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Abstract
The first step of the hydrolytic deimination of L-arginine catalyzed by arginine deiminase is
examined using ab initio quantum mechanical/molecular mechanical molecular dynamics
simulations. Two possible protonation states of the nucleophilic Cys406 residue were investigated
and the corresponding activation free energies were obtained via umbrella sampling. Our
calculations indicated a reaction free-energy barrier of 21.3 kcal/mol for the neutral cysteine,
which is in reasonably good agreement with the experimental kcat of 6.3 s-1, i. e., a barrier of 16.7
kcal/mol. On the other hand, the deprotonated Cys nucleophile yields a free-energy barrier of 6.7
kcal/mol, much lower than the experimental result. The reaction free-energy barriers along with
other data suggest that the Cys nucleophile is dominated by its protonated state in the Michaelis
complex, and the reaction barrier corresponds largely to its deprotonation.

I. Introduction
The arginine deiminase (ADI) catalyzes the hydrolytic conversion of L-arginine to L-
citrulline, as shown in Scheme 1.1 It represents the initial step of the arginine dihydrolase
pathway in some bacteria and parasites such as Pseudomonas aeruginosa and Giardia
intestinalis.2-4 In G. intestinalis, which is the causative agent of human giardiasis, this
pathway is the main mechanism for energy production,5-6 thus vitally important for the
survival of the protozoan parasite. On the other hand, the ADI gene is absent in human
genome, making it a potential target for anti-parasite drugs.7-9 In addition to the anti-
microbial interest, ADI has also been promoted for cancer therapy, as it inhibits cancer cell
growth by depleting L-arginine in circulation.10-11

There are several other enzymes that also catalyze the modification of guanidino group of L-
arginine. This so-called guanidino group-modifying enzyme superfamily (GMSF),12 or
more broadly pentein superfamily,13 includes dimethylarginine dimethylamino hydrolyase
(DDAH) which catalyzes the hydrolysis of Nω,Nω-dimethyl-L-arginine (ADMA) to form
dimethylamino and citrulline;14-15 and the peptidyl-arginine deiminase (PAD) which
catalyzes the deimination of the guanidino group from carboxyl-terminal arginine residues
of peptides.16 DDAH serves as a control point for regulating the concentration of ADMA
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and ·NO production, and its overexpression is related to an array of human diseases such as
hypertension and atherogenesis.17-18 The human PADs are involved in the post-translational
modification process, which plays a crucial regulatory role in development and
differentiation of cells, and are also associated with the human diseases psoriasis, multiple
sclerosis, and rheumatoid arthritis.19-21 A clear understanding of the catalytic mechanism of
these enzymes will undoubtedly help designing novel and effective mechanism-based
inhibitors.

X-ray crystallographic experiments have demonstrated that the overall structure and the
active-site architecture of ADI, DDAH, and PADs are quite similar,22-27 despite
considerable sequence diversity.12-13 A conserved Cys-His-Glu(Asp) triad is located in the
active site of GMSF enzymes, enclosed by the coil regions of five ββαβ modules. In
addition, the active sites possess many charged and polar residues involved in substrate
binding and catalysis. In ADI, as shown in Fig. 1, the arginine substrate is hydrogen bonded
with the side chains of Asp280 and Asp166.26 The structure similarities in GMSF enzyme
active sites suggest that these enzymes may utilize the same catalytic mechanism.

The proposed catalytic mechanism of ADI involves two steps. In the initial deimination step,
the active-site Cys attacks on the guanidinium Cζ atom, yielding a tetrahedral intermediate,
which subsequently collapses to a covalent enzyme-substrate thiouronium intermediate
accompanied with the release of an ammonia molecule. In the second hydrolysis step, a
water molecule enters the active site to hydrolyze the Sγ-Cζ bond in the thiouronium
intermediate, presumably assisted by a general base, generating the final product citrulline.
For ADI, the key role of the Cys nucleophile has recently been demonstrated.28 X-ray
structures and site-directed mutagenesis experiments have also identified a number of
residues that play important roles in both binding and catalysis.29-31 In DDAH and PAD4,
the role of the active-site Cys as a nucleophile has also been confirmed.16, 32-34

