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Abstract: The importance of protonation states and proton transfer in pyridoxal 5’-phosphate
(PLP)-chemistry can hardly be overstated. Although experimental approaches to investigate pKa
values can provide general guidance for assigning proton locations, only static pictures of the
chemical species are available. To obtain the overall protein dynamics for the interpretation of
detailed enzyme catalysis in this study, guided by information from solid-state NMR, we performed
molecular dynamics (MD) simulations for the PLP-dependent enzyme tryptophan synthase (TRPS),
whose catalytic mechanism features multiple quasi-stable intermediates. The primary objective of
this work is to elucidate how the position of a single proton on the reacting substrate affects local
and global protein dynamics during the catalytic cycle. In general, proteins create a chemical envi-
ronment and an ensemble of conformational motions to recognize different substrates with differ-
ent protonations. The study of these interactions in TRPS shows that functional groups on the
reacting substrate, such as the phosphoryl group, pyridine nitrogen, phenolic oxygen and carboxyl
group, of each PLP-bound intermediate play a crucial role in constructing an appropriate molecular
interface with TRPS. In particular, the protonation states of the ionizable groups on the PLP cofac-
tor may enhance or weaken the attractions between the enzyme and substrate. In addition, remod-
ulation of the charge distribution for the intermediates may help generate a suitable environment
for chemical reactions. The results of our study enhance knowledge of protonation states for sev-
eral PLP intermediates and help to elucidate their effects on protein dynamics in the function of
TRPS and other PLP-dependent enzymes.
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Introduction

In many enzymes, the chemistry of catalysis is
based on simple acid-base reactions involving a
series of proton transfers.'™ The protonation state
of a specific atom can act as a promoter or mediator
to initiate chemical reactions in enzyme active sites.
Protonation/deprotonation of atoms at the catalytic
site, coenzyme, and/or the bound substrate may
affect structural stability, induce conformational
changes, and promote or reduce enzymatic activ-
ity.>® Thus, determining protein structures, includ-
ing correctly identifying proton positions, is critical
for understanding enzyme-catalyzed pathways at a
chemical level. High-resolution crystal structures
usually define the spatial location and nature of the
protein residues and cofactors that interact with
reacting substrates. However, the resolution of most
protein structures, typically 1.5-2.5 A, is insufficient
to reliably determine the protonation states of key
ionizable groups in the active site.

The efficacy of *C- and ®N-enriched substrates
for determining protonation and hybridization states
by solid-state NMR (ssNMR) has been exploited to
map electrostatic and chemical environments at the
catalytic sites of enzymes.”® The increasing rele-
vance of ab initio calculations to the analysis of
enzyme catalytic mechanisms provides a new level
of quantification that is reshaping bioorganic mecha-
nistic concepts.® The combination of isotopic labeling
in ssNMR experiments with computational studies
grounded in quantum theory can be tailored to a
scale where only protein residues in and around the
active site and atoms of the substrate need be con-
sidered to generate atomic level models relevant to
catalysis. With this detailed chemical information
about the active site in hand, full structural models
of the protein can be explored to determine how the
position of a single proton can change the overall
protein dynamics and further activate or inactivate
enzyme catalysis.

Bacterial tryptophan synthase (TRPS), an asfs
tetrameric enzyme that catalyzes the last two steps
in the synthesis of L-tryptophan, serves as our
model system [Fig. 1(top)]. Since the 1950s, TRPS
has been exploited as a paradigm for understanding
the catalytic and regulatory mechanisms of enzyme
complexes,'® 12 and it has recently been implicated
as a target in the development of drugs for infec-
tious diseases and herbicides.!®'* Catalysis in the a-
and B-subunits is regulated via allosteric interac-
tions that switch the protein from an open, inactive
conformation to a closed, active conformation.'?1%-19
Closing of the a-subunit is associated with large
motions in a-loop L6 (aL6, residues a179-193) that
switch the subunit from a disordered (open) to an
ordered (closed) state, while the open-to-closed tran-
sition of the B-subunit involves motion of the com-
munication (COMM) domain (residues p102-189).

Huang et al.

Measurement of two distances (all6: BH6 of the
COMM domain and al6: al.2) determines whether
or not the a-subunit is considered open, partially
closed, or closed. The B-subunit is considered closed
upon formation of a salt-bridge between BArgl4l
and PAsp305.2° Switching between the conforma-
tions is modulated by the binding of substrates to
the a-site, binding of monovalent cations (MVCs),
and covalent interconversions between intermedi-
ates formed at the B-site. Although both the a- and
B-subunits of TRPS can have open or closed confor-
mations, catalysis likely occurs only within the
closed conformations.?! Substrates and products
bind and dissociate via intermediates displaying
open conformations (e.g., the internal aldimine
(E(Ain)), while the «-aminoacrylate and quinonoid
forms have completely closed conformations.

The detailed interactions and driving forces that
induce conformational changes in TRPS have been
investigated in early crystal studies and molecular
dynamics (MD) simulations.??25 Much focus has
been placed on the hydrophobic tunnel of about 25 A
that connects the two active sites in crystal struc-
tures of TRPS [Fig. 1(top)]. Indole generated by the
cleavage of indole-3-glycerol phosphate (IGP) at the
a-site is transferred via this tunnel into the B-site
where the synthesis of L-Trp is completed. Substrate
channeling may have many advantages over the free
diffusion of reaction intermediates via the bulk sol-
vent. For example, channeling may reduce the
transit time for transferring the reaction intermedi-
ate from one active site to the next.252% However, it
is likely that the transfer of indole from the «a-site to
the B-site in TRPS evolved to prevent the escape of
indole into solution, as the catalytic turnover rate
for the enzyme is much too slow to benefit from the
rapid diffusion of indole into the pB-site via the
tunnel.

