3′-
phosphoadenosine 5′-phosphosulfate (PAPS) reductase, which
lacks the cluster and is common in enteric bacteria and yeast
(Scheme 1).7 Although APS and PAPS reductases exhibit
modest sequence conservation with 25−33% pairwise identity
and 42% similarity, structural analyses reveal a conserved
Rossmann-like fold. This architecture is shared across available
crystal structures,8,9 including the P. aeruginosa APS reductase.

Results from biochemical and biophysical investigations of
sulfonucleotide reductase activity in both APS and PAPS
enzymes are consistent with a two-step ping-pong mechanism10

in which the sulfonucleotide undergoes nucleophilic attack by a
conserved cysteine present in the flexible C-terminal region of
the enzyme to form an enzyme S-sulfocysteine intermediate
(Enz-Cys-Sγ-SO3

−). In the subsequent step, the intermediate
is cleaved by thioredoxin (Trx), releasing sulfite and regenerat-
ing the catalytic thiolate (Scheme 2). Hence, despite their differ-
ences in substrate specificity, APS and PAPS reductases share
the same mechanism for the reduction of sulfonucleotides.11

The catalytic cysteine (C256) of the APS reductase (APSR)
in P. aeruginosa is part of the 255ECG(L/I)H259 motif located in
a C-terminal tail that also contains a 242R(S/E/A)GR(W/F)246

substrate-recognition sequence (Figure 1). The latter comprises
two conserved arginine residues, namely, R242 and R245, that
form electrostatic interactions with the phosphosulfate group.
Scheme 1. Reaction Catalyzed by Sulfonucleotide Reductases (SR

aAdenosine-5′-phosphosulfate (APS) and 3′-phosphoadenosine 5′-phosphosu
adenosine 3′,5′-bisphosphate (PAP) via a reaction catalyzed by the APS redu

Scheme 2. Two-Step Mechanism of Sulfonucleotide Reductases (

a(a) Step 1: C-Terminal Cys-S− attacks the sulfonucleotide to form the covale
group. (b) Step 2: Thioredoxin (Trx) reduces the covalent enzyme sulfonate

B

Structural and functional analysis suggests a conformational
change in which the tail opens for substrate binding, closes to cat-
alyze the reaction and stabilize the thiosulfonate intermediate,
and reopens again to release the product (AMP/PAP), enabling
Trx-mediated sulfite release and enzyme regeneration.12,13 In
P. aeruginosa, the highly flexible region spanning residues
250−267, which contains the catalytic C256, is unresolved in
the only available crystal structure (PDB ID 2GOY), consistent
with its proposed mobility within the active site.9 Site-directed
mutagenesis (C256S) abolishes activity and prevents the forma-
tion of the enzyme-thiosulfonate intermediate in mass spectrom-
etry experiments, confirming the catalytic role of C256.14

The X-ray crystal structure of APSR shows that the [4Fe−4S]
cluster is coordinated by the conserved 139CC-X80-CXXC

231

motif and is located approximately 10 Å from the sulfur atom
of bound APS, without direct contact with the substrate.
Nevertheless, mutation of the conserved cluster-coordinating cys-
teines prevents iron−sulfur cluster incorporation and abolishes
APSR activity.15 Consistently, introducing a [4Fe−4S]-binding
site into PAPS reductase increased APS reduction by approxi-
mately 3 orders of magnitude, mainly through the acceleration
of the chemical step rather than improved substrate affinity.16

Mass spectrometry of purified APSR identifies the [4Fe−4S]2+
as the predominant oxidation state, with no detectable change
across the catalytic states under the experimental conditions.17
s)a

lfate (PAPS) are converted to adenosine monophosphate (AMP) and
ctase and PAPS reductase, respectively.

SRs)a

nt Enz-Cys-SγSO3
− intermediate with release of the nucleotide leaving

, releasing SO3
2− and restoring the catalytic thiolate Enz-Cys-S−.
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Figure 1. Crystal structure of APSR (PDB ID 2GOY) shown as teal cartoon, with the unresolved C-terminal region (predicted using AlphaFold2
and shown as green cartoon). The bound APS substrate is stabilized via hydrogen bonding of the adenosine moiety with S60, L85, G161, and
H259 and through the phosphosulfate group with conserved residues K144, R242, and R245. The predicted C-terminus structure revealed that
the sulfur atom of C256 forms a hydrogen bond with H136, which forms a salt bridge with E249, suggesting their potential involvement in a catalytic
triad. The iron−sulfur cluster is shown as van der Waals spheres. Catalytically relevant distances (shown as yellow dashed lines) are defined as d1 =
SγC256−NεH136 and d2 = SγC256−SAPS. Hydrogen bonds are shown as light blue dashed lines. Hydrogen atoms were added using H++, and only
polar hydrogens are shown for clarity.
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These observations support the [4Fe−4S]2+ state as the likely
physiological form of the cluster. The APSR cluster is also
expected to belong to the low-potential ferredoxin-type class, for
which the [4Fe−4S]2+/[4Fe−4S]+ midpoint potential is often
substantially negative and strongly influenced by the surrounding
protein environment.18 Such a potential would make the reduced
state less populated under typical cellular conditions, but transient
reduction cannot be excluded under sufficiently reducing intracel-
lular conditions or in the presence of an appropriate electron-
transfer partner.19,20

