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HPPK (6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase) catalyzes the transfer of pyrophosphate from
ATP to HP (6-hydroxymethyl-7,8-dihydropterin). This first reaction in the folate biosynthetic pathway is an
important target for potential antimicrobial agents. In this work, the mechanism by which HPPK traps and
binds ATP is studied by molecular dynamics (MD)-based methods. Based on the ternary crystal structure of
HPPK with an ATP mimic and HP, a complex of ATPMg, and HPPK is simulated and found to undergo
small conformational changes with conventional MD, as does also conventional MD when started from the
apo crystal structure. The introduction of restraints in the MD that serve to move HPPK—ATP from its ternary
complex (closed) to apo-like (open) forms shows that throughout the restraint path ATP remains bound to
HPPK. That ATP remains bound suggests that there is an ensemble of conformations with ATP bound to
HPPK that span the apo to more ligand-bound-like conformations, consistent with the pre-existing equilibrium
hypothesis of ligand binding, whereby a ligand can select from and bind to a broad range of protein
conformations. In the apo-like conformations, ATPMg, remains bound to HPPK through a number of mainly
salt-bridge-like interactions between several negatively charged residues and the two magnesium cations.
The introduction of a reweight method that enhances the sampling of MD by targeting explicit terms in the
force field helps define the interactions that bind ATP to HPPK. Using the reweight method, conformational
and center of mass motions of ATP, driven by the breaking and making of hydrogen bonds and salt bridges,
are identified that lead to ATP separating from HPPK. An elastic normal mode (ENM) approach to opening
the ternary complex and closing the apo crystal structures was carried out. The ENM analysis of the apo
structure analysis shows one mode that does have a closing motion of HPPK loops, but the direction does not
correlate strongly with the loop motions that are required for forming the ternary complex.

1. Introduction

Mechanistic proposals of how proteins (enzymes) bind their
ligands to carry out chemical transformations have a long
history. A progression of models has been introduced that in
essence increases the role of protein plasticity in the binding of
ligands.!~* The “lock and key” concept, introduced by Fischer,
asserts that a protein has a cavity that a ligand (or another
protein) can be fit into with minor rearrangements of protein
and ligand. This model does not account for proteins that can
bind differently shaped substrates. Koshland’s “induced fit”
model tries to account for this by suggesting that a ligand
induces a conformational change at the binding site, shifting it
toward an active state. The pre-existing equilibrium hypothesis,’
based on more recent funnel energy landscape protein-folding
theories,®’ asserts that the native state of the protein exhibits
an ensemble of conformations that can span apo to more ligand-
bound-like conformations. The ligand can select a prebinding
conformation and thereby bias the equilibrium toward the
catalytically competent binding conformation. Indeed, the
Monod—Wyman—Changeux (MWC)® model of allosteric regu-
lation relies on the possibility of equilibrium between pre-
existing conformations that stresses the view that a protein
(without ligands) equilibrates between two distinct conformers.
Conformational plasticity may be more advantageous for ligand
binding by requiring smaller protein rearrangements (with a
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reduced energetic requirement) than would be necessary in the
more open forms.

This more “dynamic” view of the ligand binding process
introduces difficulties for mechanistic studies that are based on
crystal structures of various substrate-bound (usually using
substrate mimics to prevent enzyme turnover) and apo forms
because crystallization gives essentially one conformation and
therefore cannot provide evidence for intermediate conforma-
tions. NMR structure determination is more suited to such
investigations in that it can provide an ensemble of structures.
Sometimes a conformational ensemble is found that, for
example, provides a rather diverse population of loop conforma-
tions. Once the emphasis shifts to conformational ensembles, a
natural approach is to use Molecular Dynamics (MD) simulation
to generate trajectories of conformations that can be used to
address these issues. In this regard, MD stands in contrast to
docking approaches where ligands and proteins are mainly
considered as rigid objects. Furthermore, even if different protein
configurations are used (versus one protein configuration) in
the docking procedure, they are typically obtained in the absence
of a ligand and therefore do not account for the mutual
rearrangement of protein and ligand. However, MD has the
distinct disadvantage that integrating Newton’s equations of
motion with a femtosecond time step will have difficulty
reaching times that can capture substantial conformational
transitions and fluctuations that may be occurring on the micro
to even seconds time scales, due to the complex configuration
space that has substantial barriers in the high-dimensional
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potential energy surface. Thus, various methods of accelerating
the ability of MD to explore conformational space such as
multicanonical ensemble,”'? simulated tempering,'""'? parallel
tempering (replica exchange),’*~2! and reweight methods?*~28
have been proposed.

In this work, we apply some enhanced MD methods to
explore the mechanism of substrate binding in the enzyme
6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK),
which catalyzes the transfer of pyrophosphate from ATP to
6-hydroxymethyl-7,8-dihydropterin (HP). It is the first reaction
in the folate biosynthetic pathway.?® Many kinases that catalyze
phosphoryl transfer®® have been extensively studied, but less is
known about the mechanism of pyrophosphokinases. While
mammals obtain folates from their diet, most microorganisms
must synthesize folates de novo, making the folate biosynthetic
pathway an important target for potential antimicrobial agents.*!