Figure 1(bottom) depicts the chemical pathway
for the biosynthesis of L-Trp in the pyridoxal 5'-
phosphate (PLP; Vitamin-B6)-dependent TRPS bien-
zyme complex. The «-subunit catalyzes the «-
reaction, consisting of cleavage of IGP to yield indole
and glyceraldehyde-3-phosphate (G3P), Eq. (1).)”
The B-subunit catalyzes the condensation of indole
with L-Ser to produce L-Trp in a pathway involving
at least nine different intermediates formed from
PLP and the reacting substrates, Eq. (2).293°

o-reaction: — IGP — G3P + indole (1)

p-reaction: — Indole + L-Ser — L-Trp + H,O (2)

In stage I of the B-reaction, L-Ser reacts with
the cofactor in its E(Ain) resting form, producing in
sequence the species gem-diamine, E(GD,); L-Ser
external aldimine, E(Aex;); quinonoid, E(Q;); and «-
aminoacrylate Schiff base (SB), E(A-A), and a water
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Figure 1. Overall structure and chemical reactions of tryptophan synthase (TRPS). (top) TRPS is composed of an a-subunit
(purple) and B-subunit (yellow). The two ligands binding to each subunit are shown in bead representation. The open, partially
closed, and fully closed conformations of the a-subunit are controlled by al2 (pink), aL6 (green), and BHelix-6 of the COMM
domain (blue). The residues BArg141 and BAsp305, highlighted in red, are associated with the open and closed -site confor-
mations. The tunnel used to channel indole from the «-site to the B-site is marked as a cyan dashed line. (bottom) The «- and

B-reactions of TRPS.
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Scheme 1. Example of the potential sites of protonation on
an indoline quinonoid substrate. The ionizable groups, shown
in a red box, include an atom that can be protonated or
deprotonated.

molecule. In stage II, indole, channeled from the «-
site, makes a nucleophilic attack on E(A-A), giving
the intermediates E(Qg), E(Qs3), E(Aexy), E(GDy),
and, finally, L-Trp. TRPS complexes with ligands
bound to the a-site readily crystallize and, when
soaked with substrates and substrate analogues for
the B-reaction, give quasi-stable, catalytically active
species equivalent to intermediates formed along
the B-reaction pathway. For example, indoline and
2-aminophenol (2AP) both have been shown to
behave as indole analogues, reacting rapidly with
E(A-A) to produce the long-lived indoline quinonoid,
E(Q)indoline, and 2AP quinonoid, E(Q)zap, species,
respectively. The E(Q)indoline intermediate slowly
converts to the novel amino acid dihydroiso-L-
tryptophan (DIT), while the E(Q)2ap species is sta-
ble and does not appear to turn over to form prod-
uct(s) (Supporting Information Scheme S1).2132 The
compounds «-D,L-glycerol phosphate (GP), and the
two high-affinity «-site binders, N-(4'-trifluorome-
thoxybenzoyl)-2-aminoethyl phosphate (F6) and N-
(4’-trifluoromethoxybenzenesulfonyl)-2-aminoethyl

phosphate (F9), have been extensively studied and
used as analogues for IGP3® X-ray crystal struc-
tures are available for F6 and F9 complexes of the
TRPS E(Ain), E(A-A), and both the E(Q)ingoline and
E(Q)oap derivatives. Although these structures
range in resolution from ~1.75 to ~1.20 A, localiz-
ing the protons on the ionizable groups in the B-site
by X-ray crystallography remains elusive. Recent
ssNMR studies provided chemical shifts for selected
atoms of the E(Ain) intermediate and have estab-
lished that the SB linkage of the Lys87 e-imine
nitrogen is protonated while the pyridine nitrogen
(PN) is deprotonated for this species.?* However, for
the E(A-A), E(Qindoline, and E(Q)2ap, previously
published®? and additional chemical shift data®®
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(unpublished data; manuscript in preparation) seem
to support the idea that the proton shifts from the
SB nitrogen to the phenolic oxygen (PO), at least as
the majority species. However, the predominant pro-
tonated PO structures appear to participate in pro-
ton exchange both with the carboxylate oxygen (CO)
and, to a lesser extent, the SB nitrogen in the
E(Q)indoline and E(Q)oap forms (Scheme 1; Support-
ing Information Fig. S1). As a result, these various
states of protonation must be considered when craft-
ing MD models.

The combination of X-ray crystallography and
ssNMR provides an important platform for under-
standing structural frameworks at active sites by
revealing chemically rich details about the interac-
tions between enzyme residues and the reacting sub-
strates. Yet, we still lack understanding of how the
transfer of a proton among different loci changes
TRPS dynamics and the relative stability of inter-
mediates within the B-site. In this study, we investi-
gate the dynamic behavior of TRPS for different
intermediates — E(Ain), E(A-A), E(Q)indoline,; and
E(Q)oap — formed during the B-reaction via MD sim-
ulations, including all-atom information and explicit
solvent motions. Simulations probe the effects of dif-
ferent protonation states for the PLP ionizable
groups and the covalently attached B-site substrates/
analogues on the overall enzyme dynamics and sta-
bility. By examining dynamic motions of the TRPS
complexes, we elucidate protein—substrate inter- and
intra-molecular interactions and the changes in
motions due to switching of proton positions in the
reacting species. We also investigate key interactions
among water molecules and TRPS substrates with
open B-site conformations. We discuss the implica-
tions of these MD studies for understanding the
roles played by protonation states and water interac-
tions in the mechanism of TRPS.