Interconversion between [4Fe−4S]2+ and [4Fe−4S]+ states
is well established for other iron−sulfur enzymes. For example,
radical SAM glycyl radical activating enzymes use protein-
mediated electron transfer to access reduced cluster state during
catalysis.21,22 This situation differs from APSR, for which redox
interconversion of the cluster has not been established as part
of the catalytic cycle.17 Rather, transient reduction could
become accessible under particular intracellular redox condi-
tions and modulate enzyme activity independently of the cata-
lytic chemical step. Redox-dependent regulation of protein
function by iron−sulfur clusters is well documented in bacteria.
In Escherichia coli DinG, cluster reduction reversibly suppresses
helicase activity, possibly by perturbing the catalytic center near
the DNA-binding site.23 Similarly, photoreduction substantially
decreases the activity of Bacillus subtilis glutamine amidotrans-
ferase even though its essential [4Fe−4S] cluster does not par-
ticipate directly in the catalytic redox chemistry.24

Moreover, protein−protein interactions and environmental
factors can modulate cofactor redox potentials, as demonstrated
by the ∼40 mV shift in the ferredoxin−NADP+ reductase mid-
point potential induced by complex formation with
C

ferredoxin.25,26 Redox regulation also plays a key role in sulfur
metabolism. In P. aeruginosa, this broader redox balance is
linked to pathogenic behavior, as bacteria can produce phena-
zine derivatives altering intracellular redox equilibrium and pro-
moting antibiotic tolerance through the modulation of the
bacterial cell envelope.27 More broadly, assimilatory sulfate
reduction can contribute to redox homeostasis under sulfide
stress by consuming excess reducing equivalents and limiting
electron leakage, highlighting the potential importance of
redox-sensitive steps within this pathway.28 Thus, while the
[4Fe−4S]+ state should not be regarded as a demonstrated cata-
lytic intermediate, its transient population under strongly reduc-
ing conditions raises the possibility that the cluster redox state
may modulate enzyme function and couple sulfur flux to the intra-
cellular redox state. We therefore assess how the [4Fe−4S]2+
state and plausible one-electron reduced [4Fe−4S]+ state affect
APSR active site structure, APS stabilization, and the initial nucle-
ophilic attack step.
In this work, we investigate the first step of the APSR cata-

lytic pathway (Scheme 2) using multiscale molecular simula-
tions. Molecular dynamics (MD) simulations explore the
dynamics of bound APS, testing different combinations of pro-
tonation states of active site residues H136 and C256. High-
level hybrid quantum mechanics/molecular mechanics
(QM/MM) MD simulations employing DFT provide an atom-
istic description of the APSR reaction, supporting a mechanism
in which the C256 thiolate performs the nucleophilic attack on
APS, generating an enzyme-bound S-sulfocysteine intermediate.
The computed activation free energy of 17.7 ± 1.7 kcal mol−1 is
consistent with the apparent activation free energy of 18.6 kcal
mol−1, derived at 298.15 K from the experimentally measured
https://doi.org/10.1021/acscatal.6c07386
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catalytic turnover rate of the Mycobacterium tuberculosis ortho-
log (kcat = 9.2 ± 0.1 s−1).29,30 Our simulations demonstrate that
the cluster oxidation state controls the organization of the
APSR active site; reaction is facilitated in the presence of the
oxidized [4Fe−4S]2+ cluster. Together, these results reveal
the structural and dynamical determinants that govern substrate
recognition and reaction in ASPR. This understanding will pro-
vide support for the design of selective APSR inhibitors and for
strategies aimed at modulating microbial sulfur metabolism.

■ METHODS

Modeling of the Michaelis Complex and System
Parametrization

The X-ray crystal structure of P. aeruginosa APSR in complex with aden-
osine 5′-phosphosulfate was obtained from the Protein Data Bank (PDB
ID 2GOY);9 chain B was processed with the Protein Preparation
workflow implemented in the Schrödinger suite.31 The unresolved flex-
ible C-terminal region (residues 250−267; see Figure 1 and Figure S1)
was built in Prime32 employing the corresponding segment of the
AlphaFold233 model as a structural template. The incorporated
C-terminal region was subsequently refined by OPLS4 minimization,34

with the crystallographic structure positionally constrained to preserve
the experimental coordinates. Protonation states of all ionizable residues
were assigned at physiological conditions using the H++ server.35

Standard amino acid residues were represented by the AMBER ff14SB
force field.36

Geometry optimization of the APS ligand and electrostatic potential
(ESP) calculations were performed in Gaussian 16.37 The ligand atom
types were assigned using GAFF238 and the atomic charges obtained
with restrained electrostatic potential (RESP)39 derived at the HF/6-
31G(d) level of theory. Metal ions were modeled using the Li−Merz
parameter set.40 The enzyme−substrate complex was solvated in a cubic
TIP3P41 water box ensuring a minimum distance of 10 Å between the
atoms of the solute and the box edges. Periodic boundary conditions
(PBCs) were used. Charge neutrality was ensured by adding Na+ coun-
terions. All system preparations were performed using AmberTools.42

Iron−Sulfur Cluster Parametrization

Bonded force field parameters for the iron−sulfur [4Fe−4S] cluster were
generated using the metal center parameter builder (MCPB.py)43 pro-
gram, employing both small and large model systems. The small model,
consisting of the [4Fe−4S] cluster and four coordinating ethane thiolate
ligands, was used to derive the force constants via the Seminario
method44 based on vibrational frequency calculations. The large model,
comprising the full cluster site with the coordinating cysteine residues
capped by acetyl and N-methyl groups, was used for RESP charge fitting.
Both models were optimized at the B3LYP/6-31G(d) level of theory.
The oxidized and reduced clusters were parametrized separately as
[4Fe−4S(Cys)4]