A still unresolved issue is the protonation state of the nucleophilic Cys residue. It is well
established that the cysteine thiol is a poor nucleophile. In cysteine proteases,35 for example,
the nucleophilic Cys is activated by a nearby His general base. Although there is indeed a
His residue in the conserved ADI catalytic triad, it is however far away from the Cys
nucleophile.25 In fact, X-ray structures of a mutant ADI complexed with arginine have
demonstrated that these two residues are positioned in different sides of the substrate.24, 26

Several hypotheses have been proposed on the protonation state of the nucleophilic Cys
residue. In the so-called substrate-mediated (SM) hypothesis,25 the thiol proton is
transferred via the substrate to the His residue on the other side of the substrate. On the other
hand, the substrate-assisted (SA) mechanism envisions deprotonation of the Cys residue
driven by the positively charged guanidinium group brought in to the active site as the
substrate binds to the enzyme.33 So far, experimental evidence is inconclusive to distinguish
the two possibilities.31, 33-34

Theoretical investigations on the ADI catalysis have previously been reported by us.31, 36

The earlier classical molecular dynamics (MD) simulations of the active site of ADI
confirmed the strong and exquisite hydrogen bond network between the frontline residues of
the enzyme and the substrate.36 Density functional theory (DFT) calculations using a
truncated active-site model suggested that deprotonation of the Cys nucleophile by the
substrate occurs concomitantly with the nucleophilic addition to the substrate guanidino
carbon.36 However, such a model is not expected to be quantitatively accurate as many
enzyme residues were not included. A more reliable treatment of the catalysis will have to
rely on a hybrid quantum mechanical/molecular mechanical (QM/MM) approach, in which
the reaction region is treated with a QM Hamiltonian while the rest with a classical force
field.37-43 Of particular importance for ADI is the presence of a second period element
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sulfur, which may not be accurately described using inexpensive semi-empirical methods
such as PM3 or AM1. To avoid this problem, an ab initio quantum mechanical/molecular
mechanical (QM/MM) study has been performed by us.31 Although a high-level DFT
(B3LYP/6-31G**) method was used for the QM region in that work, however, only reaction
paths were determined because of the high computational costs. The results suggested that
the energy barrier for the deprotonated Cys nucleophilic addition is negligibly small (~2
kcal/mol), while that for the neutral Cys is quite large (~30 kcal/mol). It should be pointed
out that the results obtained from reaction path calculations, while reasonable, are not
considered definitive because of the neglect of protein dynamics and relaxation.44 Free-
energy simulations, particularly those with an ab initio description of the QM region, are
necessary to reach quantitatively reliable conclusions.41, 45 Such free-energy QM/MM
studies have indeed been performed recently for the catalysis of another GMSF enzyme,
PAD4.46-47 To this end, MD calculations indicated that the Michaelis complex with a
neutral Cys nucleophile is more stable than that with a deprotonated Cys, and the former
yielded a free energy of activation comparable to experimental data.46 In this work, we use
the same ab initio QM/MM method to examine the catalysis of ADI. As demonstrated here,
the free-energy barriers are quantitatively different from the previous reaction path
calculations, underscoring the importance of thermal fluctuation and relaxation. In addition,
both ADI and PAD4 seem to have the same reaction mechanism, involving a Michaelis
complex dominated by a protonated Cys nucleophile.