Results and Discussion

Determining the protonation states of ionizable
groups in B-reaction intermediates is essential for
understanding the most important remaining ques-
tions concerning the mechanism of the acid-base
chemical reactions in TRPS catalysis. In this
respect, we aim to explore the detailed dynamics of
model structures that differ only in placement of one
proton in the B-active site. Seven different locations
were alternately protonated/deprotonated for simula-
tions: the phosphoryl group (PG), pyridoxyl nitrogen
(PN), pyridoxyl oxygen (PO), SB nitrogen, both car-
boxyl oxygens (CO) of the L-Ser substrate, and the
neighboring e-nitrogen of BLys87 (Scheme 1). Guided
by chemical intuition, not all of these sites can be
simultaneously protonated. Therefore, we focus on
structures relevant to one proton exchanging posi-
tions between the PO, SB, and CO sites. Doubly-
protonated species that contain an additional proton
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Scheme 2. Substrates investigated in this molecular dynamics (MD) simulation study. The intermediates include the
changes in proton on each ionizable group. The predominant protonation states from solid-state NMR reports are shown

in boxes.

on the PN or PG are also considered to study the
specific interactions between the PLP ligand and
enzyme residues. Thus, 17 total possible ligand-
substrate protonation schemes are considered. To
simplify the notation, we designate structural mod-
els to indicate specific protonation states using a
system of abbreviations; for example, a proton at the
PO position in E(Ain) is denoted as E(Ain):PO, while
a proton at the SB position in E(A-A) is designated
E(A-A):SB. The different protonation states consid-
ered here for intermediates in the TRPS B-reactions
are listed in Scheme 2.

In this study, we assume that crystal structures
provide equilibrium coordinates for all heavy atoms
inclusive of the protein and «- and B-substrates;
hence, the structures obtained from the PDB show
optimal geometries in global energy minima. Using
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X-ray structures as templates, we manually assign
protonation states for the B-reaction intermediates
based on suggestions from the ssNMR data. The 50
ns MD simulations are considered short compared to
the time scale of protein folding conformational
dynamics, so the sampled conformations should the-
oretically stay within a local energy well. Although
the substrates and protein are mobile in solution,
the overall geometry should not be significantly
skewed from the crystal structures. Therefore, for
all intermediates studied, we carefully checked the
fluctuation of substrates and key residues by align-
ing the crystal structures and MD trajectories.
Moreover, we also discuss the ways that different
protonation states affect the conformation or cataly-
sis of TRPS through changes in overall and local
protein dynamics and in protein—water interactions.

Protonation States and Catalysis
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Figure 2. Protonation states of E(Ain). (left) The ligand (cyan) shows a proton at the SB nitrogen. The residues and water mole-
cules forming interactions with E(Ain) are also shown. (middle) A proton was added at the pyridine nitrogen (PN). Motions of the
ligand with two different protonation states, SB (cyan) and SB_PN (pink). (right) Comparison of a proton at the PO (yellow) and
SB nitrogen (cyan). The distance between the PN and Ser3770" is shown in blue, and the distance between the phosphorous
atom and Gly234N is shown in red. All snapshots are from 50-ns MD simulation.

Protonation states of E(Ain)

E(Ain) is the resting form of the enzyme; it occurs
before PLP fuses with L-Ser in the B-catalytic reac-
tion. The '°N chemical shift for the linking Lys e-
nitrogen from ssNMR reveals a protonated SB link-
age, while 3C, N and 3'P chemical shifts on PLP
report that the PG, PO, and pyridine ring nitrogen
are deprotonated.?* Our MD simulations show that
the E(Ain):SB complex is locked into the binding
pocket of the B-subunit. Figure 2(SB) shows the resi-
dues that make direct contact with E(Ain):SB. The
PG forms multiple H-bonds with neighboring resi-
dues and is enclosed by His86, Thr190, and the loop
Gly232, Gly233, Gly234, Ser235, and Asn236.
Ser377 forms interactions with PN, as previously
documented.®* Of note, based on pKa calculations
performed with the MCCE program,®® His86 is
assigned a doubly-protonated state with hydrogen
atoms at both the e- and 3-nitrogens. Although this
residue can occasionally form H-bonds with the PG,
the two protons at the nitrogen atoms of the imida-
zolyl ring can also form H-bonds to the Ser235 side
chain and the Ser377 backbone simultaneously,
allowing His86 to connect the «a-helix and loop to
create a well-formed cavity for TRPS B-site inter-
mediates (see Supporting Information Fig. S2). In
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addition, the E(Ain) active site is filled with numer-
ous water molecules. The crystal water molecules
(PDB ID: 4HT3) Wat502 and Wat505 are highly sta-
ble during the 50 ns MD simulations. Wat502
bridges Ala237 and Cys230, and Wat505 stays local-
ized between Cys230 and Asn375 to form H-bonds
with both residues [Fig. 2(SB)].

To further test the structure of E(Ain):SB, we
added one more proton at PN to create another pro-
tonation state designated E(Ain):SB_PN. Figure
2(SB_PN) shows the alignment of the two protona-
tion states: E(Ain):SB and E(Ain):SB_PN. The larg-
est difference between the two models is that the
presence of two protons in E(Ain):SB_PN causes a
shift in the position of the coenzyme in the binding
pocket, resulting in the loss of interactions between
the PG of E(Ain) and Gly232, Gly233, and Gly234.
Also, the H-bond between the PN and Ser377 is
missing (see the distance plots in Fig. 2). The shift
of E(Ain):SB_PN in the MD simulations results from
the rotation of the Lys87 side chain. The Lys residue
has 5 rotatable side chain dihedral angles. The first
and third dihedrals do not change during the simu-
lation; however, the rotations of angles #2, #4, and
#5 cause destabilization of the ligand (Supporting
Information Fig. S3). In addition, the proton at the

PROTEIN SCIENCE ‘ VOL 25:166-183 1M



PN alters the motions of the coenzyme and changes
the dynamics of nearby protein residues. The
RMSDs of the protein backbone and side chains
within 7 A of the ligand were calculated (Supporting
Information Fig. S4) and determined from MD simu-
lations between 5 and 50 ns. The mean side chain
RMSDs in the E(Ain):SB, E(Ain):SB_PN, and
E(Ain):PO complexes were 1.87+0.23, 2.51*+ 0.32
and 1.80=*+0.15 A, respectively, indicating that the
protein residues near the binding cavity become
more flexible when a proton is placed on the PN.
Notably, our recent study showed that similar to
other fold type II PLP enzymes, protonation at the
PN position is precluded by interaction with a proto-
nated Ser377 hydroxyl group,>* and our MD simula-
tions agree well with this work.

