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Abstract Peptidylarginine deiminase 4 (PAD4), also
known as protein arginine deiminase 4, performs a post-
translational deimination that converts arginine to citrul-
line. The dysregulation of PAD4 has been implicated in a
number of diseases, including rheumatoid arthritis (RA)
and cancer. This makes PAD4 an important therapeutic
target. To develop small-molecule inhibitors as potential
treatments, it is advantageous if the catalytic mechanism is
well understood. The protonation states of the active site
residues, which have long been under controversy, have a
direct impact on the catalytic mechanism. Two competing
mechanisms are under investigation in the current litera-
ture. The first is a reverse protonation mechanism that
depends on the active site histidine and cysteine existing as
an ion pair. The second is a substrate-assisted mechanism
that depends on the active site histidine and cysteine being
neutral. This study uses the semimicroscopic protein
dipoles Langevin dipoles (PDLD/S) linear response
approximation method in the MOLARIS software package
to calculate the change in solvation energy of moving the
residue from water to the protein interior, and then using
that information to assess the protonation states of the
active site residues of PAD4. Results from these calcula-
tions suggest that in the enzyme—substrate complex of
PAD4, the cysteine and histidine are protonated and
deprotonated, respectively, and are therefore both neutral,
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analogous to the proposed protonation states of the active
site residues in the Michaelis complex in the substrate-
assisted mechanism.
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1 Introduction

Many physiological roles of PAD4 have been elucidated.
In HL-60 granulocytes, PAD4 is localized in the nucleus
and targets its catalytic activity on histones H2A, H3, and
H4 [1-5]. Neutrophil extracellular traps, or NETs, form
upon histone citrullination in HL-60 granulocytes. NETs
are highly decondensed chromatin structures that are
thought to form as an innate immune response to a bacterial
infection [6]. PAD4 is also involved in the p53 tumor
suppression pathway [7, 8]. Inhibition of PAD4 has been
shown to increase the expression of the genes p21, C1P1,
and WAFI1, which are all target genes of p53 and are
responsible for regulating the cell cycle and apoptosis [8].
Furthermore, protein—protein interaction studies have
shown that p53 interacts directly with PAD4, to take PAD4
to the p21 promoter, where it citrullinates histones to
repress p21 expression [8].

PADA4 has been implicated in a number of diseases, most
notably rheumatoid arthritis (RA). Hypercitrullination may
be a factor in the progression of RA [9-12]. Autoanti-
bodies, such as rheumatoid factor, antiperinuclear factor,
and antikeratin autoantibody, target citrullinated proteins
and may be responsible for the joint damage associated
with RA [10]. In addition, citrullinated proteins are found
in much higher concentrations in the synovial membranes
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of RA patients than in control subjects [11]. Genetic
abnormalities may increase the risk of developing RA. In
one study, eight single-nucleotide polymorphisms (SNPs),
four of which were found in exons, were associated with an
increased risk of rheumatoid arthritis [12]. These results
were found in Japanese patients, and further investigation
is needed to assess whether the same correlation is found in
other populations [9].

Human peptidyl arginine deiminase 4 (PAD4) is a
member of the guanidino group-modifying enzyme super-
family (GMSF) [13]. In addition to PAD4, members
include arginine deiminase (ADI) [13-24], dimethylargi-
nine dimethylaminohydrolase (DDAH) [25], and ami-
dinotransferase (AT) [13, 26-30]. Though these enzymes
have a low sequence similarity (approximately 8—14 %),
they share a common active site fold and basic catalytic
motif (Cys—His—Asp/Glu) [13]. PAD4 catalyzes the cal-
cium-dependent, post-translational modification of arginine
residues to citrulline (Fig. 1) through modification of the
guanidinium group [1, 9, 31-33]. The quaternary structure
of PAD4 is a dimer made of two identical monomers [31].
Each PAD4 monomer contains five Ca”-binding sites, and
structural data from Arita et al. [31] indicate that the active
site cleft is formed upon binding of Ca?* ions, which
causes conformational changes in the protein. Two Ca®"
ions are located in the C-terminal domain (also the cata-
lytic domain), while the other three are located in the
N-terminal domain. The N-terminal domain is composed of
two immunoglobulin (Ig)-like subdomains, and three Ca®"
binding sites are located near the surface of the second
Ig-like subdomain [31]. X-ray crystallographic studies by
Arita et al. show that in the absence of Ca2+, the second
subdomain is disordered, but in the presence of the Ca2+, it
forms an ordered o-helix at the protein surface. These
conformational changes may be important for a protein—
protein interaction or for a Ca’"-mediated regulatory
mechanism [31]. Overall, the N-terminal domain is far
from the active site and is not believed to directly affect the
catalytic function [34, 35]. For this reason, the N-terminal
domain was removed from recent theoretical studies [34,
36]. The C-terminal, catalytic domain consists of five o
motifs forming a pseudo-fivefold structure called the o/
propeller, and at the center is located the catalytic triad
(Cys—His—Asp) [31]. The two Ca?" in the C-terminal

NH»

) PAD4, H,O NH
Protein ’
AN N NH,* ———————————————> Protein /&
> \/\
H Ca?*, -NHg H ©
Arginine Citrulline

Fig. 1 Reaction catalyzed by PAD4, showing an arginine sidechain
of the protein substrate
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domain are located at the bottom of the active site and are
believed to induce activation of PAD4 [31].

The active site contains four residues that are essential
for catalysis: Asp350, His471, Asp473, and Cys645 as
indicated by mutagenesis studies [31, 37]. His471 and
Cys645 are directly involved in the mechanism, while
Asp473 and Asp350 coordinate with the substrate via
hydrogen bond formation to hold it in place during catal-
ysis [34, 37]. It is generally thought that PAD4, like other
members of the GMSF family, uses a two-stage catalytic
mechanism [13, 16, 17, 33, 37, 38]. The first step is the
deimination reaction, followed by a hydrolysis. The dei-
mination reaction involves a nucleophilic attack on the
substrate guanidinium carbon atom (C;) performed by
Cys645 leading to cleavage of the C.—N,;; bond to release
ammonia, as shown in Fig. 2. In the second stage, a water
molecule replaces the ammonia and performs hydrolysis of
the thiouronium intermediate, forming the product citrul-
line and regenerating the enzyme active site.