A number of crystal and NMR derived structures of HPPK
with ATP mimics and/or HP and HP-based ligands have been
obtained. The structure of apo HPPK*? from E. coli,
determined by crystallography, reveals a three-layered ofa
fold formed by six S-strands and four a-helices. There are
two highly flexible loops and a third loop that is less flexible.
A crystal structure of the ternary complex with AMPCPP
and two associated Mg?" ions (AMPCPP is nonreactive
analog of ATP) and with HP shows significant conformational
changes relative to the apo structure concentrated in the
flexible loops® that serve to sequester the ligands in a
catalytically competent form. Crystal structure data on the
binary complex of HPPK with AMPCPP show that this binary
complex is trapped in a “superopen” conformation where one
of the loops (loop 3) is in an extended conformation.>* NMR
studies of HPPK with a related ATP analog, AMPPCP, which
may be a better substrate mimic, present on average a
different but also more open (than apo) conformation.?
Actually, examination of the ensemble of structures reveals
that some are in conformations that approach the ternary
closed conformation. The NMR results suggest that the binary
complex of HPPK with ATP most likely is labile, sampling
both open and closed-like conformations. MD simulations
of apo HPPK and a binary complex of HPPK with ATP,
based on the NMR superopen form, have been carried out.?
The sampling of the loop conformations was improved with
the use of the locally enhanced sampling method (LES).%’
These simulations showed that the apo loop conformations
could be quite similar to those found in the experimentally
determined superopen binary complex. The LES simulation
even produced conformations of loop three that are more open
than found in the crystal binary complex structure. Thus, it
appears that the loops of HPPK can sample a very broad
range of conformations and that HPPK may fall into the
category of a pre-existing equilibrium enzyme.

Equilibrium binding measurements show that HPPK binds
ATP (actually AMPPCP) with high affinity, and kinetic
measurements indicate that ATP binds first, and slowly, followed
by very rapid HP binding.*® Without the presence of ATP, HPPK
does not bind HP in measurable quantities. These data suggest
that there is a “proto-pocket” for HP binding that is formed by
first binding ATP. The slow ATP binding is consistent with
the idea that there is conformational flexibility of HPPK and
that ATP selects from a conformational ensemble. Once ATP
is bound, the HPPK—ATP complex may stabilize to a set of
conformations appropriate for the rapid uptake of HP.

Our initial simulations of HPPK focused on the apo crystal
structure. We found that conventional MD led to little confor-
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mational change. The loops do fluctuate more than the core parts
of HPPK, but there was no evidence of loop conformations
resembling the ternary structure. Enhanced MD sampling
methods did show more conformational changes in the loops,
but no definitive evidence for more closed-like conformations
evocative of the ternary complex structure. Simulations starting
from the ternary structure with both ligands removed essentially
fluctuated around the ternary form with no tendency for opening
toward the apo structure; if anything, there was a distinct
contraction of HPPK related to having deleted the ligands.
Enhanced MD did show some tendency to sample more open-
like conformations. To summarize these results, even with
enhanced MD, apo HPPK does not sample ternary complex-
like conformations, and ternary complex HPPK (with HP and
the ATP mimic deleted) does not sample apo-like conformations.

Because apo HPPK does not fluctuate to closed-like confor-
mations, in this work we will consider HPPK—ATP as the basic
species of the investigation. Simulations of HPPK—ATP
(hereafter, we use this notation as shorthand for the complex
of HPPK, ATP, and the two Mg?" ions that are required for the
catalytic activity) have been carried out to answer the following
two sets of questions: (1) What happens to the ATP along a
path that spans the ternary complex to apo forms? Does ATP
release from the protein at some stage along a closed (ternary
complex-like) to open (apo-like) path, or are there sufficient
interactions with the protein that it always remains bound to
HPPK? Said otherwise, does HPPK—ATP provide a large
conformational ensemble? (2) Once an open conformation of
HPPK—ATP is achieved, will ATP still remain bound to HPPK?
Can conventional MD address this issue, or are enhanced MD
methods required?

If these issues are to be addressed by atomistic-based
methods in the complex configuration space of a protein with
its ligands, where conventional MD cannot guarantee good
sampling in a reasonable computational time, methods that
accelerate the exploration of configuration space must be
introduced. A number of methods exist that speed up
transitions over potential energy barriers. One class of method
introduces restraints that operate on the atoms to direct the
trajectory between some initial and final state.* The restraints
can range from being applied to all of the atoms to drive the
system between the (known) end points with complete
conformity to being applied to just a particular atom—atom
distance as would be appropriate for obtaining a one-
dimensional potential of mean force. Another approach uses
the parallel tempering/replica exchange method (REM)'3~2!
and its variants.?*?! The REM method is global; for example,
in the original temperature REM, where replicas of the system
are simulated with temperatures larger than the ambient one,
all degrees of freedom are “targeted” for enhanced sampling
speed through the use of the higher temperatures. Another
approach is to use a reweighting method, which modifies the
potential surface to generate a trajectory that more readily
surmounts barriers.?>”2® The trajectory is then reweighted
back at each step to restore Boltzmann sampling. We
developed a version of reweighting that we will refer to as
targeted reweighting.?® The term targeted implies that rather
than modify the entire potential surface, only very specific
terms in the potential are to be modified. Targeting can
provide the flexibility to address different impediments to
overcoming specific barriers on the potential energy surface.
Targeted reweighting can be viewed as the opposite extreme
of the global, temperature REM.
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Figure 1. A schematic representation of the MD simulation protocol.
The cylinder denotes residues that form a binding region for ATP with
key residue side-chain orientations denoted by curved arrows. ATP is
represented as a wiggly line. The initial HPPK—ATPMg, binary
complex is constructed from the ternary crystal structure. Ten consecu-
tive restraint simulations direct HPPK—ATPMg, toward the apo crystal
structure. ATPMg, remains bound throughout the process even though
residues initially trapping ATPMg, gradually move away, through
trapping intermediates, until reaching open trapping states. The reweight
simulation then shows that ATPMg, can separate from HPPK through
a series of breaking and making hydrogen bonds and salt bridges.

In this study, a combination of a restraint method and a
targeted reweight method will be used to address the issues
raised above about the mechanism of HPPK—ATP binding.
The MD simulation protocol is summarized in Figure 1. The
cylinder denotes a set of residues that form a binding pocket
for ATP (represented as a wiggly line) with orientations of
key residue side-chains that are important for binding ATP
denoted by curved arrows. The initial HPPK—ATP binary
complex is based on the ternary crystal structure. Restraint
simulations are used to direct HPPK—ATP toward the apo
crystal structure. The simulations show that ATP remains
bound throughout the process even though residues initially
trapping ATP gradually move away, through ATP trapping
intermediates, until reaching ATP trapping states that have
an apo-like HPPK structure. ATP is still held in trap states
by a network of hydrogen bonds and salt bridges that operate
between ATP—2Mg>* and a number of HPPK core residues.
The reweight simulation that starts from this last trap state
then shows that ATP can separate from HPPK through a
series of breaking and making hydrogen bonds and salt
bridges.