We explored the effects of protonation at the PO
by moving the proton from the SB nitrogen to the
PO to create the state E(Ain):PO. Although the sub-
strate and protein dynamics seem essentially unaf-
fected by the switch of the proton position from the
SB nitrogen to the PO, water molecules exhibit dif-
ferent behavior between E(Ain):SB and E(Ain):PO.
Since E(Ain) shows open conformations of the -
subunit, the substrate in the B-site is well solvated
by water molecules. Our MD simulations of
E(Ain):SB show that the PG, PO, and Lys87-eN are
all exposed to a number of water molecules (Sup-
porting Information Fig. S5), which can bridge inter-
actions between the SB nitrogen and PO, in
agreement with observations from a recent study.®*
RMSD calculations of water motions in the
E(Ain):SB structure revealed that compared to bulk
water, which relocates frequently, several crystallo-
graphic water molecules stay with the deprotonated
PO for more than 30 ns. This suggests that the
water molecules have a higher tendency to stay in
the binding pocket when a proton is located on the
SB nitrogen rather than the PO; indeed, simulations
of E(Ain):PO show that the PO is surrounded by
fewer water molecules when it possesses the proton.
The mean number of water molecules found within
4 A of the PO in the E(Ain):SB and E(Ain):PO simu-
lations is 3.1+ 1.1 and 1.9 = 0.8, respectively (Sup-
porting Information Fig. S6). The poor solvation for
the E(Ain):PO complex may be due to the neutral
PO; in contrast, a formal negative charge on the PO
in the E(Ain):SB structure could attract more water
molecules. The water molecules near the substrate
and Lys87 may affect proton delivery from the SB
nitrogen to the PO in the next catalytic steps,
wherein E(Ain):SB converts to the E(A-A):PO
intermediate.

Protonation states of E(A-A)

The stable E(A-A) intermediate is formed upon cova-
lent binding of L-Ser to the PLP cofactor; several
crystal structures are available showing the

172 PROTEINSCIENCE.ORG

B-subunit in the closed conformation (we used PDB
ID 4HN4). In contrast to E(Ain), which covalently
binds Lys87, the E(A-A) intermediate does not form
a covalent bond with the protein, and it is ready for
fusing indole to L-Ser to produce L-Trp. Based on
model compound studies,?” the '3C ssNMR spectra
for E(A-A) indicate that the proton remains on the
PO for a majority of the lifetime of the intermediate,
though it is possible to transfer the proton to the SB
nitrogen for short spans of time. The protein makes
three direct contacts with the substrate-coenzyme
complex [see Fig. 3(PO)]. First, the PG is locked in
place through interactions with residues His86,
Lys87, Thr190, Gly234, Ser235, and Asn236. The
dihedral angles of the Lys87 side chain are highly
rotatable, and the side chain can flip back and forth
to form interactions with both the PG and Gly189.
Second, the PN forms hydrogen-bonding interactions
with the B-hydroxyl group of the Ser377 side chain.
Third, CO atoms interact with the hydroxyl group of
the Thr110 side chain and the backbone nitrogens of
Gly111 and His115 (Fig. 4). In addition, we observed
intra-molecular H-bonds between the SB nitrogen
and PO. TRPS in complex with E(A-A) shows a
closed conformation of the B-subunit, with no water
molecules near the PN, PO, SB nitrogen, and COs.
Although several highly mobile water molecules are
located around the PG and form an interaction net-
work during the MD simulations, in contrast to
E(Ain), no structural (crystallographic) waters are
observed.

The «-subunit produces indole, which is then
transferred to the B-site through the tunnel followed
by the series of chemical steps comprising Stage II
of the B-reaction. To model the E(A-A) species with
an indole positioned to form the E(Q);ngole intermedi-
ate, the complex of BZI bound to E(A-A) was pre-
pared. The X-ray crystal structure of this complex
(PDB ID: 4HPX) shows BZI is bound in the same
position indole would occupy in the E(A-A) complex
for reaction with CP of the a-aminoacrylate interme-
date.?® Once in the tunnel, BZI locates the entrance
to the B-subunit active site, which is lined by the
hydrophobic residues Glul09, His115, Leul66,
Cys170, Leul88, Phe280 and Phe306 [Supporting
Information Fig. S7(left)]. The Glul09 carboxyl
group makes an H-bond to one BZI nitrogen; the
indole ring of E(Aex,) binds in an essentially identi-
cal fashion.'® In this way, the residues around BZI
create an optimal environment to stabilize the sub-
strate in the binding pocket, which helps to explain
earlier findings that the mutation of Glu109 could
alter the substrate specificity and catalytic activity
of the B-subunit.?® Although BZI was mobile during
the simulation [Supporting Information Fig.
S7(right)], the interactions between E(A-A):PO and
TRPS mentioned previously remain intact. This indi-
cates that the B-subunit active site can accommodate

Protonation States and Catalysis
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Figure 3. Protonation states of E(A-A). (PO) Presentation of E(A-A):PO binding to TRPS. The residues interacting with the phos-
phoryl group (PG), PN, and carboxylate oxygens (COs) of E(A-A):PO are shown in yellow, pink, and purple, respectively. (CO)
The alignment of E(A-A):CO (yellow) and E(A-A):PO (cyan). Residues Lys87 and GIn114 are shown. The H-bond between Lys87
and the PO of E(A-A):CO is shown in green. (SB) The alignment of E(A-A):SB (pink) and E(A-A):PO (cyan). The GIn114 side chain
forming H-bonds with the PO of E(A-A):SB is shown as a green dashed line. (PO_PN) The alignment of E(A-A):PO_PN (orange)
and E(A-A):PO (cyan) is depicted. The Lys87 and Ser377 residues can form H-bonds with E(A-A):PO_PN. All snapshots are

from 50-ns MD simulation.