Two catalytic mechanisms have been proposed to carry
out this two-stage reaction: the “reverse protonation mech-
anism” (Fig. 2a) [37], and the “substrate-assisted mecha-
nism” (Fig. 2b) [31]. As can be seen in Fig. 2, which shows
the deimination step only, both proposals reach the same
intermediate even though the starting structures of the
reactions differ. The reverse protonation mechanism
involves a nucleophilic attack of the Cys645 thiolate anion
on the guanidinium group of peptidyl-arginine followed by
the donation of a proton from His471 to form a tetrahedral
intermediate with ammonia as the leaving group (see also
Supporting Information for Figure SI-1 depicting this
mechanism) [37, 39]. This mechanism depends on His471
and Cys645 existing as an ion pair in the enzyme—substrate
(ES) complex. In this proposed mechanism, there is a high
concentration of charge in the active site: two negatively
charged aspartates, a negatively charged cysteine, and a
histidine and substrate that are positively charged. Though
this mechanism proposes five charges concentrated in the
active site, there has been a previous study examining other
catalytic sites that also have high charge concentrations [40].
This mechanism was proposed for PAD4 because the
structures of GMSF proteins (including PAD4) have no base
close enough to the active site cysteine to deprotonate it, and
because thiols are poor nucleophiles, it was assumed that the
cysteine must already be deprotonated in the Michaelis
complex, similar to cysteine proteases [25, 41, 42].

The alternate mechanism (Fig. 2b), originally proposed
by Arita et al. [31] and further explored by Ke et al. [34,
36], is referred to as the substrate-assisted mechanism and
begins with His471 and Cys645 both neutral (see Sup-
porting Information, Figure SI-2, for a depiction of this
mechanism). In this mechanism, the deimination reaction
involves a concerted proton abstraction from Cys645 by
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Fig. 2 a This figure shows the steps in the deimination reaction
starting from a Cys—His ion pair. b This figure shows the steps in the
deimination reaction starting from neutral Cys and His. The

the substrate N,,; of the guanidinium group with a nucle-
ophilic attack of the thiolate at the C; of the guanidinium
group. This is followed by cleavage of the C;—N,,; bond to
give ammonia and the thiouronium intermediate. This
mechanism was proposed because His471 and Cys645 are
found to be ~6 A apart in PAD4 crystal structures, which
is thought to be too far for an ion pair to be stabilized [34].
The active site histidine to cysteine distance is even larger
in crystal structures of arginine deiminase (ADI) [see, for
example, Galkin et al. [15], which indicates the Cys—His
distance in Pseudomonas aeruginosa ADI is ~7 Al
Others have postulated that ADI and DDAH have their
active site cysteine residues protonated in the absence of
substrate, and only lose the proton upon substrate binding
[21, 38]. A mutation of the active site histidine to a glycine
in P. aeruginosa DDAH found that it did not eliminate
cysteine nucleophilicity, an argument against a preformed
ion pair [38]. The optimum pH of GMSF family members
spans a wide range, from pH less than 5.5 for P. aeruginosa
ADI [17, 19] to pH 7.6 for human PAD4 [33]. Due to the
low optimum pH for ADI, it is perhaps more likely to use
the substrate-assisted mechanism than PAD4; however,
even if the reverse protonation mechanism is correct for
PAD4, only about 15 % of active enzyme would exist at
the optimum pH of 7.6 (see Figure 8 in Ref. [34]).
Rastogi and Girvin have shown that internal ionizable
residues can have their pK, values altered during a cycle of
function, as the residue can be located in different micro-
environments during the cycle [43]. The study reported
here is important because it gives insight into the most

thiouronium intermediate (far right, top, and bottom) is the same
for both potential starting structures

probable protonation states of active site residues of the
human PAD4 active site both before substrate binds and
after, which may open a window into the mechanism. The
results of this study show, in some instances, large differ-
ences in pK, values in the protein active site compared to
solution values. A recent experimental work by Isom et al.
[44] has shown that it is possible to observe large changes
in pK, values in a protein interior compared to typical pK,
values in water. This work reported the engineering of 25
variants of staphylococcal nuclease (SNase) and demon-
strated that 19 of the 25 variants had an interior lysine
residue with a depressed pK, value, in one instance as low
as 5.3 (from a solution value of 10.4), while other variants
displayed little to no change in the lysine pK, value. The
origin of the shifts of these pK, values upon moving to the
protein interior is explained in relation to the differing
microenvironments of the ionizable groups, similar to
explanations given previously for the c subunit of ATP
synthase [43]. Isom and coworkers reason that in a highly
polar or polarizable microenvironment, the pK, value will
differ little relative to water. However, in a less polar or
polarizable microenvironment (such as a hydrophobic
protein interior), the pK, value can change significantly,
and greater changes in pK, values are observed. In less
polarizable microenvironments, acidic sidechains will tend
to have higher pK, values than in water [45-47], while
basic sidechains will tend to have lower pK, values than in
water [48-50]. Similarly, Rastogi and Girvin [43] reported
evidence that when Asp61 in subunit ¢ of ATP synthase
was protonated, it was likely buried in a packing interface

@ Springer



Page 4 of 14

Theor Chem Acc (2012) 131:1293

between the N- and C-terminal helices of subunit c. In
contrast, when the Asp61 was deprotonated, it was likely
on an exposed helical face.