2− and [4Fe−4S(Cys)4]
3−, respectively. In the QM

calculations, total charges of −2 and −3 were assigned to the oxidized
and reduced states, respectively. The spin states of both oxidation
states were treated using a broken‑symmetry density functional theory
(DFT) approach to describe the antiferromagnetic coupling between
the iron centers.45

MM Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were used to assess five alterna-
tive protonation state configurations of the catalytic C256 residue and
the neighboring H136 using the catalytically competent oxidized
[4Fe−4S]2+ cluster.46 The following combinations were investigated
using standard AMBER parameters: (i) neutral cysteine (CYS)/neutral
histidine δ-protonated (HID), (ii) CYS/double protonated histidine
(HIP), and (iii) deprotonated cysteine (CYM)/HIP. Additionally,
the custom parameters reported by Pedron et al.47 for deprotonated
D

cysteine (CY2) were employed to test the effect of sulfur atom
Lennard−Jones in the simulations: (iv) CY2/HIP and (v) CY2/HID.
To further explore the influence of the cluster’s redox state, an addi-
tional simulation (vi) was carried out for the CY2/HIP combination
using the reduced [4Fe−4S]+ cluster; see results for more details.

Systems were subjected to energy minimization consisting of
30,000 cycles, with the initial 500 cycles using the steepest descent
algorithm followed by the conjugate gradient method for the remain-
ing steps, until the root mean square of the gradient plateaued at 3 ×
10−3 kcal mol−1 Å−1. Systems were then gradually heated from 40 to
300 K over 140 ps using Langevin dynamics.48 Equilibration was car-
ried out under NPT conditions at 300 K and 1 atm employing a
Berendsen barostat.49 Backbone atoms were restrained during equili-
bration, with positional restraint force constants gradually decreased
from 15 to 0 kcal mol−1 Å−2 in decrements of 3 units every 1.25 ns.
After 6.25 ns, all restraints were fully released, and the systems under-
went an additional 1.25 ns of unrestrained equilibration. Production
MD simulations were subsequently performed in the NVT ensemble
at 300 K for 600 ns per replica, with three independent replicas per
system (totaling 1.8 μs per protonation state configuration).

All molecular mechanics molecular dynamics simulations (MM
MD) were performed with the AMBER24 suite.50 Production MD
runs used pmemd.cuda,51 with the SHAKE algorithm,52 thereby allow-
ing a 2 fs integration timestep. A 10 Å cutoff was used to evaluate pair-
wise nonbonded interactions, and those beyond this value were treated
using the particle mesh Ewald (PME) method.42,53

Resulting MM MD trajectories were analyzed to construct the free
energy surface (FES),54 presented in this study for the alternative pro-
tonation state configurations of the APSR-substrate complex men-
tioned above. Both oxidized and reduced cluster states were
investigated by QM/MM MD simulations using the CY2/HIP combi-
nation. Representative low free energy snapshots from the FESs of the
APSR-substrate complex were extracted from the MD trajectories
using cpptraj in AMBER2442 and used as starting structures for subse-
quent QM/MM MD.

QM/MM Molecular Dynamics Simulations

QM/MM MD simulations were carried out using two different QM
region sizes (Figure S2). The smaller region (QM1) comprised the
phosphosulfate moiety of APS along with the Cβ-truncated side chains
of H136, K144, and C256 (totaling 44 atoms). The larger region
(QM2) encompassed all atoms from QM1 with the addition of the
entire APS substrate, the E249 side chain, the peptide bond between
C256 and E255, and four water molecules, yielding a total of 98 atoms.
The net charges of the QM regions were −1 (QM1) and −2 (QM2),
with a singlet spin multiplicity in both cases. At the QM/MM bound-
aries, hydrogen link atoms were included to complete the valence of
the atoms in the QM region. Electrostatic embedding was employed,55

with real-space electrostatic interactions truncated at 8 Å.
Umbrella sampling56 QM/MM MD simulations were performed to

investigate the nucleophilic attack and subsequent APS S−O bond
cleavage. Preliminary calculations were performed at the semiempirical
PM657 level to select the QM region size and optimize force constant
values, ranging from 100 to 400 kcal mol−1 Å−2, ensuring a proper
window overlap prior to production sampling at the DFT level.
The reaction coordinate describing the nucleophilic attack was defined
as a linear combination of the breaking SAPS−OAPS and forming
SC256−SAPS bonds. Umbrella windows were distributed at 0.2 Å inter-
vals along the reaction coordinate. To obtain starting structures for
each window along the reaction coordinate, each system was energy-
minimized (500 steepest descent steps followed by conjugate gradient
optimization for a total of 5000 cycles) and then equilibrated at 300 K
using Langevin dynamics.48 The QM/MM umbrella sampling simula-
tions at the PM6 level were performed with the sander module in
AMBER24,50 employing a 1 fs timestep, with each umbrella window
equilibrated for 10 ps followed by 20 ps production runs. The DFT
QM/MM MD simulations were performed using the B3LYP/6-
https://doi.org/10.1021/acscatal.6c07386
ACS Catal. XXXX, XXX, XXX–XXX
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31G(d) level with D3 dispersion corrections and Becke−Johnson (BJ)
damping.58,59 To reduce the computational cost associated with the
larger QM2 region, structures previously equilibrated at the PM6/MM
level were used as starting geometries for subsequent 10 ps DFT
QM/MM production runs. All DFT QM/MM calculations were exe-
cuted using GPU-accelerated QUICK60,61 interfaced with AMBER24.
During umbrella sampling simulations, a harmonic restraint employing
a force constant of 500 kcal mol−1 Å−2 was applied to the
H136 Nε−H bond to isolate the energetic contribution of the nucleo-
philic attack from that of the proton transfer between C256 and H136.
The potentials of mean force (PMFs) were obtained using the weighted
histogram analysis method (WHAM),62,63 with associated errors esti-
mated through block averaging analysis.