II. Method
The initial structure of the enzyme-substrate complex was taken from the crystal structure of
the C406A mutant of Pseudomonas aeruginosa ADI co-crystallized with L-arginine (PDB
code 2A9G).26 The high resolution (2.30 Å) structure contains four asymmetric units: A, B,
C, and D, but only Chain A was used in our calculations. Since residues 1 - 5, 345 – 351,
and 418 were unresolved in the crystal structure, Thr6 and Asp417 were treated as N-
terminal and C-terminal, while Cly344 and Arg352 are capped with methylamide and acetyl,
respectively. Hydrogen atoms were added by Leap in Amber10.48

Besides His278, the other eight histidine residues in ADI were assigned as: HID11, HIE29,
HIE55, HIP73, HID150, HIE199, HID218, and HIP405 based on their local hydrogen bond
interactions with nearby residues. The active-site Cys406 residue was recovered by in silico
mutation of Ala406. Two ionization models of ADI were prepared with the same procedure
and equilibrated with the same computation protocol. The only difference between the two
models is the protonation state of the active-site His and Cys residues: they exist as an
imidazolium-thiolate ion-pair in the ionic pair (IP) model, while both are neutral in the
neutral state (NS) model, as shown in Fig. 2. The resulting complexes were neutralized by 6
Na+ counterions and solvated in to a periodic TIP3P rectangular water box of ~77×96×81
Å3, with a buffer distance of 10 Å between each wall and the closest atom in each direction,
which results in systems of approximately 50,000 atoms in total.

The solvated systems were first relaxed by a 50 ps NVT and a 50 ps NPT MD simulations
with the heavy atoms of protein and crystal water being restrained by a force constant of 50
kcal·mol-1·Å-2. The resulting system was energy refined by reducing the constraint force
constant to 20 kcal·mol-1·Å-2. Then, 200 ps production MD simulations with the periodical
boundary conditions were carried out using the Amber10 molecular dynamics package.48 In
the MD calculations, only the substrate and the Cys406 are constrained with a force constant
of 10 kcal·mol-1·Å-2. Analysis of the subsequent 100 ps MD yielded a small (<1.5 Å)
RMSD, indicating reasonably equilibrated overall structure. The AMBER99SB force
field49-50 and TIP3P water model51 for water molecules were employed. The parameters
and the charges for the substrate L-arginine were derived from the peptidyl arginine residue.
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In the MD simulations, an 8 Å cutoff was introduced for nonbonding interactions, and the
particle mesh Ewald (PME) method52-53 was employed to treat long-range electrostatic
interactions. The SHAKE algorithm54 was applied to constrain all covalent bonds involving
hydrogen.

Using a snapshot from the classical MD simulations, the QM/MM models for both states
were constructed by removing water molecules outside of a 27 Å radius sphere centered at
the Cζ atom of the arginine substrate. The resulting IP and NS models had 9730 and 9742
atoms, respectively. The QM subsystem was comprised of the side chains of His278,
Asp280, Cys406, and the entire substrate L-arginine molecule. The B3LYP functional with
6-31G* basis set was employed for the QM subsystem. The pseudo-bond approach was used
to treat the QM/MM boundary.55-56 All the other atoms in the MM subsystem were
described classically, with the ABMBER99SB force field49-50 and TIP3P model51 for water
molecules. All the QM/MM calculations were performed with modified versions of
QCHEM57 and TINKER programs.58 Spherical boundary conditions were applied so that
only the atoms inside of 20 Å of the Cζ of L-arginine were free to move. The cutoff radii of
12 and 18 Å were employed for van der Waals interactions and electrostatic interactions
among MM atoms, respectively. There was no cutoff for electrostatic interactions between
QM and MM atoms.

The QM/MM complexes were first optimized with an iterative minimization procedure. This
was followed by reaction coordinate driving (RCD) method59 to map out a minimum energy
path. For each structure deterimined along the path, the MM subsystem was subsequently
equilibrated with a 500 ps MD simulation, with the QM subsystem frozen. The resulting
snapshot was used as the starting structure for the ab initio QM/MM MD calculation of the
potential of mean force (PMF) using umbrella sampling,60 In particular, 18 windows were
used and each was biased with a harmonic potential of 30 - 120 kcal·mol-1·Å-2 centered on
the corresponding value of the reaction coordinate. For IP model, the reaction coordinate is
defined as a combination of two bond lengths: ξIP = –dHδ–Nη1 – dSγ–Cζ. For the NS model, it
is defined as ξNS = –dHγ–Nη1 – dSγ–Cζ – dH11–Nη1 – dH12–Nη1. In each window, a 30 ps ab
initio QM/MM MD simulation was carried out, in which the forces as well as the total
energy of the overall QM/MM system were calculated on-the-fly at every time step (Δt=1
fs). Newton's equations of motion were integrated with the Beeman algorithm.61 The
Berendsen thermostat62 was used to maintain the system temperature at 300 K. The
probability distribution along the defined reaction coordinate was determined for each
window and pieced together with the weighted histogram analysis method63 (WHAM) to
obtain the PMF. This approach has been successfully applied to a number of enzyme
systems,64-66 including a member of the GMSF.46-47