Computational studies examining the mechanism of
PAD4 have been previously published [34, 36, 39] and
reached differing conclusions. The proposed substrate-
assisted mechanism and reverse protonation mechanism
differ only in the first step of the reaction (the deimination
step) and lead to the same intermediate (see Fig. 2 here or
Figure 2 in Ref. [34]). Born—Oppenheimer ab initio QM/
MM studies of PAD4 indicated that in the Michaelis com-
plex, the active sites Cys645 and His471 are both neutral
prior to the reaction and that the Cys645 is deprotonated by
the substrate guanidinium group in concert with the nucle-
ophilic attack by the thiolate at the C; position of the guan-
idinium group, thus forming a tetrahedral intermediate [34].
This concerted first step was found to be the rate-determining
step of the reaction [34, 36], with a barrier of 20.9 kcal/mol,
which agrees well with experimental kinetic studies which
found a ke, of 6.55 s™', corresponding to a free energy
barrier of 17.0 kcal/mol [33]. Further work by Ke et al. [36]
explored the hydrolysis of the thiouronium intermediate by
the same method. Results indicated that the barrier for the
hydrolysis was 16.5 kcal/mol, which confirmed that the
deimination step was rate-determining.

In contrast, an earlier density functional study [39] used a
model of the enzyme active site which included a portion of
the sidechains of His471, Asp473, Asp350, Cys645, and a
substrate model of N-ethylguanidinium. This study carefully
explored whether the rate-determining step was the deimin-
ation reaction or the hydrolysis reaction, and also compared
gas phase energetics to solvated energetics of reaction. This
work found the rate-determining step in the gas phase to be the
ammonia release, with a barrier of 10.8 kcal/mol. Use of a
CPCM solvent with a dielectric constant of 4 to model the
protein environment found that the rate-determining step
increased by approximately 3.2 kcal/mol. This work exam-
ined both stages of the catalytic reaction to determine whether
the deimination or the hydrolysis was rate-determining, but
only modeled one beginning scenario, the case with histidine
positively charged and cysteine negatively charged. Com-
parison of the reverse protonation mechanism with the sub-
strate-assisted mechanism was not the aim of this study; thus,
it is not possible to determine which mechanism is energeti-
cally more favorable. In addition, use of a dielectric constant
to model a protein environment ignores the electrostatic
contributions of the surrounding environment, and its limita-
tions are well documented (see for example [51-53]).

All of these aforementioned studies are very informative,
but a study such as the one reported here is necessary, as none
of the previous studies examined the pK? values of the active
site residues either with or without substrate bound, which
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arguably are important for a fuller understanding of the
mechanism of the enzyme. A previous experimental study
found active site residues in the presence of benzoyl-
L-arginine ethyl ester (BAEE) for human PAD4 to have pK,
values of 8.2 and 7.3 [37]. In solvent, the sidechains of
cysteine and histidine have pK, values of 8.3 and 6.0, and
therefore, itis not unreasonable to assign the pK? value of 8.3
to the cysteine and the pK? value of 7.3 to the histidine. In
fact, Knuckley et al. [37] postulate that the values of 7.3 and
8.2 likely correspond to His471 and Cys645, respectively,
before substrate binds. Considering the highly polar/polar-
izable environment of the PAD4 active site, it could be
reasoned that the pK? values would differ little relative to
water [44]. At the PAD4 optimum pH of 7.6, if the experi-
mental pK? value of 7.3 is assigned to his and the pK? of 8.2 is
assigned to cys, the majority of his would be deprotonated
and the majority of cys would be protonated, as in the sub-
strate-assisted mechanism. However, upon further investi-
gation of the kinetics, the authors found evidence that
supports that inactivators (iodoacetamide and 2-chloroace-
tamidine) bind preferentially to the thiolate form of the
enzyme. The authors write: “The fact that the iodoacetamide
and 2-chloroacetamidine inactivation kinetics yield similar
pK, values for Cys645 is inconsistent with a pure substrate-
assisted mechanism of thiol deprotonation” [37]. Arguably,
definitive assignment of experimental pK? values to partic-
ular residues is difficult [37].

Because of the difficulty in assigning pK? values exper-
imentally, a study such as the one reported here is helpful in
understanding the character of the active site of PAD4 with
and without a positively charged substrate bound. This study
provides computational details of the stabilities of the active
site residues under many different permutations of the ion-
ization states of these residues to compare the stability of
various active site protonation states. The difference in
solvation energies of these residues in water and in protein
were calculated to assess the pK? values of residues in the
active site, which have a direct impact on the catalytic
mechanism utilized by the enzyme. The pK? values reported
here are not intended to correspond to directly observable
pK? values; rather, they should be interpreted as a tool to
help understand the population of various microstates of the
PAD4 active site [54].

2 Methods

2.1 Permutations of active site conditions for
calculations to determine pK? values

Human PAD4 crystal structures IWDA [31], containing
the positively charged synthetic substrate benzoyl-L-arginine
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amide (BAG) (Fig. 3) and 1WD9 [31], an enzyme structure
without ligand bound, were obtained from the Brookhaven
protein data bank [55, 56]. Both crystal structures were
mutants of human PAD4 containing an alanine residue in
place of the active site cysteine. The alanine sidechain
was computationally mutated back to the cysteine side-
chain to obtain the catalytically competent sequence of the

enzyme.
HoN__O
L\/H NH
HN bl 2

NH,*
o 2

Fig. 3 Structure of synthetic substrate benzoyl-L-arginine amide
(BAG)

Four combinations of protonated and deprotonated
active site histidine and cysteine sidechains were used to
ascertain pK” values for each ionizable active site residue
(Asp350, Asp473, His471, Cys645) and the substrate
(BAG) when present. The crystal structures with (IWDA)
[55] and without (1WD9) [56] substrate were used as
starting points for the calculations. The permutations of
active site residues that were examined computationally are
shown in Fig. 4. The calculations of these permutations
were performed both with and without substrate and
include: cys ionized/his neutral (Cys ™ /His®), cys neutral/his
ionized (CysO/His+), cys ionized/his ionized (Cysf/Hier),
cys neutral/his neutral (Cys’/His’).