BZI while the coenzyme-substrate complex resides
in the a-aminoacrylate form, which remains stable
with a proton on the PO.

When the proton moves from the PO to the
COs, denoted as E(A-A):CO, protein dynamics and
conformations undergo changes that allow the B-site
to open. The net charge of the carboxyl group
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changes from —1 to 0, which affects the H-bond net-
work. Figure 4 shows the amount of H-bonding
observed between the CO atoms and the residues
Thr110, Glyl1l, and Hisll5 during the 50 ns
MD simulations. Compared to E(A-A):PO, and the
E(A-A):SB and E(A-A):PO_PN complexes described
in the following paragraph (which hold a —1 charge
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at CO atoms), fewer H-bonds are present between
the COs and the protein for the E(A-A):CO struc-
ture. In particular, interactions between the COs
and the side chain of Thr110 are missing. Although
the structures of E(A-A):PO and E(A-A):CO seem
similar upon alignment [Fig. 3(CO)], the weaker
interactions around the COs of E(A-A):CO result in
the destabilization of the residues around the sub-
strate. The Lys87-e-N now forms H-bonds with the
PO, and GInll4 tends to move toward the PO
instead of retaining a conformation exposed to sol-
vent, which has not been observed in any X-ray
structures. Furthermore, we also measured the dis-
tance between Argl41C® and Asp305CY, which
defines the open and closed conformations of the -
subunit. The salt-bridge between Argl4l and
Asp305 breaks when the proton transfers from the
PO to the CO, indicative of an open B-site. This
allows water molecules to move from bulk solution
and join the cluster near the PO (Fig. 5). The theo-
retical formation of the E(A-A):CO structure in
TRPS shows how changing a single proton location
affects the local binding site and alters the overall
protein dynamics and molecular motions.

Two other protonation states of the E(A-A) com-
plex were also modeled: E(A-A):SB and E(A-
A):PO_PN. The RMSD plot in Supporting Informa-
tion Figure S8 shows that both of these structures
have larger dynamic fluctuations compared to the
E(A-A):PO structure. The PO of the E(A-A):SB com-
plex holds a —1 charge, similar to E(A-A):CO, allow-
ing the GIn114 side chain to hydrogen bond with the
PO [Fig. 3(CO)] and causing a slight shift in ligand
position. To retain H-bonds between the PN and the
hydroxyl group of Ser377, the conformation of the
E(A-A):PO_PN structure twist slightly, which allows
the Lys87 side chain to rotate to the back side of the
complex. This results in new interactions between
the Lys87 side chain and the SB nitrogen [Fig.
3(PO_PN)], and a loss of interactions between the
PG and Lys87. However, large movements of the
GInl114 and Lys87 side chains are not evidenced in
the available crystal structures, which further sup-
ports the dominance of the PO structure and the low
populations of the E(A-A):SB and E(A-A):PO_PN
complexes.

Protonation states of E(Q)indoiine @and E(Q)2ap

E(A-A) reacts too rapid with indole to give a quasi-
stable E(Q)ingole [Fig. 1(bottom)] for extended crys-
tal studies. The indole analogue indoline, however,
can be used in the reaction with E(A-A) to produce
a long-lived, quasi-stable E(Q)ingoline intermediate
(PDB ID: 3PR2). The ssNMR results suggest that
the proton of E(Q)indoline 1S capable of exchanging
between the PO, CO, and SB nitrogen positions,
and recent data suggests that the protonated PO
form dominates the equilibrium. Like the E(A-A)
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Figure 4. Percentage of H-bonds found between the CO
atoms and the three residues, Thr110, Gly111 and His115.
Percentage of H-bonds formed during 50-ns MD simulations
of the TRPS in complex with E(A-A):PO, E(A-A):CO, E(A-
A):SB and E(A-A):PO_PN.

structures, the E(Q)ingoline:PO complex displays
three major interactions with the enzyme: the PG
interacts with His86, Lys87, Thr190, Gly234,
Ser235, and Asn236; the PN interacts with Ser377;
and the COs interact with Thr110, Gly111l, GInl114,
and His115. In fact, the E(A-A) and E(Q)ingoline
structures differ only in the binding of an indoline
molecule to the serine-derived CP. The models also
reveal an H-bond between the PO and SB nitrogen.
Furthermore, the hydrophobic rings of indoline can
interact well with the nonpolar functional groups of
neighboring residues Glul09, Hisl115, Leul66,
Thr190, and Phe306, providing additional contacts
between the coenzyme-substrate complex and the
protein [Fig. 6(PO)] and resulting in a highly stable
intermediate.

When the proton shifts to the CO, E(Q)indon-
1e:CO and E(Q)ingoline:PO show good structural
alignment [Fig. 6(CO)]. The key residues Lys87,
GInl14, and Ser377 maintain similar conformations
for both protonation states. The agreement and sta-
bility of both structures adds credence to ssNMR
findings indicating that the proton may be in fast
exchange between the PO and COs. In contrast to
the changes that occur upon deprotonation of the
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Figure 5. Comparison of water motions and protein conformations in the E(A-A):PO, E(A-A):CO and E(A-A):PO_PG complexes.
Water molecules within 3.2 A of E(A-A) substrates at 50 ns are shown in the bead representation. The red circle indicates that
several water molecules cluster around the PO of E(A-A):CO and E(A-A):PO_PG. We also measured the distance between
Arg141C* and Asp305CY, which defines the open and closed conformations of the B-site. The TRPS in complex with E(A-A):CO
shows the open conformations occasionally, and the E(A-A):PO_PG complex shows the open conformations beginning at 12 ns
in the simulation. A distance between Arg141C* and Asp305CY of less than 5.5 A indicated the closed conformation and greater
than 8.5 A indicaed the open conformation. All snapshots are from 50-ns MD simulation.