The difficulties we found in either opening holo-HPPK or
closing apo-HPPK with even enhanced MD methods, in the
absence of the restraint/reweight approaches used here,
suggest that less atomistic, reduced potential energy methods
may be useful. One approach, the elastic network model
(ENM),*"#2 uses a harmonically expanded, simplified po-
tential energy function to obtain the normal modes of a
protein based on a structural model from, for example,
crystallography. Despite the simplicity of the ENM, it has
been shown to give reasonable agreement with protein B
factors, and to reproduce the low order modes as obtained
using atomistic MD force fields by normal-mode analysis. It
also can give indications of conformational changes that
correspond to directions of closing of an enzyme over its
substrates.*! Thus, we will apply the ENM method to both
the apo and the ternary structures of HPPK.

2. Methods

2.1. Molecular Dynamics Simulations. The CUKMODY
protein molecular dynamics code, which uses the GRO-
MOS96* force field, was used to carry out the simulations.
It was modified to incorporate the reweight method as
discussed below.

All simulations were run at 303 K under fixed number,
volume, and temperature (NVT) conditions.* The simulations
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were carried out in a cubic box with sides of 64.1 A, having
7671 waters added after waters overlapping the protein were
removed. For the evaluation of the electrostatic and the
attractive part of the Lennard-Jones energies and forces, the
PME method was applied with a direct-space cutoff of 9.0
A, an Ewald coefficient of 0.32, and a 72 x 72 x 72
reciprocal space grid. Five Na cations were added to
neutralize the system. Bonds lengths were constrained with
SHAKE,* allowing a 2 fs time step, and the temperature
was globally controlled with a Berendsen thermostat*® with
a relaxation time of 0.2 ps.

The MD starting structure was obtained from the crystal
structure (PDB entry 1q0n) of the ternary complex of E. coli
HPPK with AMPCPP (an ATP analog that prevents turnover)
and two associated magnesium cations, and HP (6-hydroxym-
ethyl-7,8-dihydropterin),® by removing the HP and replacing
AMPCPP by ATP. The two Mg?" cations were each covalently
linked to an oxygen phosphate atom of ATP. One magnesium,
designated as Mgl, is linked to an a phosphate oxygen, and
the other is linked to a y phosphate oxygen, designated as Mg2,
in accord with their placement in the crystal structure. The ATP
phosphates were assumed fully deprotonated (ATP thus has a
total charge of —4) in agreement with the ATP protonation state
when ligated to Mg**.#7 The protonation states of the ionizable
residues were set to their normal ionization states at pH 7, and
5 sodium cations were added to neutralize the complex.
Simulations of the apo HPPK structure were based on the crystal
structure®® (PDB entry lhka) and were carried out with an
analogous protocol.

2.2. Restraint Method. For the restrained MD simulations
that were used to transit the protein configuration between
two desired conformations, restraints on distances between
mass centers of paired atom groups were introduced.
Harmonic restraint potentials V = (k/2)(x — x)* with force
constant k = 2 kcal/mol/A? were used to restrain the current
distance x to be around a desired target distance xp. A small
restraint force constant was used to permit the HPPK—ATP
complex to fluctuate extensively without being dominated
by the effects of the restraints. The restraints were applied
in a stepwise manner, by dividing the transition between the
initial and final states into 10 sequential windows. Each
consisted of 500 ps of MD simulation with restraints set as
stated above with xog = n(Xfna — Xiniga)/10 + Xiniga, 72 the
window number running from 1 to 10, and Xfna = Xapo and
Xinitial = Xclose denoting a distance in the apo and closed (the
ternary complex with HP removed) crystal structures,
respectively.

All of the trajectory data analysis was carried out with
ANALYZER,® a program written for the purpose of analyz-
ing trajectory data by a wide variety of methods. In particular,
the RMSD and RMSF measures and all figures requiring
superposition of trajectory frames were carried out with
ANALYZER. All trajectory snapshots were superposed to
the backbone atoms of the core residues of HPPK. In accord
with the crystal structure designation,?? loop 1 is defined as
residues 9—13, loop 2 as residues 44—53, and loop 3 as
residues 82—93. The core consists of the remaining residues.

2.3. Reweight Method. The reweight method?>*~% to
accelerate configurational sampling is based on the following
identity®® for a Boltzmann average (with potential V) of any
function A(g") of the system configuration, ¢":
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where V= (V+ AV) — AV = V* — AV defines V*, a modified
potential energy surface upon which the dynamics is carried
out, L1} denotes an average with modified (V*) weighting, and
q¥(s)(ty < s < ty + T) denotes the V*-modified trajectory over
the simulation time interval, 7. The last identity indicates that,
with the assumption of ergodicity, the ensemble averages are
to be evaluated as time averages over the trajectories generated
from the modified surface. At each step of the dynamics on the
modified surface, the data can be “re-weighted” with the factor
exp(BAV) to guarantee that the average is Boltzmann weighted.
If barriers are reduced by use of the modified potential surface,
the modified trajectory will explore the configuration space more
rapidly.

If the total potential is modified multiplicatively, then this
simply corresponds to changing the temperature of the simula-
tion and corresponds to a global method where all degrees of
freedom are treated equally. At the other extreme, only specific
terms in the potential energy are targeted, and these terms are
chosen on the basis of specific information such as the presence
of strong electrostatic interactions corresponding, for example,
to salt bridges between residues or what we still will refer to as
salt bridges between charged portions of ATP and the magne-
sium cations and ionized residues.