In all calculations, the active site aspartic acid residues
and the substrate were always ionized (if substrate was
present). This was due to the very low water pK, value of
aspartic acid and the high water pK, value of BAG. There
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Fig. 4 Schematic drawing of the four permutations of the ionizable active site residues that were examined in this study
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is some experimental evidence that suggests these aspartic
acids must be negatively charged for PAD4 to bind [37],
indicating an electrostatic interaction between the side
chains of the aspartic acid residues and the guanidinium
group of BAG. BAG was considered to have a solution pK,
value equivalent to arginine’s sidechain solution pK,, value,
due to the presence of the guanidinium group. The three
calcium atoms in the N-terminal domain that have been
determined to have little effect on catalysis [34], and are in
a different domain than the active site [31], were neutral-
ized. The two calcium atoms in the catalytic domain were
ionized, and surrounding acidic residues were ionized to
balance the charge in this region. These residues were
Glu411, Glu353, Glu351, and Asp369. Three sulfate mol-
ecules, present due to the crystallization process but not
necessary for catalysis and far from the active site, were
assigned a charge of zero. In total, 364 pK? values were
calculated, and each reported number is an average of
thirteen trials, reported with the standard deviation of the
trials.

2.2 Software and model system

SPARTAN (version 08) [57, 58] was used to calculate the
partial charges on the BAG using the restricted Hartree—
Fock (RHF) calculation method with a 3-21G basis set,
followed by a density functional RB3LYP method with a
6-31+G* basis set. These charges were used as input (see
Table SI-1 in the Electronic Supporting Information for
actual partial charges used) along with the PAD4 crystal-
lographic data for the software package MOLARIS, ver-
sion 9.05 [59]. MOLARIS was used to perform molecular
dynamics (MD) simulations on the model system, and the
protein dipoles Langevin dipoles semimacroscopic linear
response approximation (PDLD/S-LRA) method in
MOLARIS was used to calculate the pK? of each of the
residues of interest [60, 61].

The PDLD model explicitly considers the protein/sol-
vent system with all of its electrostatic components. The
PDLD method breaks the protein/solvent system up into
four regions. Region I contains the charged group of
interest (for which pK? will be calculated), region II con-
tains the protein atoms found within a specified radius from
the center of region I (22 A in this study), region III rep-
resents the water molecules by a Langevin grid and has a
specified radius from the center of region I (22 A in this
study), region IVa contains the rest of the protein atoms
outside region II, and Region IVb is the bulk solvent
beyond the specified radius. Regions I, II, and III have the
electrostatic effects treated explicitly, while the electro-
static effects in regions IVa and IVb are treated by a
macroscopic continuum formulation (for more details and a
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figure showing the regions, please see Ref. [61]). The
effective PDLD potential of a charged group is represented
by:

AVppip = AVE + AV + AVE + AVP + AG (1)

where Avgu gives the interaction between the charge and
the protein permanent dipoles, Avga gives the interaction
between the charge and the protein-induced dipoles, AVf;q
gives the interaction between the charge and other ionized
groups, AV? gives the interaction between the charge and
the Langevin dipoles (which represent the average polari-
zation of water molecules in and around the protein), and
AG} . is the solvation energy of the bulk solvent, which
surrounds the region of explicit water molecules.

A strength of the PDLD approach is the treatment of
protein structural relaxation upon charge formation within
the linear response approximation (LRA) framework. The
PDLD results are averaged over MD-generated protein
configurations both with the residue of interest being
neutral and with the residue of interest being ionized, as
shown below:

1
AGppLp = 3 [<AVPDLD>,P +<AVPDLD>,£:J- (2)

4=0

It should be noted that ¢ can be equal to 0, when the
residue is not ionized, or g can be equal to g, which is
typically 1. The bar over the g does not represent an
average; rather, it denotes that the residue is in the ionized
state. The (),, denotes an average over protein
configurations with the assigned ¢, and AVppp is defined
in Eq. 1. The PDLD model has large microscopic
contributions. To obtain more stable results, the
microscopic contributions can be scaled in a consistent
fashion using the semimicroscopic PDLD model (PDLD/S)
[60, 62]. The PDLD/S model represents the contributions
that are not included explicitly in the model by assigning
the protein a “dielectric constant,” €, The €, should be
viewed primarily as a scaling factor, and not an actual
protein dielectric constant [52, 61]. MOLARIS assigns
dielectric constants based on protein-induced dipoles; this
constant falls between 2 and 40 in MOLARIS; a value of 4
was used for this study as it was found to be the optimal
value for the PDLD/S-LRA model [52, 53]. The PDLD/S
effective potential is represented by:

w—, W a 4 1 1
AV = — [Aqu + (AG’;w(cz = q) —AG], (g = 0))} (E - ?)
1

+(AVita = 9+ AV = )

(3)
where AG;”W is the self-energy of the charge in water, Asz
is the change in solvation energy of the protein with and
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without the charged group, and AVP and AV? are the
same as in Eq. 1. Again, the LRA framework ensures that
protein reorganization is considered by taking into account
the relaxed structures in both the ionized and neutral states
of the relevant charge [61], and the PDLD/S-LRA free
energy is evaluated in the same fashion as Eq. 2, but
substituting the PDLD/S effective potential (Eq. 3) for the
PDLD effective potential, using:

1
AGPDLD/S == <AVPDLD/S>,$:O+<AVPDLD/S>H;:[I . (4)

2

The all-atom MD simulations were used to generate
protein conformations [61]. In the absence of BAG (PDB
ID 1WD9), multiple MD simulations were run for each of
the permutations shown in Fig. 4, having as their center
one of the four residues for which the pK? values were to
be calculated. In the presence of BAG (PDB ID 1WDA),
multiple MD simulations were run for each permutation,
with either the BAG or one of the four residues for which
the pK? values were to be calculated at the center. As an
example, for the Cys /His™ permutation in the presence of
BAG, five MD simulations were run, having at the center a
residue for which the pK? was to be calculated: Asp350,
Asp473, His471, Cys645, or BAG. The pK? value of a
residue can only be calculated if it is charged in that
permutation, so for the Cys“/His" permutation in the
presence of BAG, four MD simulations were run having as
their center Asp350, Asp473, His471, or BAG.