To understand the role played by surrounding residues, we have also computed the
electrostatic (ES) and van der Waals (vdW) contributions between individual residues and
the QM subsystem in both reactant and transition states. The individual residue contribution

was calculated as: , in which the superscripts TS and RC denote
the reactant complex and transition state, respectively. Roughly, about 500 snapshots were
picked up for each state to take the dynamic into account. A positive value indicates that the
ith residue either destabilizes the transition state or stabilizes the reactant.

III. Results and Discussions
A. Substrate-enzyme complexes

In order to explore the protonation state of the ADI active site, we examine two (IP and NS)
models. The IP model assumes His and Cys exist as an imidazolium-thiolate ion-pair, while
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the NS model defines both residues as neutral. Besides the classical MD simulation, the
Michaelis complexes for the two models were further examined with 30 ps QM/MM MD
simulations. Both complexes were stable during the MD runs, with the substrate held tightly
by several active-site residues via hydrogen bonds.

In particular, the guanidino group of the substrate in the NS model forms four hydrogen
bonds with Asp166 and Asp280, which is also hydrogen bonded with His405. His278 is
hydrogen bonded with Glu224 and a crystal water, but it interacts weakly with the substrate
being nearly parallel to the guanidino group. These hydrogen bond interactions are very
similar to those in the crystal structure. The nucleophilic Cys406 is located right below the
guanidino group, with the thiol proton pointing to the substrate Nη1 atom, and the average
distance between Sγ and Cζ is 3.64±0.13 Å. The active-site arrangement for the NS model is
quite similar to our earlier classical MD work,36 where only the NS model was examined.

In contrast to PAD4 of which the substrate was found to be unstable in the IP model in our
earlier simulations,46 the ion-pair active site of ADI is stable during the 30 ps QM/MM MD
simulation. This could be due to the fact that the ADI active site is shielded by a long loop,
which prevents the substrate from drifting out of the active site. The hydrogen bond
interactions between the substrate guanidino group and Asp166 and Asp280 are similar to
that in the NS model. The deprotonated Cys thiolate is hydrogen bonded with a water
molecule, Asn360, and the Sγ is placed below the substrate guanidine group with a distance
of 3.34±0.33Å from the Cζ. On the other hand, the protonated His278 side chain is hydrogen
bonded with Glu224 and a crystal water, and the distance between the transferring proton
and the substrate Nη1 atom is 2.60±0.27 Å. There is no hydrogen bond between the
protonated His278 and the substrate.

B. Reaction mechanism
In this work, we will only consider the initial deimination step of the ADI catalysis, which is
initiated by nucleophilic attack of Cys406 at the substrate guanidino carbon, leading to the
formation of a tetrahedral intermediate. The elimination step, which results in the departure
of an ammonia and the formation of the thiouronium intermediate, is known to have a
relatively low barrier.31, 36 As a result, we will focus here only on the nucleophilic addition
step. The key internuclear distances in the reactant complexes (RC), transition states (TS),
and product complexes (PC) are listed in Table I, and the active-site arrangements along the
reaction paths are displayed in Fig. 4. Note that PC actually represents the tetrahedral
intermediate.