For specific atoms i and j to be targeted, we use a linear
scaling of the potential, V;* = AVj;. A number of 1 values were
tried. The actual results are quite sensitive to the A value chosen
with too large a value (closer to 1) leading to no effect and too
small leading to a release that is so rapid that the sampling is
very poor. The choice of A = 0.71 led to escape on the
nanosecond time scale. The stages that are found took about 1
ns for this choice, and the simulation was run for a total of 2 ns
to make sure that ATP, once unbound, did not rebind.

The Ewald*® method, used in our MD program, requires the
system to be electrically neutral. Thus, in general, a direct
inclusion of the scaling factor into the Ewald calculation is hard
to implement because it would require finding an overall neutral
set of interactions to scale. (The Ewald method calculates energy
and forces in reciprocal space that is atom-based versus the real
space part that is interaction-based.) Because the modified
potential surface does not have to correspond to a real surface,
this is not, in principle, a problem; however, as in any modified
potential method, if the trajectory becomes too distorted from
the true potential trajectory, the reweight method becomes
counterproductive. To deal with this issue, because we will only
target interactions within the protein and/or ATP, and these
interactions are dominant within the same MD image cell, the
potential modification will only be applied to the primary cell
and the real space energy and forces. For example, to target an
electrostatic interaction between atoms labeled 1 and 2, the
interaction energy V), and corresponding atom forces F; and
F, are calculated using the Ewald method with 4 = 1, which is
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just the normal Ewald MD procedure. Next, the differences
between using A = 1 and using the scale factor A are calculated
directly from Coulomb’s law in the primary cell as Vi§f = (1 —
1)(q1q2/r12), and the corresponding forces F{f and F§ are
obtained by differentiation. Next, the above differences are
added to the Ewald V,, F}, and F, calculated before to obtain
the net values VI§t = V, + Wiff, pret = F + FIff and Fiet =
F, + F3 These net forces are used to advance the system
configuration, and the net energy is used to obtain AV. The
other (van der Waals and internal) interaction terms can be
obtained by a similar scheme.

2.4. Elastic Normal Mode Method. The normal modes are
evaluated from a Hooke’s law potential function V = ZnﬁRc
c(rij — r9)?, where the ry are pair distances referenced to their
“equilibrium” values 7} (from the crystal structure), and the sum
is carried out over all pairs within a cutoff radius R.. The force
constant 2¢ is assumed the same for all pairs. This potential
function is diagonalized to obtain the modes as implemented
in the elNémo Web server, the Web interface to The Elastic
Network Model at http://igs-server.cnrs-mrs.fr/elnemo/. The
default settings are used for the analysis. There are six zero
frequency modes corresponding to translational and rotation,
and the subsequent modes are ordered by their eigenvalue size
starting with the smallest.*’

3. Results

3.1. Restraint MD of the Binary Complex. The molecular
dynamics simulations are based on the E. coli ternary complex
of HPPK, AMPCPP with two magnesium cations and HP, with
HP removed and AMPCPP replaced by ATP (see the Methods
for preparation and MD simulation details). The fully depro-
tonated ATP phosphates (total charge —4) with the two ligated
Mg?* cations provide a neutral, although highly polar, ligand
for HPPK. A previous 7 ns conventional MD simulation of this
binary complex led to little change in conformation from the
ternary (closed) structure. Furthermore, in other work,® we
carried out simulations using a Hamiltonian replica exchange
method®?! to see if HPPK by itself, again started from the
ternary crystal structure with both ATP and HP removed, would
take on a more apo-like conformation, but these simulations
also led to modest rearrangements. For these reasons, we focus
on the HPPK—ATP binary complex and use another approach
that introduces a particular set of restraints to drive the loops
toward a conformation similar to the apo structure. Restraints
were picked partly on the basis of the observation that long
side-chains of some of the loop 3 residues (principally Arg82,
Arg88, and Trp89) are draped over the ATP when HPPK is
closed, forming a cylinder whose front face is composed of these
residues, as schematized in Figure 1. These side-chains should
be pushed out toward the solvent in conformity with the apo
crystal structure. Other restraints were chosen to try to make
the backbone conformation of loops 2 and 3 similar to that of
the apo crystal structure. To achieve this transformation,
harmonic restraints (with force constant k = 2 kcal/mol/Az) on
15 distances, measured between the mass centers of the atom
pairs listed in Table 1, were introduced. The restraints were
applied in a stepwise manner, by dividing the transition from
the HPPK—ATP closed to open form into 10 sequential phases,
with each phase consisting of 500 ps of MD, to interpolate
between the end points.

Figure 2 displays a superposition of representative structures
selected from three of the 10 above 500 ps time intervals
corresponding to windows 1, 5, and 10. From the figure, we
see that the cores of the three structures are well-aligned, which
suggests that even under the forces arising from converting
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TABLE 1: Atom(s) Whose Distances Are Used for the
Restraint Simulations

atom(s) 1 atom(s) 2
CA“ Gly46 CA Asp97
CA Pro47 CA Asp97
CA Asp49 CA Asp97
CA Arg82 CA Asp97
CA Arg84 CA Asp97
CA Ala86 CA Asp97
CA Arg88 CA Asp97
CA Trp89 CA Asp97
CA Arg92 CA Asp97
CZ" Arg82 CA Asp97
CZ Arg84 CA Asp97
CZ Arg88 CA Asp97
CZ Arg92 CA Asp97
CZ¢ Arg92 CA Leu78
CE2¢ Trp89 CA Asp97

“CA denotes a C-o. atom. ”CZ stands for the & carbon and
amino groups of the Arg side-chain. ¢ This restraint was not used
during the 10-window restraint procedure, but was later realized to
be important to ATP separation from HPPK. It was added later,
while holding the loops open in the tenth window. ¢ CE2 denotes a
carbon atom of the 6-member aromatic ring.