The MD simulations used a timestep of 1 fs and were
run for 120 ps at 100 K, 120 ps at 200 K, and at least
390 ps at 300 K. Longer simulation times are not required
for equilibration and water penetration because the PDLD/
S-LRA simulations use a dielectric constant that reflects
the missing water penetration, as described above. This is a
fact that has been established by the PDLD/S-LRA vali-
dation and has been shown in very challenging case like
internal groups in staphylococcal nuclease, cytochrome c
oxidase, and others [63-68].

Thirteen conformers were abstracted from the MD
simulations performed at 300 K. The conformers were
snapshots taken every 30 ps, starting from the previous
conformer. These thirteen conformations were generated
with the center of the MD simulation being the residue for
which the pK? value was to be calculated. Each conformer
was then used as a starting structure in the PDLD/S-LRA
solvation calculations used in this study to determine the
pK? values.

The PDLD/S-LRA solvation method performs calcu-
lations based on a thermodynamic cycle (shown in Fig. 5)
developed by Warshel et al. [61, 69]. This thermodynamic
cycle considers the free energy contributions associated

with ionizing an acidic residue in a protein. A mathe-
matical representation of this cycle is shown in Eq. 5 [52,
53]

AG(AH, — A + H) = AG*(AH, — A, + H])
+AGYP(A7) — AG",”(AH)
(5)

Designations p and w stand for protein and water, respec-
tively. AG.,” provides the change in Gibbs free energy of
the acidic (AH) or basic (A7) species as it moves from
water to the protein active site. This thermodynamic cycle
can be visualized pictorially in Fig. 5.

To evaluate the AG.,,” term of Eq. 5, the self-energy of
ionizing this group when all other ionizable groups, such as
other residues in the active site, are uncharged is first
considered, and then the effect of charging the other groups
to their ionization state is considered. This term can then be

expressed as
(AG:ETP); = (AGgelf - AG;Zlf)i+ Z AGZ’
i#j
= (AG), +AG), +AG), — Al ) + ; AG
i#

(6)

where AGgr is the self-energy associated with charging
group “i” in its environment. For proteins, this can be
broken down into the interaction of the charge on group
“i” with the surrounding permanent dipoles (AG,), the
surrounding induced dipoles (AGy,), and the water mole-
cules in and surrounding the protein AG,,. This is
described more fully elsewhere [52, 61, 71].

Equation 5 can also be written in terms of the pK, value

of the ith ionizable residue in the protein, pK? ., as

w g w—, _
pKZ,i = pKa.i - 2.3RT AAGsol p(AHi - Ai ) (7)

with the AAG.,;"” consisting of the last two terms of Eq. 5,
and pKy, is the pK,, value of the ith residue in water. The g;
term is the charge on the ionized form of the residue. It
should be noted that there are two possibilities for the
charge, g;. The charge can have g; = g;, which corresponds
to the charged form of the residue (—1 or +1), or ¢; = O,
which corresponds to the uncharged form of the residue
[52, 71]. It is possible for the acid form of a residue to be
either neutral (such as for cysteine, Eq. 8) or positively
charged (such as for histidine, Eq. 9). Thus, g; will be
negative (corresponding to the charge on the conjugate
base),

i = —1(q(AH) =0, g(A-) = —1) (8)

@ Springer
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-AG

sol

sol

+AG,

Fig. 5 Pictorial description of the thermodynamic cycle used by
MOLARIS software to estimate the ionization energy of an acidic
group in a protein active site. The figure describes a fully microscopic
cycle and lists the relevant free energy contributions. The subscripts
“p” and “w” designate, respectively, protein and water environments.
AG, represents the different solvation free energies, and AGpong
designates the free energy of breaking the covalent bond between the

or positive (corresponding to the charge on the acid),

gi = +1(q(AH) = +1, ¢(A—) = 0). ©)

Equation 7 makes possible the calculation of a pK,
value of a residue in the protein active site by evaluating
the change in solvation energy for moving the charged
group from water to the active site. The AAG., ™" value
is extracted from the PDLD/S-LRA solvation calculations
and used in Eq. 7 to calculate pK? values. The aim of
this investigation is to elucidate the pK? values in PAD4
to give a better understanding of the active site, which
may give better insight into the mechanism of PADA4.
The computational protocol employed here has been
shown to be effective in descriptions of pK” values for
other enzymes such as cytochrome c oxidase, SNase,
and others [51, 52, 61, 64, 72]. The method used here
is simpler and often more reliable than evaluation of
the absolute pK, value by determining the gas phase
proton affinity and the solvation of A~ and H;O0"
[73-76].

@ Springer

w—=p

(47)

—

ond

(4AH)
_—
+AG, 4

conjugate acid and the proton. The protein permanent dipoles are
represented by large open arrows, while the induced dipoles are
represented by small solid arrows enclosed in circles. The dipoles of
water molecules are designated by solid black arrows. The active site
is depicted by a gray filled circle within the larger protein (irregular
shape). To calculate the actual free energies, LRA averaging is
performed on the relevant configurations [70]

3 Results

The average AAG.” obtained from the PDLD/S-LRA
calculations, the pK? values calculated using Eq. 7, and
[AT]:[HA] ratios calculated from the Henderson—Has-
selbalch equation are reported in Table 1. The pK? values
used in the calculations of microstate populations are
italicized. Table 1 includes results for PAD4 only in the
absence of BAG using PDB ID 1WD9. The label “Center
Residue” corresponds to one of the four active site residues
for which pK? values were calculated, and each residue is
shown in a separate column. The entries with “N/A” cor-
respond to a situation in which the residue in that column
was not ionized, and therefore AAG;ET” values were not
calculated. The reported pK? values were used to calculate
an approximate ratio of the conjugate base:acid forms
using the Henderson—Hasselbalch equation with a pH value
of 7.4, approximately the intracellular pH value [77]. The
[A7]

ratio 1A Was solved for as:
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1 oeH-pKE) (10)

As an example, Cys”/His™ (the third block in Table 1)
refers to the cysteine being in the neutral, protonated state,
with histidine in the protonated, positively charged state. In
this permutation, it was possible to calculate pK? values for
Asp473, Asp350, and His471, though not Cys645.