Additionally, extensive unrestrained PM6 QM/MM MD simula-
tions were carried out for APS (reactant) and AMP (product) states,
considering both the reduced and oxidized [4Fe−4S] cluster, to assess
ligand dynamics and active site flexibility. These simulations were con-
ducted for 100 ps per replica (three replicas per system yielding a total
of 300 ps), starting from equilibrated structures obtained from the
umbrella sampling PM6 QM/MM MD runs.

Further QM/MM simulations of the CYS/HID configuration were
performed using the adaptive string method (ASM)64 at the PM6 level
to investigate multiple collective variables, including proton transfer
and nucleophilic attack. Details of the protocol and results of these sim-
ulations are reported in the Supporting Information.

■ RESULTS AND DISCUSSION

Inspection of the AlphaFold C-Terminus Structure through
Comparison of APS with the PAPS Reductase

The inclusion of the predicted C-terminus in the APSR struc-
ture (shown as green cartoon in Figure 1) reveals a more com-
plete active site architecture where C256 lies close to H136
while H136 forms a hydrogen bond with E249, suggesting the
presence of a catalytic triad. In this conformation, C256 is posi-
tioned near the APS sulfate group in a geometry favorable for
the nucleophilic attack. Moreover, similarly to PAPS reductase,
H259 stabilized APS binding through a hydrogen bond with the
ribose oxygen (Figure 1). This agrees with mutagenesis data
that show how the mutation of H259 to alanine reduced bind-
ing affinity without changing the rate-limiting chemical steps of
the reaction.12

The conserved 255ECG(L/I)H259 motif shows a mean
pLDDT score of 69.92 ± 3.81, supporting a reliable prediction
of the local backbone arrangement in this functionally relevant
C-terminal region. To further assess the structural plausibility
of the predicted conformation, a Cα alignment was performed
between APSR, including the predicted C-terminus, and the
experimentally resolved PAPS reductase complex (PDB ID
2OQ2),13 as shown in Figure S1. Despite their relatively low
sequence identity (25.9%) and similarity (41.6%), the two
enzymes share a conserved α/β/α sandwich core and exhibit
similar active site architectures, as reflected by a Cα root-
mean-square deviation (RMSD) of ∼1.0 Å. These observations
support the plausibility of the C-terminal loop model in APSR;
nevertheless, extensive MD simulations were performed to fur-
ther assess its conformational stability and dynamics depending
on the protonation states within the active site.

Protonation States and Stability of the Active Site in MM
MD Simulations

pKa estimates obtained with H++ yielded values of 6.5 for
C256, 7.01 for H136, and >12 for K144. These values indicate
that, at physiological pH, the catalytic C256 also exists as a
E

thiolate, while K144 remains protonated. The predicted pKa
of H136 suggests that its neutral form predominates at
pH 7.4, with the Henderson−Hasselbalch equation giving an
approximately 5:2 neutral/protonated ratio. Because the H++
server excludes ligands and metal cofactors from pKa calcula-
tions, the influence of the [4Fe−4S] cluster was not considered
during protonation state assignment. Given the proximity of
H136 to this negatively charged cluster, its pKa is expected to
be increased relative to the calculated value, which would favor
the positively charged (doubly protonated) form of the residue.
Accordingly, MM MD simulations were performed with syste-
matically varied combinations of protonation states for C256
and H136 to evaluate their impact on substrate conformation
and active site dynamics.
In the oxidized [4Fe−4S]2+ cluster state, root-mean-square

fluctuation (RMSF) analysis showed that deprotonation of
C256 decreased the mobility of the C-terminal loop comprising
residues 250−267 compared to the neutral state, suggesting that
the thiolate form contributes to stabilization of the C-terminal
loop across both CYM and CY2 parameter sets (Figure S3).
In the neutral CYS/HID configuration, reduced electrostatic
stabilization of C256 within the active site promoted greater
C-terminal loop flexibility, with the mean RMSF of the catalytic
C256 increasing from 0.96 ± 0.12 Å in the CY2/HIP system to
1.7 ± 1.1 Å in the neutral CYS/HID system (Figure S3).
Among the deprotonated cysteine models, CY2/HIP provided
greater ligand stability than CYM/HIP, supporting the
improved preservation of the substrate binding geometry within
the active site (Figure S4).

Thiolate/Imidazolium Protonation State Configuration

Having established the CY2 parameters as an appropriate
description of the catalytic thiolate within the active site, the
CY2/HIP system with the [4Fe−4S]2+ cluster provided the
most stable and catalytically relevant substrate binding arrange-
ment. Simulations performed with the default AMBER thiolate
parameters (CYM/HIP) showed gradual substrate displace-
ment, associated with water penetration into the active site
and disruption of the hydrogen-bonding network (system iii,
Figure S4). Simulations performed with the refined sulfur
Lennard−Jones parameters for the thiolate (CY2/HIP),47

developed to improve the description of thiolate electrostatics
and solvation, preserved a stable substrate binding pose and a
persistent C256−H136 interaction, thereby tightening the cata-
lytic site configuration. The SγC256−NεH136 distance remained
more stable in the CY2/HIP system than in the CYM/HIP sys-
tem, further supporting the improved stability of the CY2/HIP
configuration (Figure S5).