PO in the E(A-A) complex, GIn114 does not appear
to shift toward the PO, and the H-bonds between
the COs of E(Q)indoline:CO and Thr110 remain stable,
as in the E(Q)ingoline:PO structure (Supporting Infor-
mation Fig. S9). The differences between the E(Q)in.
doline:CO and E(A-A):CO complexes may be due to
distinct interactions between protein residues and
indoline in the active site, providing better stabiliza-
tion of the structure. Thus, for E(Q)ndoline, an
exchange of the proton from the PO to the COs has
little overall effect on the dynamics and stability of
the substrate-cofactor complex and the residues in
the binding cavity.

The E(Q)ingoline:SB form of the cofactor complex
was also modeled, as it has been postulated to play
a role in the exchange of the proton between the PO
and CO positions. In this structure, the COs main-
tain their hydrogen bonds to Thr110, and Ser377

Huang et al.

remains hydrogen-bonded to the PN. However, much
like the E(A-A):CO and E(A-A):SB states, the side
chain of GIn114 rotates to form interactions with the
PO rather than remaining exposed to solvent [Fig.
6(SB)], promoting a slight twisting of the pyridine
ring. These motions result in decreased stability in
the binding pocket, which explains the lower popula-
tion of the E(Q)ingoline:SB form.

The traditional view of PLP enzymes holds that
the PN should be protonated, so we investigated the
effects of protonation at this site. Addition of a pro-
ton to the PN to create the E(Q);ndotine:PO_PN com-
plex results in the hydroxyl side chain of Ser377
rotating away from the PN and breaking the H-bond
with the PN [Fig. 6(PO_PN)]. The PLP ring also
moves away slightly from Ser377 due to the more
crowded environment. This movement of the ring
causes instability of the substrate-derived carboxyl
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E(Q)indoline:co
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J
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E(Q)indoline:PO_PN
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Figure 6. Protonation states of E(Q)ingoiine- (PO) The residues interacting with the indoline ring of E(Q)indoline:PO are shown in
the green bond representation. (CO) The alignment of E(Q)indoiine:CO (yellow) and E(Q)ingoiine:PO (cyan). The good alignment of
the residues Lys87, GIn114, and Ser377 is shown. (SB) The alignment of E(Q)indoiine:SB (pink) and E(Q)ingoline:PO (cyan). The res-
idues GIn114 and Ser377 form H-bonds (red dash lines) with the ligand. (PO_PN) The alignment of E(Q)ingoline:PO_PN (orange)
and E(Q)indoiine:PO (cyan). The hydroxyl group of Ser377 and Thr110 rotates away from E(Q)ingoline:PO_PN. All snapshots are

from 50-ns MD simulation.

group, as some of the H-bonds between the COs and
Thr110 become lost (Supporting Information Fig.
S9). Further instability results from the presence of
water molecules between the COs and Thr110 at 40
to 50 ns during the MD simulations, which destroys
the linkage between E(Q)ingoline:PO_PN and Thr110
(Supporting Information Fig. S10). Thr1l0 is one
residue of the COMM domain, and the missing
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interactions trigger the opening of the B-subunit of
TRPS; hence, the salt-bridge between Argl41C* and
Asp305CY cannot form, and water molecules move
into the binding site (Supporting Information Fig.
S11). The RMSD plot in Supporting Information Fig-
ure S12 indicates that the stability of coenzyme-
substrate complexes decreases as shown: E(Q)ingoline:
PO > E(Q)indoline:co > E(Q)indoline:SB > E(Q)indoline:
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Figure 7. Protonation states of E(Q)oap. (PO) The residues interacting with the 2-aminophenol ring of E(Q)2ap:PO are
shown in a yellow bond representation. (CO) and (SB) The residue GIn114 is flexible during the 50 ns MD simulations.
The side chain of GIn114 can move toward either the PO or solvent depending on protonation state. The conformations
of GIn114 at 10, 20, 30, 40, and 50 ns are shown in different colors. (PO_PN) The key residues around E(Q).ap:PO_PN
are shown in yellow bond. The red circle indicates the missing H-bond between the PN and Ser377. All snapshots are

from 50-ns MD simulation.

PO_PN. Although the quinonoid form is most stable
with a protonated PO, the fluctuations of the com-
plexes containing a protonated CO or SB nitrogen
are all within 1.0 A, suggesting a similar geometry
for each of the protonation states. However, the
RMSD for E(Q)indoline:PO_PN increases significantly
during the 50 ns simulation because the complex
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searches for a lower energy conformation. Our
findings from MD simulations agree with ssNMR
studies suggesting that the PN is likely
unprotonated.