The pK? values can be used to estimate the population
of a particular permutation or protonation microstate.
Moving from the Cys /His™ microstate (starting microstate
in the proposed reverse protonation mechanism) to the
Cys":His" microstate (starting microstate in the proposed
substrate-assisted mechanism) can be accomplished in two
hypothetical steps. First, a proton is removed from histidine
(His™) in the reaction

His™ + Cys~ — His” + Cys™ + H" (11)

which gives
expression of

an acid dissociation equilibrium (K,)

— 1.0
- [Cys™ : His"|[H"] — 10 PK s —
[Cys™ : His"]

=151 x 107", (12)

10~ 12.82

The 12.82 in Eq. 12 corresponds to the pK? value for
histidine in the first block of Table 1. The second
hypothetical step would be transferring a proton to
cysteine (Cys™) in the reaction

His’ + Cys~ + H" — His + Cys®. (13)
The reverse of this reaction would correspond to the acid
dissociation equilibrium, which would give

[Cys™ : His"|[H']

[Cys’ - His'] = 10 PKeen = 1071190 = 1.58 x 1072
ys® : His

(14)

The 11.80 in Eq. 14 corresponds to the pK? value for
cysteine in the second block of Table 1. When the
equilibrium expression in Eq. 12 is divided by the
equilibrium expression in Eq. 14, the intermediate
microstate (Cys_:Hiso) cancels and the expression
becomes

[Cys0 : Hiso}

L2t T 107102 = 0.095. 15
[Cys™ : His™] (15)

Thus, the calculations predict that the Cys™: His™ micro-
state predominates over the Cys”: His® microstate by
approximately a 10:1 ratio.

A similar comparison can be done for the Cys’:His™*
microstate by the hypothetical addition of a proton to the
Cys": His" microstate as shown in the reaction:

His® 4+ Cys® + H" — His™ + Cys". (16)
Again, the reverse of this reaction would correspond to the

acid dissociation equilibrium, which would give an
expression of

Table 1 AAG.”, pK? and & | ratios for the four different permutations of active site residues of PAD4 without BAG (1WD9)

sol [HA]
Center residue Asp473 Asp350 Cys645 His471
Permutation Cys /His™ Cys /His™ Cys /His™ Cys /His™
AAG‘;')TP of center residue (kcal/mol) 4.56 + 0.70 5.13 £ 0.52 0.35 +£ 0.82 —9.35 £ 0.71
pK? of center residue 7.13 £ 0.51 7.54 £0.38 9.36 + 0.60 12.82 £ 0.52
% 1.87 0.72 1.10 x 1072 3.79 x 107¢
Permutation Cys ™~ /His’ Cys ™~ /His” Cys ™ /His’ Cys ™~ /His’
AAG;,"" of center residue (kcal/mol) 6.10 £ 0.59 10.25 £ 0.75 3.70 £ 0.49 N/A
pK? of center residue 8.25 £ 043 11.28 £ 0.54 11.80 £ 0.36 N/A
% 0.14 133 x 107* 4.02 x 107° N/A
Permutation Cys%His™ Cys"/His™* Cys%His™ Cys’/His™*
AAG;"" of center residue (kcal/mol) 0.68 &+ 0.85 —1.87 + 0.40 N/A —5.97 4+ 0.49
pK? of center residue 4.29 + 0.62 244 £ 0.29 N/A 10.35 £+ 0.36
% 1.28 x 10° 9.20 x 10* N/A 1.11 x 1072
Permutation Cys/His’ Cys"/His” CysHis’ Cys%His’
AAG"" of center residue (kcal/mol) 1.39 £+ 1.53 7.39 £+ 0.46 N/A N/A
pK? of center residue 4.81 £1.12 9.19 £ 0.33 N/A N/A
[a7] 3.88 x 10° 1.61 x 1072 N/A N/A

[HA]

All calculations had Asp473 and Asp350 negatively charged. The pK? values in italics are those that were used in the microstate analyses. Standard

deviations are shown for the solvation energy and pK? calculations

@ Springer
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_ [Cys” : His”][HY]
‘" [Cys’: His"]
=447 x 1071, (17)

= 107pKZAHis = 1071035

The value of 10.35 corresponds to the pK? value of
histidine in block 3 of Table 1 (the Cys“/His™
permutation). At a cellular pH of 7.4, as suggested
above, the expression for the ratio of microstates could
be given as

10(PH-PKS) _ [A7]_ [Cys”: His"] 10741035
- - 0. 1miet]
[HA] [Cys : His ]

=10~ 1.12x 1073, (18)

As the predominance of the ion pair was only 10-fold
more likely than the neutral system, the ratio found from
Eq. 18 indicates the active site microstate with cysteine
and histidine protonated is the most likely of the
permutations in the absence of BAG, with a ratio of
approximately 900:1 for Cys’:His" versus Cys":His’. This
is not unreasonable, considering the presence of negative
charges from the aspartate sidechains. It should be noted
that in some permutations shown in Table 1, physically
unreasonable pK? values arise for the aspartic acids. This is
due to a large concentration of negative charge in the active
site, an extremely unlikely scenario, which greatly
destabilizes the negative form of the aspartic acid, thus
raising the pK? values unrealistically, and contrary
to experiments that indicate they are negatively charged
[31, 39].