The Influence of [4Fe-4S] Redox State on the Active Site
and Ligand Dynamics

To assess how cluster redox state affects active site organization
and reactivity, the CY2/HIP systems were analyzed with the
[4Fe−4S] cluster in both oxidized and reduced states. In the
oxidized [4Fe−4S]2+ state, coordination by four thiolate resi-
dues results in an overall charge of −2. In this system, the sub-
strate remained stably bound across three independent 600 ns
MD trajectories, as shown by the substrate RMSD profile in
Figure S4. The adenosine moiety formed persistent hydrogen
bonds with S60, L85, G161, and H259, whereas the negatively
charged phosphosulfate group is stabilized through interactions
with R242, R245, and K144 (Figure S6). The reduced
https://doi.org/10.1021/acscatal.6c07386
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CY2/HIP system, in which the [4Fe−4S]+ cluster carries an
overall charge of −3, showed higher ligand RMSD values and
increased C-terminal flexibility, as reflected by the per-residue
RMSF values projected on the APSR structure (Figure 2).
This increased mobility is consistent with the higher negative
charge of the reduced cluster, which destabilizes the catalytic
thiolate via electrostatic repulsion. Overall, the comparison of
the reduced and oxidized CY2/HIP systems indicates that the
oxidized [4Fe−4S]2+ state maintains the geometry and the
electrostatic environment required for efficient nucleophilic
attack. The remaining protonation configurations are reported
in Figures S3 and S4 for comparison.

The Influence of [4Fe−4S] Redox State on Catalytically
Relevant Distances

Free energy surfaces (FESs), defined by the two catalytic dis-
tances shown in Figure 1, were generated from the MM MD
trajectories. For simulations employing the validated CY2 thio-
late parameters, the conformational landscapes of the CY2/HIP
systems with oxidized and reduced states of the [4Fe−4S] clus-
ter are shown in Figure 3, while those of the remaining systems
are provided in Figure S7. The two redox states displayed dis-
tinct conformational behaviors. The CY2/HIP system with
reduced iron−sulfur cluster sampled a broad free energy land-
scape, with multiple minima distributed over longer catalytic
distances, particularly along the C256−H136 coordinate, indic-
ative of higher active site flexibility and weaker interaction
between C256 and H136. In contrast, the CY2/HIP system
with an oxidized iron−sulfur cluster exhibited a single energy
minimum. This deep minimum corresponds to a stable
C256−H136 interaction and a more frequent population of
sulfur−sulfur distances compatible with nucleophilic attack.
The lowest free energy basins of both CY2/HIP landscapes
were therefore used to guide the identification of representative
starting structures for the subsequent QM/MM simulations.
The selected structures were characterized by catalytic distances
Figure 2. Protein Cα RMSF values are mapped on the APSR structure to v
redox states. RMSF values were calculated from three independent 600 ns M
reduced [4Fe−4S]+ system (b). RMSF profiles showing lower C-terminus (i
tem and higher fluctuations in the [4Fe−4S]+ system, consistent with the C
negative charge of the reduced cluster.

F

of d1 = 3.3 Å and d2 = 4.0 Å for the oxidized cluster and d1 =
3.3 Å and d2 = 4.3 Å for the reduced cluster.

Evaluation of QM/MM Methods in Modeling
C256-Mediated Nucleophilic Attack

Preliminary benchmarking with CY2/HIP configuration,
reported in the Supporting Information (Sections S1−S3), indi-
cated that PM6 provides the most accurate description of the
tetrahedral geometry of the sulfur atom present in the phospho-
sulfate moiety (Figure S8). Additional tests identified 200 kcal
mol−1 Å−2 as the optimal force constant for umbrella sampling
simulations (Figure S9). Force constants above or below this
value led to lack of overlap between adjacent windows along
the reaction coordinate, particularly near the transition state.
Two QM-region definitions of different sizes were tested.

The larger QM region was selected because the smaller model
overestimated the energy barrier, while the inclusion of the
relevant water molecules substantially lowered the computed
barrier (Figure S10). While the small QM region remains geo-
metrically compact in the reactant state, this is no longer the
case as the reaction proceeds and the nucleophilic attack begins.
Specifically, the solvation pattern of the phosphate group
changes significantly as the S−O bond of APS breaks and the
SγC256−SAPS bond forms, with water molecules becoming inter-
calated between the phosphate and sulfite groups (Figure S11).
This leads to the fragmentation of the QM region into two discon-
nected subregions, introducing discontinuities in the evaluation of
both the QM potential energy and the QM/MM interactions, a
well-known artifact in QM/MM calculations that can lead to sig-
nificant errors in computed energetics.65,66 By contrast, when a
larger QM region is employed to explicitly include the relevant
water molecules, the atoms in the QM region remained closer
to each other throughout the entire reaction coordinate.
To examine the nucleophilic attack mechanism beyond the

one-dimensional reaction coordinate, we performed PM6
QM/MM adaptive string method (ASM) calculations starting
isualize per-residue flexibility in CY2/HIP systems with distinct cluster
M MD trajectories for the oxidized [4Fe−4S]2+ system (a) and the

ndicated in the dashed circled region) flexibility in the [4Fe−4S]2+ sys-
256 thiolate (shown as sticks) destabilization induced by the increased
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Figure 3. Free energy surface (FES) of the APS-APSR complex from MMMD simulations constructed using the catalytically relevant distances d1 =
SγC256−NεH136 and d2 = SγC256−SAPS. (a) Oxidized [4Fe−4S]