When 2AP is used as the incoming nucleophile
in stage II of the B-reaction, it bonds to C? through
its amino group to form another stable E(Q)ingole
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PN :-0.6

Figure 8. The rotation of the Ser377 sidechain in response to changes of the charge on the PN. E(Q)inqoiine iS pPresented in the
bound representation. The MD snapshots of Ser377 are shown every 5 ns.

analogue, E(Q)oap (PDB ID: 4HPJ). The hydroxyl
group forms an H-bond with Glu109, and the hydro-
phobic side chains of Leul66, Thr190 and Phe306
provide weak attractive forces to the ring [Fig.
7(PO)]. The E(Q)2ap complex is more tightly bound
to the protein; the intermediate fails to turnover to
an amino acid product. Simulations of this quino-
noid intermediate with the protonation states
E(Q)2ap: PO, E(Q)oap:CO, and E(Q)oap:SB show
that the structures are all stable in the binding
pocket, and the attractions between the protein
and the PG, CO, and PN are all retained during
the 50 ns simulations [Fig. 7(CO) and (SB)].
GInl114 can move toward the solvent or the sub-
strate in the E(Q)oap:CO and E(Q)oap:SB simula-
tions. The structures become unstable when a
proton is added to the PN. The simulation of the
E(Q)2ap:PO_PN complex shows missing H-bonds
between the PN and Ser377 [Fig. 7(PO_PN)], and
the resulting motions increase instability in the
binding pocket. Overall, the motions of the E(Q)2ap
analogue to TRPS are similar to the motions of the
E(Q)indoline complexes in our study. Again, the sug-
gested protonation states of E(Q)oap from MD sim-
ulations agree with experimentally determined
ssNMR chemical shifts.
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Roles of the pyridine nitrogen in PLP catalysis

The pyridine ring nitrogen is one of the functional
groups critical to PLP catalysis, and an H-bond
between the PN and enzymatic residues is essential
for catalysis. Protonation of the PN in most PLP-
dependent enzymes is traditionally proposed because
it allows the coenzyme to adopt a zwitterionic struc-
ture, creating resonance-stabilized carbanionic inter-
mediates. This stabilization is conventionally
attributed to the ability of the protonated pyridine
ring to act as an electron-sink.3%*° For example,
early studies of aspartate aminotransferase con-
firmed that some enzymes use the cofactor with a
fully protonated PN, which then forms a salt-bridge
with Asp222 below the pyridine ring.*' However,
recent studies suggest that some PLP enzymes, such
as alanine racemase and O-acetylserine sulfhydry-
lase, use the PN in an unprotonated form. This
remodulation of the PLP structure demonstrates
that not all PLP enzymes require the protonated PN
for stabilization of carbanionic intermediates.*? 44
Our MD simulations confirm that although a proton
never transfers to the PN in TRPS, the enzyme can
use the B-hydroxyl group of Ser377 to form a strong
H-bond with the PN, which still enables the forma-
tion of carbanionic intermediates. Attempts to bind
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a second proton to the PN cause a shift of the entire
B-subunit, such as in the E(Ain) structure [Fig.
2(SB_PN)], or cause the PLP-substrate complex to
twist in search of better interactions for Ser377, as
in the E(A-A) and E(Q)ndgoine complexes [Fig.
3(PO_PN)]. It is clear that there is not enough space
to accommodate a second proton in the area between
the PN and Ser377.

Because the X-ray structures, ssNMR, and
dynamic modeling studies preclude arrangements
with a protonated PN, the negative charge density on
the quinonoid intermediate must be accommodated
through other weak and strong bonding interactions
between the complex and the protein scaffolding at
the site.*?2 One DFT computational study showed the
distribution of atomic charges in PLP derivatives
using both a protonated and unprotonated PN.*°
However, consideration of the PLP-substrate complex
and only a few nearby atoms is not enough to capture
the full picture of protein—substrate-cofactor interac-
tions, overall conformational changes, and dynamics
of substrates binding to PLP enzymes. Therefore, to
study whether the charge distribution on the PN
plays a crucial role in controlling reaction specificity
in PLP enzymes, we manually assigned a negative
charge ranging from —0.4 to —0.9 at the PN of
E(Q)indoline; With the total charges of the overall com-
plex fixed at —4. Figure 8 shows the rotation of the
Ser377 side chain as a function of charge at the PN.
The H-bond between the PN and the hydroxyl group
of Ser377 are missing with a charge —0.4. Although
the H-bond is maintained initially with charges of
—-0.5, —0.6, and —0.7 on the PN, the side chain of
Ser377 ultimately rotates away at 2040 ns. As the
negative charge on the PN is decreased to —0.75 and
—0.8, the Ser377 side chain can rotate to the back
side of the ring in the middle of the MD simulations;
however, the crystallographic position of Ser377 was
stable over the simulation time course. Structures
generated for MD simulations best match the crystal
structures when the PN charge is decreased to —0.9.
Thus, the charge distribution of the pyridine ring is
critical to the local stabilization of carbanionic inter-
mediates, and protein conformations near the B-
active site are perturbed with small changes to the
PN. Notably, the E(Ain) and E(A-A) structures main-
tain the H-bond between Ser377 and the PN with
charges of only —0.3 to —0.5 on the PN. The E(Q);nd0-
line and E(Q)oap forms display a higher negative
charge on the PN, indicative of the charge delocaliza-
tion required for carbanionic intermediates generated
during catalysis.*?

Roles of the phosphate group in PLP catalysis

The phosphate group has been a crucial inorganic
modifier in a wide variety of protein-ligand systems,
including PLP-dependent enzymes, which catalyze
amino acid transformations.*® PG binding sites of
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most PLP enzymes are similar, with the oxygen
atoms of the PG hydrogen bonding to a series of
backbone Gly residues. The end result of this speci-
ficity is that chemical modifications of the 5'-
phosphate group have a large impact on PLP bind-
ing.*” Although the deprotonated PG has been a par-
adigm in most systems of PLP catalysis, the way
that the protonation state of this group modulates
stability and catalysis remains unknown. Our study
of the protonated (—1 charge) and deprotonated (—2
charge) PG in E(A-A) complexes show that the pro-
tonated structure maintains the same interactions
as the deprotonated structure, except the H-bonds
between the carboxylate group of L-Ser and Thr110/
His115 are missing in the protonated complex (Fig.
4). These missing H-bonds are the result of move-
ment of the GInll4 loop in E(A-A):PO_PG. The
alignment of E(A-A):PO and E(A-A):PO_PG (Sup-
porting Information Fig. S13) shows the loops con-
taining Thr190 and Ser235 shift toward the
substrate in an attempt to preserve the attractions
between the PG and the protein backbone. The con-
formational changes of the loops around the PG may
be attributed to the modification of the charge from
—2 to —1, resulting in one fewer deprotonated oxy-
gen atom available to interact with the protein.
Although TRPS adjusts local geometries in the bind-
ing pocket to tolerate the protonation of the PG, the
overall structure of the B-subunit gradually changes
from the closed to the open conformation because
the salt-bridge between Argl41C* and Asp305CY
cannot be retained. The open B-subunit allows sev-
eral water molecules to move into the binding pocket
and cluster around the PO (Fig. 5). To confirm these
results, we performed another MD simulation with a
different random number seed and came to similar
conclusions. In addition, simulations of the internal
aldimine structures E(Ain):SB and E(Ain):SB_PG
show that the dihedral angles of Lys87 rotate and
the H-bond between the PN and Ser377 is missing
when the PG is protonated (Supporting Information
Fig. S14). Taken together, these results imply that a
protonated PG alters the local protein structure in
the binding site and also changes overall protein
dynamics and water motions. The changes in struc-
ture that accompany protonation of the PG do not
agree with the crystal structures, adding evidence to
the idea that the PG carries a —2 charge throughout
TRPS catalysis.??