It should also be noted that in the ligand-free form of the
enzyme, the predicted pK? value for Cys645 of 9.36 when
His471 is charged, predicted here to be the most populated
microstate, agrees well (perhaps fortuitously) with a pK,
analysis by Li et al. of L-arginine deiminase (which also
belongs to the GMSF family) which found the cysteine has
a pK? value of approximately 9.6 in the ligand-free form
[21]. The authors of the study suggest that the cysteine pK?
value is shifted higher due to the proximity of the two
catalytic aspartic acid residues (similar to the situation in
PAD4).

An examination of the aspartic acids in the most pop-
ulated microstate (Cys’/His™) shows predicted pK? values
of 4.29 (Asp473) and 2.44 (Asp350), consistent with both
being primarily negatively charged at physiological pH,
and values that are similar to their values in water. This
study predicts that Asp /Asp /Cys’/His" is the most
populated microstate prior to substrate binding. The neg-
ative charges on the aspartic acid sidechains can coordinate
with the positive charge of the entering guanidinium group
on BAG through electrostatic attractions. Furthermore,
with both aspartic acids creating a highly anionic active
site, a point that the literature agrees with [3, 4], it is logical

@ Springer

that a positively charged histidine would be favorable in
the absence of BAG. This result is consistent with an
experimental observation of DDAH [38].

It should be noted that the standard deviations for
AAG,” were large in instances where AAG, " values
were small, due to a fluctuation between small positive and
negative numbers. As the values were all quite small when
the standard deviations were large, the resultant pK? values
do not change dramatically from their solution pK? values.

Table 2 presents results for PAD4 when it is bound to
BAG, which was found to have invariably high pK? values
in all simulations. The pK? values used in the calculations
of microstate populations are italicized. A microstate
analysis analogous to that done for Table 1 gives

[Cys0 : Hiso}

[C —h +] _ 1075.664’9.38 — 103.72 ~ 5,250 (19)
ys Q1S

Thus, the calculations predict that the Cys®:His® microstate
strongly predominates over the Cys :His' microstate in
the presence of the positively charged substrate. Again, this
should be compared to the likelihood of a Cys’:His*
microstate by the hypothetical addition of a proton to the
Cys”:His” microstate as shown in reaction 16. At a cellular
pH of 7.4, as suggested above, the expression for the ratio
of microstates could be given as

Loepky _ (A7) [Cys s His]
[Cys” : His"]

— _ —_ 1074472.59 _ 104.81
~ 6.46 x 10*.

[HA]

(20)

This population analysis indicates that Cys“:His is the
most likely protonation microstate in PAD4 in the presence
of BAG and is significantly more predominant than either
Cys”His" or Cys :His™.

A close examination of the predicted pK? values for
BAG reveals very large shifts from the solution pK, value
of approximately 12.5, with the largest shift observed in the
Cys /His"/Bag™ microstate. This state also has the two
negatively charged aspartate sidechains, leading to a large
concentration of negative charge, and perhaps a physically
unrealistic scenario. This excess negative charge oversta-
bilizes the positive charge on the BAG, leading to the large
predicted pK? value. As this state is probably not achiev-
able, it leads to an unrealistic estimate of the pK? value.

Plotting the fraction of enzyme that has a deprotonated
histidine and a protonated cysteine in the presence of the
positively charged substrate using the calculated pK? val-
ues of 2.59 for His471 and 9.38 for Cys645 reveals that the
vast majority of enzyme is in the active form over a large
pH range, including cellular pH. This is shown in Fig. 6,
where the yellow area under the curves for His471 and
Cys645 is the fraction of enzyme in the active form (having
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Table 2 AAG*™”, pK? and [2 1 ratios for the active site residues of the PAD4 enzyme containing the substrate benzoyl-L-arginine amide (BAG)

[HA]
under four different permutations

Center Residue

Asp 471

Asp 350

Bag

Cys645

His471

Permutation

Cys ™ /His*/Bag™

Cys ™ /His"/Bag*

Cys /His*/Bag™

Cys ™ /His*/Bag™

Cys /His*/Bag™

AAG;"" of center residue (kcal/mol) 2.71 £ 0.71 —8.18 & 1.02 —11.03 + 1.43 —3.85 + 0.47 0.46 + 0.93
pK? of center residue 5.78 £ 0.52 —2.16 £ 0.75 20.54 £ 1.04 6.29 + 0.34 5.66 + 0.68
a] 42.07 3.66 x 10° 7.22 x 1071 12.78 54.67

[HA]

Permutation Cys ™ /His"/Bag™* Cys™/His"/Bag ™" Cys~/His"/Bag™* Cys ™ /His"/Bag™* Cys~/His"/Bag™
AAG." of center residue (kcal/mol) 584 £ 1.16 —0.36 £ 0.80 —23.36 £ 0.72 0.38 £ 0.72 N/A

pK? of center residue 8.06 £ 0.84 3.54 £ 0.58 29.54 £ 0.52 9.38 £0.52 N/A

o 0.22 7.31 x 10° 7.25 x 1077 1.05 x 1072 N/A
Permutation Cys’His™/Bag™" Cys’/His™/Bag™ Cys’/His™/Bag™ Cys%His™/Bag™" Cys’/His™/Bag™
AAG"" of center residue (kcal/mol) —5.28 £+ 0.80 —14.56 £ 0.76 —3.69 £ 1.19 N/A 4.68 £+ 0.45
pK? of center residue —0.05 £ 0.58 —6.82 £ 0.55 15.19 + 0.87 N/A 2.59 £ 0.33
% 2.84 x 10’ 1.67 x 10" 1.62 x 107° N/A 6.52 x 10*
Permutation Cys’/His’/Bag ™" Cys%His’/Bag™ Cys"/His"/Bag ™" Cys%His’/Bag™ Cys"/His"/Bag™*
AAG.[" of center residue (kcal/mol) —3.28 £0.82 —5.86 £ 1.06 —14.40 £ 1.41 N/A N/A

pK? of center residue 1.41 £ 0.60 —0.47 £0.77 23.00 + 1.03 N/A N/A

] 9.75 x 10° 7.49 x 107 2.50 x 107 N/A N/A

[HA]