2+ system exhibits a localized low-energy basin at short catalytic distances, consistent
with pre-reactive geometry. (b) Reduced [4Fe−4S]+ system displays multiple shallow free energy minima at longer distances, indicating diminished
structural and electrostatic preorganization for catalysis.
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from the neutral CYS/HID state and using five collective vari-
ables, including an explicit coordinate for the initial proton
transfer (Figure S12). These simulations support a concerted
but asynchronous mechanism in which proton transfer occurs
in close association with nucleophilic attack (Figure S13).
However, because the two processes are not clearly separated
along the calculated pathway, a substantial contribution to the
computed free energy barrier may arise from the known errors
in the PM6 description of sulfur proton affinities. Previous
benchmarks have shown that PM6 is less reliable than B3LYP
for protonation energetics involving sulfur and nitrogen,67,68

and significant PM6 errors have also been reported for proton
transfer reactions involving thiols and imidazoles.69,70 The
QM/MM sampling that would be required for multidimensional
ASM calculations precluded performing these simulations at the
B3LYP-D3(BJ) level due to extensive computational resources.

To determine whether this PM6 bias also affects the pre-
dicted protonation state of the CY2/HIP pair, we compared
unrestrained QM/MM MD simulations performed at the
PM6 and B3LYP-D3(BJ)/6-31G(d) levels. PM6 predominantly
favors the neutral C256/H136 dyad, whereas B3LYP-D3(BJ)/
6-31G(d) favors the thiolate-imidazolium state, which was pres-
ent in approximately 80% of the reactant state configurations
(Figure S14). Accordingly, B3LYP-D3(BJ)/6-31G(d) was
selected for the one-dimensional umbrella sampling calculations
of C256-mediated nucleophilic attack, starting from the pre-
dominantly populated thiolate−imidazolium state (CY2/HIP)
and excluding the proton transfer from the reaction coordinate.

DFT/MM Simulations of the Sulfite Transfer

The optimized QM/MM protocol was applied to both CY2/HIP
oxidized and reduced cluster states to evaluate redox-dependent
G

modulation of enzymatic nucleophilic attack at the DFT level.
The suitability of the selected DFT level is supported by the
nature of the reaction investigated here. The limitations reported
for B3LYP in cysteine thio-Michael additions are associated with
enolate-like intermediates in which the negative charge is delocal-
ized across a conjugated carbonyl system.71−73 In APSR, the
C256 thiolate attacks the sulfuryl atom of APS through nucleo-
philic substitution, with concomitant AMP leaving group and for-
mation of an enzyme sulfonate intermediate. Previous studies
have demonstrated the reliability of B3LYP-D3(BJ) for related
nucleophilic substitution reactions at sulfur.74−77

The resulting PMF profiles revealed a pronounced depen-
dence of the reaction energetics on the oxidation state of the
iron−sulfur cluster. The 10 ps sampling of the oxidized
[4Fe−4S]2+ system yielded an activation barrier of 17.7 ±
1.7 kcal mol−1 (Figure 4a). In contrast, reduction of the cluster
penalized both the thermodynamics and kinetics of the reaction,
raising the free energy of the product state and increasing the
free energy barrier to 21.5 ± 2.2 kcal mol−1. This energetic
penalty is partly a result of a less effective stabilization provided
by K144 in the product state of the reduced system compared
with the more favorable hydrogen-bonding pattern observed
in the oxidized system. A similar effect is also observed at the
transition state. Representative structures along the reaction
pathway are shown in Figure 4b,c for the oxidized and reduced
iron−sulfur cluster states, respectively.
According to the transition state theory, the calculated barrier

for APSR with the oxidized [4Fe−4S]2+ cluster qualitatively
agrees with the experimental activation barrier of 18.6 kcal
mol−1, derived from the reported M. tuberculosis APSR, kcat =
9.2± 0.1 s−1 at 298.15 K,29,30 supporting the oxidized iron−sulfur
cluster as the catalytically relevant redox state.
https://doi.org/10.1021/acscatal.6c07386
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Figure 4. C256-mediated nucleophilic attack on APS in the oxidized [4Fe−4S]2+ (cyan) and reduced [4Fe−4S]+ (brown) cluster states.
(a) Potential of mean force (PMF) from umbrella sampling QM/MM MD simulations at the DFT (B3LYP-D3(BJ)/6-31G(d)) level.
Representative QM/MM snapshots along the reaction coordinate for the reactant (R), transition state (TS), and product (P) highlighting key
K144 interactions presented as discontinuous lines for the (b) oxidized [4Fe−4S(Cys)4]

2− and (c) reduced [4Fe−4S(Cys)4]
3− systems. The

C-terminal loop is shown as a green cartoon, while QM region atoms are depicted as pink sticks. Distances are expressed in angstroms.
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The lower activation barrier observed for the oxidized system
arises from improved active site preorganization and hydrogen
bonding, as supported by the redox-dependent changes in key
active site distances shown in Figure S15.