Figure 2. Superposition of representative structures from three
windows along the restraint pathway from closed to open. The structure
for window 1, which is quite similar to the closed form, is colored in
yellow; the structure for window 5 is colored in purple; the structure
for window 10 is colored using the normal convention. ATP in each
window is shown in “ball and stick” mode, and residues Arg82 and
Trp89 are shown in “stick” mode. ATP remains bound to HPPK
throughout the restraint simulation.

HPPK—ATP from its closed to open forms, there is minimal
perturbation of the core, again showing the stability of the
protein core. By comparing the loop conformations (including
both backbone and important side-chain conformations, such
as Arg82, Arg88, and Trp89), it is clear that loops 2 and 3 were
pulled gradually from closed-oriented to open-oriented confor-
mations. In particular, the side-chains of Arg82, Arg88, and
Trp89 that point inward to seal ATP in the binding pocket of
the closed form progressively move to point out to the solvent
in the open form. Another key feature to note is that the ATP
position is very stable along the trajectory, with all its parts
hardly moving. Our initial supposition was that once the side-
chains that cover part of ATP in the closed form move away
ATP might have separated from HPPK. That this did not happen

J. Phys. Chem. A, Vol. 113, No. 10, 2009 2029

Figure 3. The adenosine recognition site, with residues whose centers
are within 10 A of the adenine CA4 and CA5 atoms (the common
atoms of the adenine bicycle). Leulll and Proll4, the central
recognition residues identified from the ternary complex and apo crystal
structures,®® are displayed showing that between window 1 (closed)
and 10 (MD-open) their positions are invariant while many other
residues have undergone substantial conformational changes. Window
1 is in gray, and window 10 is in black.

suggested that there must be other interactions responsible for
maintaining ATP bound to HPPK in the absence of HP.

The binding pocket for ATP is also responsible for the
specificity of HPPK to ATP relative to other nucleotides.
Residues responsible for adenosine specificity were identified
by Yan and co-workers** by comparing the apo and ternary
crystal structures and looking for residues around the adenosine
whose conformations hardly changed between these two struc-
tures. In this fashion, Leulll and Prol14 were identified as
key recognition residues, and they each were considered the
centers of hydrophobic sets of residues. That this specificity
should be maintained for the range of conformations sampled
along the restraint pathway should be a good indicator of the
ability of these conformations to be robust ATP traps. Figure 3
displays the residues whose centers are within 10 A of the
adenine CA4 and CAS atoms (the waist of adenine) for restraint
windows 1 and 10. The Leulll and Prol14 positions are
extremely stable, although many other residues within the search
range have clearly moved a great deal to make the transition
from closed to open HPPK.

To further study the interactions responsible for binding ATP
to HPPK, a 9 ns MD simulation was carried out starting from
the end configuration of the above stepwise restraining proce-
dure. The restraints as listed in Table 1 were still maintained
with equilibrium distances set to be equal to the ones measured
from the apo HPPK crystal structure. This simulation was carried
out to see if ATP would leave the active site automatically when
HPPK was restrained to its apo-like state. In Figure 4 (left
panel), a CPK view of the HPPK X-ray closed structure is shown
for comparison with the CPK view of the protein structure after
holding the restraints for 9 ns (right panel). Two points are worth
noting. One is that from the viewpoint of the figure, it is clear
that there is nothing blocking the pathway of releasing the ATP
in the right panel picture, while the path of releasing ATP in
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Figure 4. (left panel) CPK view of the starting MD simulation structure derived from the ternary complex. (right panel) CPK view of the MD
structure after maintaining the restraints for 9 ns subsequent to the restraint opening protocol. ATP is colored purple. The yellow residues, 86—89,
which cover part of ATP in the initial ternary complex, are mainly replaced by solvent interactions in the MD-opened structure.

the left panel picture is blocked by Ala86, Glu87, and the side-
chains of Arg88 and Trp89. For clarity, these four residues are
colored yellow. The other point is that there is minimal
difference between the two pictures with respect to the ATP
center of mass position relative to the protein core, although
the conformations of ATP in the two figures are a bit different.
(The conformation for the MD snapshot shown in the right panel
is more compact in comparison with the X-ray structure shown
in the left panel.)

3.2. Reweight MD of the Binary Complex. Clearly, the
ATP—HPPK interactions are sufficiently strong that on an MD
time scale (here 9 ns) ATP remains bound, even though the
interactions present in the closed structure that are certainly
designed to hold ATP in position are absent in the MD-open
form. To attempt to release ATP, one could use a scheme similar
to what was just used to open HPPK—ATP. However, to do so
either requires initial and final states as given by, for example,
crystal structures, or if an obvious path does exist the ligand
could be pushed out with restraints in an appropriate direction.
We have used the latter scheme successfully in other contexts.>!
However, here, an appropriate path is not clear from, for
example, the end of the restrained open simulation. More
importantly, picking a particular path will certainly introduce a
prejudice into the simulation that may or may not be realistic.
Thus, as noted in the Methods, when specific interactions can
be identified, targeted reweighting is an appropriate and more
objective choice to accelerate the exploration of configuration
space that here is characterized by the ATP—HPPK interaction.

In both the closed form crystal structure and the MD opened
structure, the two magnesium cations are very close to the
carboxylate groups of two HPPK core residues, Asp95 and
Asp97. For example, in the MD opened structure, the distances
of Mgl (associated with the o phosphate of ATP) to the closest
carboxylate oxygens of Asp95 and Asp97 are 2.5 and 3.0 A,
and the corresponding distances for the Mg2 (associated with
the y phosphate of ATP) are 3.3 and 4.6 A. Even though the
side-chains of Arg82, Arg88, and Trp89 no longer sequester
ATP, there still are strong interactions with the protein, notably
with the carboxylate groups of core residues Asp95 and Asp97,
and these strong “salt bridges” are good candidates for important
barriers restraining ATP*~(Mg?"),. Unscreened charge interac-
tions that are on the scale of 100 kcal/mol are essentially as

strong as covalent bonds and will clearly prevent the movement
of ATP on any normal MD time scale. Therefore, these salt
bridges were subjected to the targeted reweighting scheme
discussed in the Methods. The targeted atoms are the carbon
and two oxygens of the carboxylate groups in these two residues
and both magnesium cations; thus, the Mgl and Mg2 to Asp95
and Asp97 electrostatic interactions are targeted. A uniform
scaling value of 4 = 0.71 (see Methods) was used. The modified
trajectory was started up from an end point configuration of
the tenth restrained simulation.