Conclusions

We have used MD simulations to investigate the
protein dynamics and structural stability involved in
the PLP-dependent enzyme TRPS upon switching
the location of a single proton to different functional
groups on the PLP—substrate complex. These simu-
lations illustrate the significance of how changing a
single proton location interrupts the overall protein-
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Table I. Summary of MD Simulations in Each TRPS-Substrate Complex With a Single Proton Switching Between Different Functional Groups
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E(A-A)
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substrate stability and restrains enzyme catalysis.
The functional groups of the PLP cofactor, substrate,
and substrate analogues play diverse roles in proton
transfer. By studying the E(Ain), E(A-A), E(Q)indoline
and E(Q)2ap complexes, the general features of each
functional group, tabulated in Table I, can be sum-
marized as follows: (a) In all TRPS intermediates,
the unprotonated PG with a formal —2 charge
serves as the main anchor for the cofactor, main-
taining important protein-substrate interactions
and allowing for a series of enzyme-catalyzed chem-
ical transformations mediated by the functional
groups of the PLP and substrates. (b) The unproto-
nated PN can form an H-bond with Ser377, which
stabilizes the PLP ring structure by forcing it to
maintain a locked conformation. (¢) To stabilize car-
banionic intermediates during catalysis, the elec-
trons delocalize, changing the electrostatic and
chemical environment of the ligand-substrate com-
plex. (d) When the PO is unprotonated, the polar
side chain of GInl114 moves toward the negatively
charged oxygen, which affects the movements of the
water molecules around the active site and induces
the switch to the open conformation of the B-
subunit for the E(Ain) form. (¢) The COs typically
form stable H-bonds with Thr110, Glyl11ll, and
His115. (f) Protonation of the PG, PN, or COs
results in the absence of these H-bonds (except in
the case of E(Q)indoline:CO and E(Q)2ap:CO), which
alters the motions of the COMM domain and causes
the opening of the B-subunit. By thoroughly map-
ping the conformational variations of TRPS due to
changes in protonation state in the B-subunit active
site, our study offers new insights into how this
enzyme stabilizes the different intermediates
formed at each catalytic step.

Materials and Methods

Molecular systems

The crystal structures of the TRPS in complex with
E(Ain), E(A-A), E(Qindolines and E(Q)oap were
obtained from the protein data bank (PDB) code
4HT3 with resolution 1.65 A, code 4HN4 with reso-
lution 1.64 A, code 3PR2 with resolution 1.85 A, and
code 4HPJ with resolution 1.45 A, respectively. 2332
The coordinates of the TRPS:E(A-A) complex includ-
ing a benzimidazole (BZI) molecule was obtained
from the PDB code 4HPX with resolution 1.30 A.23
All systems studied include the ligand F9 bound in
the a-active site and the MVC site in the B-subunit
is occupied by Cs™ ion.

MD simulations

The standard Amber 14 package with graphics proc-
essing unit (GPU) acceleration was used for MD
simulations.*®°® The protein and substrates were
modeled with the Amber 99SB and general Amber
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force field, respectively.’%%? The atom charges of the
intermediates were given by the vCharge model.?3
We carefully minimized the systems through hydro-
gen atoms, side chains, and the entire protein com-
plex for 500, 5000, and 50,000 steps, respectively.
The counterion, Na* based on the Coulombic poten-
tial, was placed where necessary to maintain the
overall system as neutral. After solvating the sys-
tem by the TIP3P water model to create the system
in a rectangular box of 12 A,54 we minimized the
water and entire system for 10,000 and 20,000
steps, respectively, to correct small flaws. Water
molecules were equilibrated for 40 ps. Then, all
molecules, including the protein, substrates, cofac-
tor, and solvent, were relaxed gradually by heating
the system at 250, 275, and 300 K for 20, 20, and
160 ps, respectively. The particle mesh Ewald was
turned on to consider long-range electrostatic inter-
actions.?®®® The Langevin thermostat with a damp-
ing constant of 2 ps~! was applied to maintain a
temperature of 300 K, and the SHAKE algorithm
was used to constrain hydrogen atoms during MD
simulations.?” We collected the resulting trajectories
every 1 ps with a time step of 2 fs in the
isothermic-isobaric (NPT) ensemble, and the total
simulation time for each protein—substrate system
was 50 ns.

Analysis of simulation data

The root-mean-square deviation (RMSD), distance of
atoms, and H-bond detection were calculated by the
use of VMD.?® We defined an H-bond when the dis-
tance between a donor (D) and an acceptor (A)
was< 3.5 A and the angle H-DeeeA was <60°. The
MD trajectories and snapshots were examined by
VMD and PyMol program.®®
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