In the oxidized system, the less negative charge supports a
balanced C140-K144-APS interaction network. K144 adopts a
bridging position between the cluster-coordinating C140 resi-
due and the APS sulfate group, with interaction distances of
approximately 3.5 Å to both sites. The K144 side chain stabilizes
H

the APS sulfate group through electrostatic interactions and
hydrogen bonding with the sulfate oxygen atoms, thereby atten-
uating repulsion between the C256 thiolate and the negatively
charged substrate, promoting a catalytically competent geometry
for nucleophilic attack (Figure 4b). In the reduced system, the
increased negative charge of the [4Fe−4S(Cys)4]3− site draws
K144 toward the cluster and away from APS. Accordingly,
K144 shifts toward C140, resulting in a K144−C140 distance
of approximately 3.2 Å while remaining around 4.0 Å from the
https://doi.org/10.1021/acscatal.6c07386
ACS Catal. XXXX, XXX, XXX–XXX

https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c07386/suppl_file/cs6c07386_si_001.pdf
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c07386


ACS Catalysis pubs.acs.org/acscatalysis Research Article

D
ow

nloaded from
 pubs.​acs.​org/​accacs/​article-pdf/​doi/​10.​1021/​acscatal.​6c07386/​68951754/​cs-2026-073867.​pdf by U

N
IV D

EG
LI STU

D
I D

I U
R

BIN
O

, M
atilda Ym

eraj on 23 O
ctober 2026
APS sulfate group. Consequently, K144 interacts less effectively
with the substrate along the reaction coordinate, including
in the transition state and product, matching the increased activa-
tion barrier and reduced stabilization of the product (Figure 4c).
A similar redox-dependent rearrangement is observed for H136.
In the reduced system, H136 is positioned closer to the cluster-
coordinating C140 residue, with an average H136−C140 dis-
tance of approximately 3.8 ± 0.15 Å compared with 4.7 ±
0.18 Å in the oxidized system (Figure S15). This displacement
places H136 farther from the catalytic C256 thiolate, potentially
weakening its contribution to C256 positioning during nucleo-
philic attack.

This redox-dependent reorganization of the catalytic network
is further supported by the transition state structure analysis.
The four water molecules included in the QM region capture
local solvation of the reacting group, while two of them remain
associated with K144 along the reaction coordinate. In the oxi-
dized system, these water molecules cooperate with K144 to
form a hydrogen-bonding network oriented toward the APS
sulfate group, stabilizing the transition state region and facilitat-
ing sulfite transfer, further aided by the coordinating peptide
bond between E255 and C256. This environment helps pre-
serve the trigonal-planar transition state geometry and attenu-
ates electrostatic repulsion between APS and the C256
thiolate (Figure S16). In the reduced system, the larger K144-
APS separation displaces the associated water molecules from
the reacting group, weakening sulfite stabilization along the
reaction pathway.

Following S−S bond formation in the oxidized system, the
K144-water network rearranges around the AMP phosphate
group, where enhanced hydration and a short K144-phosphate
interaction of approximately 3.5 Å contribute to product-state
stabilization. By contrast, in the reduced cluster system, this dis-
tance increases to approximately 6.2 Å, and the radial distribu-
tion function (RDF) analysis reveals a less ordered hydration
shell, consistent with weaker product stabilization (Figure S11).

The RDF of water molecules around the phosphorus and sul-
fur atoms reveals distinct solvation between the reactant state
(APS) and the product state (AMP and thiosulfate). In the
product state, water molecules are positioned around the
AMP phosphate group via stronger interactions, in agreement
with enhanced product stabilization in the oxidized system,
whereas the reduced system shows a weaker recruitment of
water molecules from the bulk. In the reactant structures, these
differences are less pronounced; however, the APS sulfite
group displays lower solvation in the reduced cluster than in
the oxidized one. This behavior may be related to the stronger
K144-sulfite hydrogen bond observed in the oxidized cluster,
which may polarize the sulfite group and enhance its interaction
with surrounding water molecules. This can also be seen through
the analysis of the dipole moment of the sulfite with the two
oxidation states of the iron−sulfur cluster (Figure S17). This elec-
trostatic effect may therefore account for the greater sulfite solva-
tion observed in the oxidized system relative to the reduced one.

The local electric field calculations were performed using the
TUPÃ program (see Section S5 in the Supporting Information
for details).78,79 The oxidized system generates a substantially
stronger electric field at the substrate oxygen involved in the
cleavage of the phosphate−sulfate bond (15−20 MV/cm larger
in R and TS; ∼177 MV/cm larger in P) compared to the
reduced state system, indicating enhanced electrostatic preorga-
nization that stabilizes the developing negative charge along the
I

reaction coordinate (Figure S18). Per-residue electric field
decomposition identifies K144 as the primary contributor to this
stabilization (Figure S19), suggesting that its electrostatic interac-
tion with the substrate is redox-tuned by the cluster.
This stronger field in the oxidized state lowers the activation
barrier and provides greater thermodynamic driving force,
predicting faster reaction kinetics in the oxidized state
consistent with an electric-field-driven catalytic mechanism. To
clarify how the electric field acts on the reacting centers, we
extended the analysis from the bridging phosphate oxygen of
APS to the forming SC256−SAPS and breaking SAPS−OAPS bonds
(Table S1). Negative projections favor the displacement of
negative charge along the reaction. In the oxidized cluster, the
field becomes more favorable along both bonds from reactant
to transition state (−18.3 and −56.9 MV/cm), whereas in the
reduced cluster, the shifts are much smaller (−0.8 and
−14.8 MV/cm). The oxidized cluster therefore supports both
nucleophilic attack and leaving group departure, with leaving
group stabilization dominating, consistent with the field at bridg-
ing oxygen. In the reduced state, the field along the breaking
bond is nearly absent in the product (−18.1 ± 13.1 vs
−112.7 ± 14.6 MV/cm), consistent with a weaker stabilization
of the departing phosphate and a less favorable product. This
may reflect the repulsion of the anionic leaving group by the
additional negative charge on the reduced cluster.
Overall, these findings indicate that the oxidized cluster helps