In the neutral state, the thiol needs to be deprotonated to realize its nucleophilic potential.
Indeed, the transfer of the thiol proton to Nη1 of the substrate is essential completed at the
TS, as evidenced by the Hγ-Nη1 distance changing from 2.10±0.14 at RC to 1.02±0.05 Å at
TS. This resulting Nη1 moiety interacts strongly with His278 and Asp280. In particular, one
proton (H11) has already transferred to Asp280 at TS, as evidenced by the H11-Nη1 and H11-
Oδ1(Asp280) distances of 1.59±0.19 and 1.07±0.11 Å. As shown in Table I, however, the
proton transfer is temporary and it is reversed in the PC. Meanwhile, a stronger hydrogen
bond is formed between H12 and Nδ of His278, evidenced by the H12-Nδ(His278) distance
of 2.06±0.17 Å, which decreases substantially from 3.42±0.35 Å in the RC. In addition, total
ESP charges of His278 and Asp280 change from -0.03±0.03 and -0.87±0.05 in RC to
0.04±0.04 and -0.52±0.09 in TS, indicative of effective spreading of the positive charge
from the substrate to His278 and Asp280 at the TS. It is interesting to note that the
guanidino group maintains its planarity at TS, suggesting a delayed nucleophilic addition.
The indispensible roles played by Asp280, and by His278 to a lesser extent, are consistent
with mutagenesis data that the mutants at these two sites resulted in a significant reduction
in catalytic efficiency of the deimination step.28
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At TS, the deprotonated sulfur atom (Sγ) is positioned right below the Cζ with a distance of
2.53±0.22 Å, poised for the nucleophilic attack. It is observed that Asn360 and a water
molecule move closer to the deprotonated thiolate at TS to form hydrogen bonds with Sγ,
while the transferred proton appears to have no significant interaction with the thiolate.
Based on the TS structure, it can be concluded that the transition state is dominated by
deprotonation of the Cys nucleophile, rather than nucleophilic addition itself. This is readily
understandable as the strongly nucleophilic thiolate addition requires virtually no activation.
Finally, the tetrahedral intermediate is formed in PC, which is characterized by a sp3

hybridized central Cζ.

Unlike in the neutral state, the deprotonated Cys nucleophile in the ion-pair state engages in
direct attack of the substrate Cζ. At TS, the Sγ-Cζ distance is shortened to 2.38±0.19 Å,
indicating a more advanced nucleophilic addition. In the mean time, the guanidino group is
no longer planar. Furthermore, the Cζ-Nη1 bond is elongated from 1.33±0.12 to 1.41±0.07
Å, which presumably arises from the lost of the conjugation in the guanidine group.
Accompanying with the nucleophilic attack, the hydrogen bond between His278 and the
crystal water molecule broke. Then His278 formed a hydrogen bond with the substrate, as
evidenced by the Hδ-Nη1 distance of 1.76±0.16 Å. That means the proton is ready to transfer
from His278 to the L-arginine via the existing hydrogen bond. However, by analyzing the
trajectories in the windows after the transition state, it is found that the nucleophilic attack
occurs prior to the proton transfer. Thus, in contrast to the NS model, the transition state in
the IP model is dominated by the nucleophilic addition, which is consistent with the
significant charge transfer between atoms Sγ and Cζ, in which that the charges on the atoms
Sγ and Cζ vary from -1.02±0.05 and 0.74±0.18 in RC to -0.69±0.12 and 0.31±0.24 in TS.
Proton transfer starts immediately after the completion the nucleophilic attack, which finally
leads to the tetrahedral intermediate. During the reaction in the IP model, the hydrogen
bonds between Asp280 and the guanidino group are well kept. No temporary proton transfer
to Asp280 was observed.