The targeting leads to ATP separating from HPPK on the
nanosecond time scale. Six stable states were found along the
path. The stable states are defined by examining the reweight
energy, the electrostatic energy between the two magnesium
cations and the two residues, along the trajectory. They
correspond to plateaus in this energy. The initial modified energy
of interaction V* is ~300 kcal/mol, while at the final state it is
~30 kcal/mol. The energy scale is so large that we were not
successful in carrying out the reweighting required to obtain
the correct Boltzmann populations along the trajectory. That
would be necessary if a potential of mean force were the
objective, but the modified trajectory still provides states along
the path, as is explained in more detail in the Discussion.

Six representative structures from the trajectory were picked
for display to show different states as ATP separates, and their
superposed pictures are shown in Figure 5. The first structure
(ATP in yellow) is the starting structure (end of the tenth
restrained simulation), and the sixth one (ATP in red) is where
ATP has moved out of the binding pocket. The middle four
structures (the ATP is colored green, blue, purple, and orange,
respectively) are stable states along the path. The gradual exit
of ATP is evident from Figure 5, and it is accomplished through
a combination of mass center movement and rotation of the
ATP, although it is difficult to see details of the motion from
this figure. Therefore, the relevant hydrogen bonds and salt
bridges were analyzed for the first five representative structures,
and the results for structures 1, 3, and 5 are shown in Figure 6
that displays hydrogen bonds (left panels) and salt bridges (right
panels) and are listed in Table 2 (hydrogen bonds) and Table 3
(salt bridges). Between the starting structure (structure 1) and
structure 2, the mass center position of ATP does not change
much, while its conformation does change significantly so that
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Figure 5. ATPMg, for six different conformations as it separates from
HPPK are shown with yellow, green, blue, purple, orange, and red,
indicating stages 1—6. The gradual separation of ATP is evident as a
combination of reorientational and translational motion.

three new hydrogen bonds were formed and the two salt bridges
involving one of the two Mg ions, Mg2, were broken. Between
structure 2 and structure 3, ATP moved along its path away
from the binding pocket somewhat; whereby three old hydrogen
bonds and one salt bridge were broken, while one new hydrogen
bond and one new salt bridge were formed. It is noteworthy
that ATP has changed its conformation somewhat so that some
old hydrogen bonds and salt bridges can be preserved with the
change of its mass center position. This aspect of ATP motion
is in evidence during the whole process. Throughout the
movement from structure 3 to structure 4, although ATP
underwent a large mass center position change, three of the four
old hydrogen bonds were preserved, and the one that was broken
was replaced by a new one with similar character. For the salt
bridges, the one between Mgl and Asp97 was lost, while the
one between ATP and Argl10 changed a little bit. Again,
although ATP moved a large step down its path (monitored by
the energy of interaction with Asp95 and Asp97) of moving
away from the binding pocket, during the transition from
structure 4 to structure 5, only one old hydrogen bond was
broken, while all three other hydrogen bonds and all the salt
bridges were preserved. Finally, the ATP—HPPK energetic
interaction decreased to its smallest value and ATP moved to
positions (see Figure 5 with ATP in red) where it is essentially
out of the HPPK binding pocket.

3.3. Elastic Normal Mode Analyses of HPPK. In view of
the problems that even the HREM MD methods have in either
opening HPPK based on the ternary complex structure, or
closing apo-HPPK toward the ternary complex structure, less
computer intensive methods based on simplified potential
functions treated harmonically may be of use. The elastic
network model (ENM)*~#? uses a harmonic potential that is
based on interactions in a finite sphere around each atom center.
There are instances where normal mode-based analyses of an
apo protein structure will have modes that point to more closed
forms.*! For example, Temiz et al.>* studied the open and closed
forms of adenylate kinase with a form of ENM. Adenylate
kinase has two domains (LID and AMPbd) that are open in the
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apo form and must close to sequester its substrates. They found
that the lowest mode of the apo form describes a closing motion
of the LID domain toward the AMPbd domain required for
ligand binding. The ligand bound form analysis exhibits a more
restricted motion, which may be involved with dissociation of
the ligand—protein complex.

We used the e/Némo Web server (see Methods) to carry out
ENM on the apo and the ternary complex forms of HPPK. The
ENM on the ternary complex protein atoms was carried out to
see if there was evidence for the directions required for loop
opening. The ternary-complex-based ENM exhibits high con-
nectivity and, as such, does not make a significant distinction
between the core and loop regions of HPPK. The connectivity
of an ENM mode is a measure of atom participation in the mode,
with a large value indicating that many atoms are involved.*’
These features are consistent with the known®® rigidity of the
protein in the ternary complex. There is no evidence for an
opening pathway of HPPK based on this analysis, a feature that
has been noted in a normal mode-based study of adenylate
kinase.>?