Again, Asp471 and Asp350 are both negatively charged in all calculations. The pK?’ values in italics are those that were used in the microstate analyses. Standard

deviations are shown for the solvation energy and pK? calculations

the sidechains of both His471 and Cys645 in their neutral
form). The large range where the enzyme exists in the
optimum form is consistent with observations of a rela-
tively high k., between pH values of approximately 7-9
[37]. These data provide a different view compared to
previously published results of iodoacetamide inactivation
and solvent kinetic isotope effect studies [37]. However, it
is difficult to compare the results of this work with the
iodoacetamide inactivation, as iodoacetamide does not
contain the positively charged guanidinium group that the
natural substrate possesses, and which is shown here to
strongly affect the pK? value of His471. Similarly, inter-
pretation of solvent kinetic isotope effects depends on a
number of different parameters, particularly in the presence
of thiols [78, 79], and a discussion of this is outside the
scope of this work.

It is important here to address changes between the two
crystal structures to assess the effect the substrate has on
the active site residues. This comparison is shown in
Table 3. The permutation used for comparison is the Cys’/
His™ because this is the condition that the active site is
proposed to be in for the unbound enzyme. However,
comparing other permutations between the two crystal
structures yields similar results.

Upon the addition of the substrate, the pK? of histidine
drops significantly and the % ratio increases from 0.0011
to 6.52 x 10*. This suggests the histidine changes from
being mostly protonated in the absence of the substrate, to

being mostly deprotonated upon substrate binding. This is a
logical finding; the ionized histidine would be destabilized
by the presence of the positively charged guanidinium
group of the substrate in close proximity. Since the sub-
strate has an invariably high pK?, much higher than that of
histidine, BAG will remain positively charged, and histi-
dine will be deprotonated and neutral. This observation
supports the neutral system (corresponding to the starting
state of the substrate-assisted mechanism). Snapshots taken
from simulations of the active site with substrate present,
as in Fig. 7, show that in the Cys”His’ microstate the
atomic distances from the substrate to the aspartate side-
chains are well suited for hydrogen bonding (Fig. 7).

Fraction of Enzyme in Active Form

0.8
0.6
0.4
0.2

Fraction of Enzyme

[—Deprotonated His471 Protonated Cys645 |

Fig. 6 The fraction of active enzyme is shown in yellow. This
corresponds to having deprotonated His471 and protonated Cys645,
the starting protonation state in the substrate-assisted mechanism
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Table 3 AAG*™”, pK? and 21 ratios comparing the bound and unbound crystal structures of PAD4

[HA]
Center Asp 471 Asp 350 Bag Cys His
Permutation Cys’/His™* Cys%His™ Cys"/His™* Cys%His™* Cys%His™
Substrate Absent Absent Absent Absent Absent
AAG. P of center residue (kcal/mol) 0.68 —1.87 N/A N/A -5.97
pK? 4.29 2.44 N/A N/A 10.35
% 1.28 x 10° 9.20 x 10* N/A N/A 111 x 1077
Permutation Cys"/His™ Cys"/His™ Cys"/His™* Cys"/His™ Cys"/His™
Substrate Bag™ Bag Bag* Bag™ Bag™
AAG. P of center residue (kcal/mol) —528 —14.56 —3.69 N/A 4.68
pK? —0.05 —6.82 15.19 N/A 2.59
on 2.84 x 10 1.67 x 10" 1.62 x 107° N/A 6.52 x 10*

Another finding is that the pK? values of the aspartic
acid residues dropped, indicating they remain deprotonated
and negatively charged upon addition of the substrate,
suggesting the negative charges facilitate coordination with
the positive substrate. This allows the substrate to be held
in place during the reaction and is an expected result. The
role of the aspartic acids is not under controversy in the
literature [31, 34, 37, 39].

Fig. 7 Snapshot of the active site of PAD4 in the neutral state with
BAG bound, showing distances of hydrogen atoms to heavy atoms in
Angstroms. The colors of the atoms are as follows: red for oxygen,
green for carbon, blue for nitrogen, white for hydrogen, and yellow for
sulfur

@ Springer

4 Summary and conclusions

Using the software package MOLARIS, the change in
Gibbs free energy as each active site residue of PAD4 is
moved from water to protein was calculated, and these
values were used to determine pK? values for each residue.
From these pK? values, the microstate populations could be
estimated, giving insight into the most stable permutations
of the active site residues. Results show that in the absence
of substrate, both cysteine and histidine are protonated,
indicating that cysteine and histidine are neutral and pos-
itively charged, respectively. Both aspartic acid residues
appear to be deprotonated and negatively charged.

In the presence of substrate, results show that cysteine
and histidine are protonated and deprotonated, respec-
tively, and are therefore both neutral. The substrate itself
has invariably high pK? values, indicating it is always
protonated. Both aspartic acid residues appear deproto-
nated and negatively charged to facilitate binding to the
substrate. A likely explanation for the condition of active
site with bound substrate is that the close proximity of the
positively charged substrate causes histidine to prefer the
neutral state, and therefore could not stabilize an ion pair
with cysteine. Furthermore, the cysteine and histidine,
being 6 A apart, are probably too far from each other to be
stabilized as an ion pair.

This study provides support for a substrate-assisted
mechanism which begins with histidine and cysteine in the
neutral state when a positively charged substrate is bound.
Knowing the mechanism of this enzyme is crucial for
development of small-molecule inhibitors because it allows
us to understand important properties of the active site such
as polarity and hydrogen bond donors and acceptors. This
information could lead to the development of inhibitors
that would most efficiently bind. Much work is still nec-
essary to fully understand the nature and mechanism of
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PAD4; however, its role in crippling diseases such as RA
makes further work in this area very relevant.
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