The PMFs for the two models are displayed in Fig. 4. It is readily seen that the NS model
produced a free-energy barrier of 21.3 kcal/mol, while the IP model encounters a barrier of
6.7 kcal/mol. The value of the NS model is closer to the experimental result of 16.7 kcal/
mol, estimated from the kcat of 6.3 s-1.28-29 The significant difference between the calculated
(6.7 kcal/mol) and measured free-energy activation energies argues strongly against the
involvement of the deprotonated cysteine nucleophile. A neutral Cys residue in the resting
state of ADI is also consistent with our earlier PAD4 study, in which the ionized active site
repels the substrate.47 Interestingly, the nucleophilic addition barriers for both free and
peptidyl arginines are almost the same in our theoretical calculations (20.9 and 21.3 kcal/
mol for PAD4 and ADI). The virtually identical kcat values for PAD4 (6.6 s-1) and ADI (6.3
s-1) also argue for the same catalytic mechanism.16, 29 In addition, it appears that the theory-
experiment difference of ~4 kcal/mol in the free-energy barrier is systematic in both
enzymes.

We note in passing that the free-energy barriers differ quantitatively from the energy barriers
reported in our earlier reaction path study.31 In particular, the free-energy barrier for the NS
model is about 9 kcal/mol lower than the energy barrier of 30 kcal/mol,31 underscoring the
importance of protein fluctuation and rearrangement.

The mechanistic details described above provided some support for the substrate-mediated
(SM) mechanism. In the NS model, we found an early transfer of the thiol proton from
Cys406 to the substrate, although it is not further transferred to His278. Instead, our
calculations did show a temporary proton transfer to Asp280. This is quite interesting given
the lower pKa value of Asp than His. However, our simulations have shown that the
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hydrogen bonds between the substrate guanidino group and the carboxylate group of
Asp280 are particularly strong and well aligned in RC. On the other hand, the imidazole
group of His278 is only weakly interacting with the substrate. Interestingly, the proton
transfer to Asp280 was initially suggested by Galkin et al.25 and also observed in our earlier
DFT calculations with a truncated active-site model.36

The calculated low barrier for the IP model is consistent with our previous QM/MM study.31

Considering the high nucleophilicity of thiolate, it is not surprising that it can easily engage
in nucleophilic attack with a small barrier, as found in the NS model. Typically, the thiolate
group in the enzyme is stabilized by several hydrogen bonds.67 However, in ADI, only two
hydrogen bonds are observed around the ionized S atom, which might not be strong enough
to inactivate the thiolate nucleophile. Thus, all our calculations of the IP model for GMSF
enzymes suggest that the ion-pair may not be a stable species.

Apparently, our results reported here do not preclude the existence of the ion-pair state in
ADI. They merely suggest that it is unlikely that the Michaelis complex is dominated by
such a species, as the corresponding reaction free-energy barrier would be inconsistent with
the kinetic data. The deprotonated Cys probably exists in ADI as a minor species, whose
formation might require significant energy costs. To further understand the relative stability
of the two ionization states in the active site of ADI, we have attempted to determine the
free-energy profile for their conversion. Unfortunately, our results (not shown) indicated that
the transfer of the Cys406 proton to His278 always leads to the reaction. In other words, the
conversion between the two ionization states is unavoidably coupled with the reaction path.
This is understandable as the deprotonation of the Cys renders it a potent nucleophile.

C. Role of secondary residues
To understand how the enzyme environment facilitates the catalysis, we have examined the
influence of secondary residues using a perturbation approach. The residues that we focused
on are the ones that have been examined in a recent kinetic experiment,29 namely Glu244,
Arg185, Arg243, Asn160, and Arg401. Except for Glu244, all other residues are to some
extent in contact with the carboxylate and amino ends of the arginine substrate, as shown in
Fig. 1. In Table II, we list the energy contributions of individual residues to catalysis,
namely ΔEi for both the NS and IP models. A note of caution here, the perturbation energies
should not be taken as quantitative results as the enzyme is not allowed to undergo
significant conformational changes in the perturbative calculations.