The ENM based on the apo form has most of the atom
motions concentrated in the loop regions, which is consistent
with the core stability and loop motion found in all of our MD
simulations. Among the first five modes, two (modes 4 and 5)
are flagged as low connectivity by e/Némo, which indicates that
they are well concentrated in the loop regions, especially loop
3. The lowest (nonzero) frequency mode, mode 1, corresponds
to loop 2 and 3 motions that has loop 2 moving in while loop
3 moves out; thus, this mode is not of interest for a closing
type motion. Mode 2 has loops 2 and 3 moving in and out
coherently and, potentially, could be applicable to describing a
closing motion. In Figure 7, we display the X-ray 1HKA (apo)
and 1QON (ternary complex) structures along with four of the
mode 2 snapshots. It is important to note that in ENM
calculations, while the mode directions are known from diago-
nalizing the potential energy function, the mode amplitude is
arbitrary. The corresponding atom displacements of a given
mode are only for the purpose of illustration of a possible
motion; the actual motion may be much smaller than that
illustrated. There is some evidence in Figure 7 for loop closure
toward the ternary structure loop positioning. The actual motion
of loop 3 that is required to go from open to closed consists of
a translation and a twist. Mode 2 does not capture the twist
motion. An examination of other modes, in particular the local
ones, 4 and 5, does show a twist for loop 3 in mode 5, but it is
not in the correct direction.

These visual features can be made more quantitative by
examining the cumulative mode overlap between the modes and
the difference AR = R™" — R%° between ternary and apo HPPK
structures: AR = R"° — R0 = SN (AR-mDym, = 33V a,m,.
The overlap coefficients* I, = a,/(Im,JIAR,|) are normalized
versions of the a,. Large [, would indicate motion in the desired
direction. The cumulating overlaps for the first five modes are
(0.000, 0.061, 0.061, 0.068, 0.068). Thus, mode 2 does indicate
some tendency for closing in the correct direction among the
first five modes, but it is still rather small.

4. Discussion

The simulations discussed in this work with both normal and
various enhanced MD sampling methods were carried out with
the goal of investigating the role of protein fluctuations in the
trapping and binding of ATP to HPPK. The hypothesis that
proteins sample a range of conformational states spanning apo
to holo-like conformations, and will trap ligands in a broad range
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Figure 6. Details of the hydrogen bond and salt bridge interactions as ATP separates from HPPK. Left panels, from top to bottom, are hydrogen
bonds (dotted lines) for stages 1, 3, and 5. Right panels are the corresponding salt bridges (solid lines). See Table 2 for hydrogen bond and Table

3 for salt bridge particulars.

of conformations, is attractive from the perspective that this
scenario should have a lower energy requirement than other
mechanisms of ligand binding.

A minimal set of restraints was found that did lead to
HPPK—ATP opening to apo-like conformations. One scenario
that could have resulted during the restraint simulation was that
at some point along the 10 stages used to span the closed to
apo-like conformations ATP would have been separated from
HPPK. This was not found. Instead, as shown in Figure 2, the
relative center of mass position between HPPK and ATP hardly
changed, even though several residues present in the ternary
structure that clearly block ATP from solvent exposure have
moved away from the ATP to be essentially solvated in the
last restraint window, as in the apo crystal structure (see Figure
4). Additionally, the conformations along the opening path

maintain the network of residues that permit the adenine
recognition machinery of HPPK to operate, as illustrated in
Figure 3. These results suggest that many conformations of
HPPK spanning from closed to open can trap ATP. The strong
salt bridge interactions between ATPMg, and HPPK over a
broad range of HPPK conformations are responsible for the
trapping. As noted in the Introduction, this is a form of
conformational selection whereby ATP—HPPK is present over
a broad conformational space that, when in the more closed
forms, is then suited to binding HP.

To investigate the interactions responsible for binding ATP
to HPPK in these open conformations, we first carried out a 9
ns conventional MD run (with the restraints maintained at the
last window values) starting from the end point of the
HPPK—ATP restraint simulations (Figure 2), and we found that
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TABLE 2: Hydrogen Bonds That Are Present in the Stages
of ATP Separation from HPPK

hydrogen bond
atom of HPPK

structure number  atom of ATP

structure 1
(starting structure)

ANG6 (nitrogen)  carbonyl oxygen of 11e98

AO3 (oxygen) terminal nitrogen on guanidine
group of Argl10

terminal nitrogen on guanidine
group of Argl10

carbonyl oxygen of 11e98

carbonyl oxygen of Thr112

backbone nitrogen of Thr112

terminal nitrogen on guanidine
group of Argl10

terminal nitrogen on guanidine
group of Argl10

AO2PG (oxygen) oxygen of the phenol group of
Tyrl16

carbonyl oxygen of 11e98

oxygen of the hydroxide of Thr112

backbone nitrogen of Thr112

oxygen of the hydroxide of Thr112

carbonyl oxygen of Met99

oxygen of the hydroxide of Thr112

backbone nitrogen of Thr112

oxygen of the hydroxide of Thr112

oxygen of the hydroxide of Thr112

backbone nitrogen of Thr112

oxygen of the hydroxide of Thr112

AOS (oxygen)
structure 2 ANG6 (nitrogen)
ANG (nitrogen)
ANT (nitrogen)
AO3 (oxygen)

AOS (oxygen)

structure 3 ANG6 (nitrogen)
ANG (nitrogen)
ANG (nitrogen)
ANT7 (nitrogen)
ANG6 (nitrogen)
ANG (nitrogen)
ANG6 (nitrogen)
ANT7 (nitrogen)
ANG (nitrogen)
ANG (nitrogen)
ANT7 (nitrogen)

structure 4

structure 5

TABLE 3: Salt Bridges That Are Present in the Stages of
ATP Separation from HPPK

salt bridge”

group 1
structure number  (positively charged)

group 2
(negatively charged)

structure 1 Mgl carboxylate group of Asp95
(starting structure)
Mgl carboxylate group of Asp97
Mg2 carboxylate group of Asp95
Mg2 carboxylate group of Asp97
guanidine group a-phosphate group of ATP
of Argl10
structure 2 Mgl carboxylate group of Asp95

Mgl carboxylate group of Asp97
guanidine group a-phosphate group of ATP
of Argl10
structure 3 Mgl carboxylate group of Asp97
Mg2 carboxylate group of Aspl17
guanidine group a-phosphate group of ATP

of Argl10
structure 4 Mg2 carboxylate group of Aspl17
guanidine group f-phosphate group of ATP
of Argl2l
structure 5 Mg2 carboxylate group of Aspl17
guanidine group f-phosphate group of ATP
of Argl10

“Mgl (Mg2) refers to the one associated with the [ (y)
phosphate of ATP.