maintain the electrostatic organization required for efficient
C256-mediated nucleophilic attack, whereas cluster reduction
disrupts this organization, weakens the transition state and
product stabilization, and ultimately raises the activation barrier.
Our QM/MM simulations support two complementary cata-
lytic roles for K144: (i) promoting a reactive orientation of
the APS sulfate group for nucleophilic attack by C256 and (ii)
coordinating active site water molecules that contribute to the
stabilization of both the transition state and the product.
Consistent with this mechanistic role, the mutation of K144 to
alanine results in a pronounced loss of catalytic activity, confirm-
ing its direct contribution to catalysis.80 In line with this interpre-
tation, Bhave et al. combined DFT calculations with X-ray
absorption spectroscopy to show that K144 mediates electro-
static coupling between the iron−sulfur cluster and APS, thereby
promoting phosphosulfate stabilization.46 A similar role has been
reported before for the conserved lysine in sulfotransferases,
which stabilizes the PAPS transition state through electrostatic
engagement with the transferring SO3

2− group.81

■ CONCLUSIONS

APSR catalyzes the essential first step of assimilatory sulfate
reduction in Pseudomonas aeruginosa by transferring the sulfite
group from adenosine 5′-phosphosulfate (APS) to a catalytic
cysteine, generating AMP and an enzyme-bound S-sulfocys-
teine intermediate.
To elucidate this mechanism from an incomplete crystal

structure, we modeled the missing C-terminal tail using
AlphaFold, which reproduced the catalytic cysteine geometry
observed in the homologous PAPS reductase structure.13

Extensive MM MD simulations identified catalytically relevant
protonation states for the catalytic H136/C256 pair and high-
lighted the importance of appropriately parameterizing the
C256 thiolate to accurately capture solvent interactions and
maintain a catalytically competent active site environment.
https://doi.org/10.1021/acscatal.6c07386
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The MD analyses further showed that the oxidized [4Fe−4S]2+
cluster maintains stable substrate binding, restricts C-terminal
flexibility, and favors compact catalytic geometries. In contrast,
the reduced [4Fe−4S]+ state increases substrate mobility and
active site flexibility, accompanied by greater fluctuations of
the catalytic residues. Together, these results indicate that the
oxidized cluster provides a more favorable electrostatic envi-
ronment for catalysis, whereas the reduced state generates a
more negative electrostatic potential in the active site that per-
turbs the catalytic thiolate, ligand solvation, and product stabi-
lization. These findings are consistent with experimental
evidence supporting the oxidized cluster as the catalytically
competent redox state.17

QM/MM MD umbrella sampling simulations provided the
free energy profile for C256-mediated nucleophilic attack. The
DFT QM/MM MD simulations at the B3LYP-D3(BJ)/
6-31G(d) level captured the key geometric features of the reac-
tion coordinate and yielded an activation free energy of 17.7 ±
1.7 kcal mol−1, in qualitative agreement with the barrier esti-
mated from the kcat measured for the M. tuberculosis ortho-
log.29,30 Our simulations show that the oxidation state of the
[4Fe−4S] cluster modulates the electrostatic organization of
the catalytic site. In particular, the oxidized state maintains
K144 in a catalytically productive position and supports the
geometry and electrostatic environment required for nucleo-
philic attack. The conserved K144 residue plays an important
mechanistic role by stabilizing the sulfate group of APS along
the reaction pathway and in the AMP product state. Active site
water molecules further contribute by solvating the negatively
charged phosphosulfate group of APS in the reactant state,
thereby reducing electrostatic repulsion with the C256 thiolate
and lowering the activation barrier while also helping to stabi-
lize the AMP product.

Our mechanistic study provides the molecular basis for
understanding catalysis in P. aeruginosa APSR and identifies
the roles of the oxidized [4Fe−4S] cluster, K144, C256, and
active site water molecules in stabilizing the transition state.
Specifically, our simulations reveal the closed conformation of
the C-terminal loop and define the arrangement of catalytic res-
idues in the Michaelis complex, providing a detailed structural
and electrostatic description of the active site that has not pre-
viously been available for this ortholog. This mechanistic ratio-
nale underscores the distinct electrostatic environment of the
active site, shaped by the oxidized cluster and the charge-
stabilizing role of K144, and identifies potential hotspots for
substrate recognition.

This work provides a mechanistically validated framework
for drug discovery given that existing APSR inhibitors are
largely nucleoside mimetics82,83 or weak hits developed against
the M. tuberculosis ortholog.84,85 By providing a mechanistic
description of this clinically relevant antimicrobial target, our
work supports the rational design of covalent and noncovalent
inhibitors with improved potency and selectivity. These
findings suggest that the redox-dependent organization of
the active site may influence inhibitor recognition and cova-
lent engagement of C256. In this context, interactions with
K144 represent a potentially exploitable feature for the
structure-based design of APSR inhibitors. More broadly, by
defining how the APSR active site and its [4Fe−4S] cluster
respond to distinct redox states, this work highlights the
importance of redox control within the assimilatory sulfur-
reduction pathway. Targeting this redox-sensitive catalytic
J

machinery may therefore provide an additional strategy for
disrupting sulfur metabolism and advancing antimicrobial
development against antibiotic-resistant infections.
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