From the table, it is clear that all these residues except Asn160 lower the reaction barrier in
the NS model, signified by their negative ΔEi values. (As shown in Fig. 1, Asn160 is
primarily involved in binding of the carboxylate of the substrate and its catalytic role is
probably minimal. Indeed, the Cγ-Cζ distance between Asn160 and the substrate guanidino
group is about 10 Å. Thus, the small positive ΔEi for Asn160 is probably inconsequential.)
The general trend in the Table is consistent with the experimental observation that mutations
at these sites lead to an increase in Km and a decrease in kcat.28 It is readily understandable
that the removal of binding residues such as Arg185 decreases the substrate affinity. The
effect on catalysis is probably more subtle. It is conceivable that mutations will affect the
precise alignment of the substrate in the active site.

The ΔEi values for the IP model are not entirely consistent with the experimental findings.
The exception is Glu224, which is hydrogen bonded with His278. Our analysis indicates that
this residue seems to significantly increase the IP reaction barrier, which can be understood
as its hydrogen bond with the protonated His278 increases the basicity of the imidozalium.
Since the proton transfer from His278 to the substrate is an important process near the IP
transition state, the removal of the carboxylate side chain of Glu244 would favor the proton
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transfer, leading to a significantly larger kcat. However, this is in conflict with the
mutagenesis data, which indicated that the Glu224 mutants results in significant reduction of
kcat.28 This contradiction provided additional evidence in support of the SM mechanism.

IV. Conclusions
In this work, we examined the protonation state of the Cys nucleophile in ADI and its
impact on the catalysis. Theoretical simulations offer complementary insights to
experimental studies, which are often insufficient to distinguish such mechanistic issues.
Our approach is more advanced than those used in earlier theoretical studies of this enzyme.
First, a high level density functional theory was used in the QM/MM models, which
provided a reliable description of the bond-forming and bond-breaking process in the
catalysis. Second, the environmental and entropic effects have been included in the
simulation by explicit calculations of the potential of mean force. The combination of the
two techniques allows us to gain deeper insights into the catalysis.

Two models were studied. The neutral state (NS) model features a protonated Cys406 and
unprotonated His278, while the ion-pair (IP) model envisions a deprotonated Cys406 and
protonated His278. Our results indicate that the initial nucleophilic addition in the IP model
has a free-energy barrier of 6.7 kcal/mol, much lower than the experimental data. On the
other hand, the calculated free-energy of activation is 21.3 kcal/mol in the neutral state
model, with is in reasonably good agreement with the experimental value of 16.7 kcal/mol.
Thus, we conclude that the enzymatic reaction is likely to involve the protonated Cys
nucleophile. This conclusion is consistent with that found in another guanidino modifying
enzyme, PAD4, and with site-directed mutagenesis data on ADI.

It was found that the nucleophilic addition of the neutral Cys406 to the guanidino carbon in
the substrate is preceded by the transfer of the thiol proton to a guanidino nitrogen. The
Asp280 and His278 residues provide stabilization of the transition state via hydrogen bonds
and transient proton transfer. In contrast, the transition state of the IP model is dominant by
the nucleophilic attack, which occurs prior to the proton transfer from His278 to the
substrate.

We finish with a few caveats on the results reported here. Despite the high level of theory
used in our simulations, there is no guarantee that the results are error free. Our calculated
free energy of activation is, for example, about 4.6 kcal/mol too high compared with
experimental data. However, the comparison with the PAD4 study reported earlier46

suggests that this error is systematic for GMSF enzymes. In addition, we would like to point
out that the conclusion that the ADI catalysis involves a protonated Cys nucleophile is not
absolute, because the relative stability of the two ionization states in the ADI active site has
not been definitively established. It is clear that more studies are needed concerning ADI
catalysis.
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Fig. 1.
The hydrogen bond network in the ADI active site. The residue naming scheme is based on
the ADI from P. aeruginosa.
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Fig. 2.
The two protonation models used in our calculations.
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Fig. 3.
Calculated potentials of mean force for the NS and IP models.
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Fig. 4.
Snapshots of the reactant complex (RC), transition state (TS), and product complex (PC) for
the NS and IP models. Hydrogen bonds are highlighted with dashed lines.
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Scheme 1.
The hydrolytic deimination reaction catalyzed by ADI.
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