ATP still remains bound to HPPK. Examination of the simula-
tion data, illustrated by Figure 4, shows that there are several
residues (Asp95 and Asp97) that still interact strongly with
ATP* (Mg?"),. These core residues are clearly part of the
binding pocket for ATP and provide a large, mainly electrostatic,
interaction with ATP*(Mg>"),. In view of the specific salt-
bridge-like interactions between these charged residues and the
magnesium cations that in turn have a strong electrostatic
interaction with ATP*", some of these interactions were the
natural candidates to use in a targeted reweight scheme. The
targeted reweighting does lead to the separation of ATP from
HPPK as shown in Figures 5 and 6 and detailed in Tables 2
and 3. The successive and staged breaking of the original
hydrogen bonds and salt bridges and formation of new ones
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Figure 7. The apo crystal structure (1HKA) in green, the ternary
complex crystal structure (1QON) in yellow, and 4 snapshots from mode
2 of the ENM (in normal colors). Loop 3 is indicated by ALA86 and
loop 2 by PRO47. The ENM predicts that both loops have a closing
motion, but, as evident from the figure, especially for loop 3, the
twisting motion to close over the active site is not described.

dominate the interactions for ATP binding. In terms of energet-
ics, there are six stages of energetic interaction that can be
identified over about 1 ns of simulation time, and then, over
the remaining 1 ns of the simulation, the ATP remains separated
from HPPK. Thus, these salt bridges play a key role in the
binding mechanism.

The simulations can rationalize the equilibrium and kinetic
data on ATP (AMPPCP) binding to HPPK. First, the equilibrium
data showed that HPPK binds AMPPCP with high affinity.
Second, without the presence of ATP, HPPK does not bind HP
in measurable quantities. Both of these facts are consistent with
a large conformational ensemble of HPPK—ATP. Third, the
kinetics indicates that ATP binds first, and slowly, followed by
very rapid HP binding.’® The kinetic data are consistent with a
scheme where formation of a binary complex of HPPK—ATP
occurs first and suggests that a “proto-pocket” for HP binding
is formed by this event for conformations that are in the vicinity
of the ternary complex. That ATP binding is slow may be a
consequence of ATP selecting from a conformational ensemble,
although, of course, it could also be a consequence of a large
barrier to complex formation. Once ATP is bound, the
HPPK—ATP complex may stabilize to a set of conformations
appropriate for the rapid uptake of HP. Consistent with this
scenario is that in the product complex, where the pyrophosphate
group has been transferred to form HPPP, the product release
is slow and rate limiting.*> The charged pyrophosphate group
may act in a fashion similar to that of ATP and lead to the
slow product release.

The refractory nature of HPPK on MD accessible time scales
suggests that faster, more qualitative methods of exploring
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conformational changes would be profitable. To that end, the
ENM calculations were pursued. Not surprisingly, in view of
the rigid ternary structure, the ENM analysis provided modes
that are distributed among most of the protein atoms and are
not well suited to predicting an opening pathway. The apo ENM
analysis did provide modes with atom participation concentrated
in the loops, especially loops 2 and 3. There is a mode whose
direction of motion somewhat describes a closing pathway, but
examination of the direction that it predicts for loop 3, as well
as the overlap with the ternary structure, shows that it is only
qualitatively correct. Examination of the loop motions in HPPK
required for closing shows that the loop backbone movement
is not very large. Rather, it involves large-scale reorientation
of residues with long side-chains, principally Arg82 and Arg88,
and of Trp89. Thus, in contrast with, for example, adenylate
kinase where closing requires large domain movements, HPPK
closing is a more local event and, furthermore, may be strongly
influenced by its ligands.

The introduction of restraints introduces the danger that, if
too many are used, the system cannot adequately sample a
realistic configuration space that is dictated by the potential
energy function, while if too few are used the desired motion
will not be obtained. Thus, some minimal set of restraints should
be chosen that are physically motivated. That was accomplished
here with the use of restraints that were picked on the basis of
an examination of the ternary and apo crystal structures.

A reweight scheme does not directly provide dynamical
information relevant to the original potential surface. So, one
should not get the impression from the reweight simulation that
ATP can be released from HPPK on the nanosecond time scale.
There are methods available®* ™’ that can take the dynamics on
the modified surface V* and reconstruct rates for the original
potential surface based on, for example,** obtaining a potential
of mean force for the relevant reaction coordinate. We were
not successful in reweighting back the trajectory to obtain the
correct Boltzmann equilibrium sampling. Said otherwise, a
potential of mean force was not obtained because the large range
in energies of the modified potential surface V* along the
trajectory did not permit the collection of sufficient data for
the required accurate. This problem stems from the exponential
dependence on the reweight potential AV evident in eq 1. The
only way to address the problem would be to scale many more
degrees of freedom and possibly obtain a smaller range of energy
values. However, those more implicit degrees of freedom (in
contrast with the explicit salt-bridge interactions that we
identified) would be very hard to identify. Ultimately, the
difficulty is the very high-dimensional surface that is being
explored. Furthermore, particular to any binding problem, there
is an entropic component to the solvation process, sometimes
referred to as a “cratic” entropy effect, requiring separation to
infinity of ligand and protein.> That is hard to account for in a
potential-based MD simulation that only can locally separate
ATP from HPPK due to the finite size simulation cell. The
targeted reweight method, despite these difficulties, is still a
very effective method when explicit degrees of freedom can be
identified as key impediments to the slow sampling property of
MD.

In conclusion, by use of a combination of restraint and
reweight extensions of molecular dynamics, a picture of how
ATP interacts with HPPK emerges that rationalizes some of
the experimental observations and suggests that the conforma-
tional plasticity of enzymes does play a role in ligand binding.
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