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ABSTRACT 6-Hydroxymethyl-7,8-dihydropterin
pyrophosphokinase (HPPK) belongs to a class of
catalytic enzymes involved in phosphoryl transfer
and is a new target for the development of novel
antimicrobial agents. In the present study, the fun-
damental consideration is to view the overall struc-
ture of HPPK as a network of interacting residues
and to extract the most cooperative collective mo-
tions that define its global dynamics. A coarse-
grained model, harmonically constrained according
to HPPK’s crystal structure is used. Four crystal
structures of HPPK (one apo and three holo forms
with different nucleotide and pterin analogs) are
studied with the goal of providing insights about the
function-dynamic correlation and ligand induced
conformational changes. The dynamic differences
are examined between HPPK’s apo- and holo-forms,
because they are involved in the catalytic reaction
steps. Our results indicate that the palm-like struc-
ture of HPPK is nearly rigid, whereas the two
flexible loops: L2 (residues 43–53) and L3 (residues
82–92) exhibit the most concerted motions for ligand
recognition and presumably, catalysis. These two
flexible loops are involved in the recognition of
HPPKs nucleotide and pterin ligands, whereas the
rigid palm region is associated with binding of these
cognate ligands. Six domains of collective motions
are identified, comprised of structurally close but
not necessarily sequential residues. Two of these
domains correspond to the flexible loops (L2 and L3),
whereas the remaining domains correspond to the
rigid part of the molecule. Proteins 2002;49:191–205.
© 2002 Wiley-Liss, Inc.*
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INTRODUCTION

The study of motions in large molecular systems is a
problem of tremendous importance, current interest and
high difficulty.1–3 From the perspective of molecular bio-
physics, computational molecular dynamics and thermody-
namic studies shed light on numerous biochemical pro-
cesses such as protein folding,4,5 ligand diffusion,6

molecular transitions and ligand binding.7–10 Motivations
for these studies are grounded in the principle that

intrinsic motions of proteins play an important role in
their function2,11; an observation postulated before the
first protein structure was elucidated.12 Among the cur-
rently used methods for studying molecular motions, the
more common approaches include the use of NMR and
related forms of spectroscopy,13–14 molecular dynamics
(MD), Langevin dynamics (LD), Monte Carlo (MC) simula-
tions, and normal mode analysis.2,3,11 Despite these ef-
forts, the prevailing belief is that motions in proteins are
still only poorly understood.

An additional complication in the study of molecular
motions involves the high computational requirements for
most of these studies. Atomic approaches using all-atom
empirical potentials appear to be limited to explorations of
protein motions near the neighborhood of their native
states15; restricted mostly to high-frequency fluctuations
of only a few Angstroms. Efforts to improve these computa-
tional limitations involve time-scale manipulations or the
use of “targeted” or “steered” simulations.8,16,17 Progress
in the study of large-scale molecular motions that occur
during transitions or conditions where a protein may have
more than one equilibrium state are not yet within the
scope of most current methods.

Because of its modest computer requirements and ab-
sence of errors, normal mode analysis based on harmonic
potentials has emerged as an important complement to
traditional molecular dynamics simulations for explora-
tions of large motions in proteins. Recent studies show
that simplified force fields and coarse grained protein
models are appropriate to reveal vibrational dynamics and
collective motions of complex biological systems.18–22 A
recently developed method, the Gaussian network model
(GNM) and its directionally modified version, the anisotro-
pic network model (ANM)23–25 are analytical methods that
examine the fluctuation dynamics of proteins modeled as
coarse-grained elastic networks. In this model, residues
are assumed to undergo Gaussian distributed fluctuations
about their mean positions, obeying harmonic potentials.
Results of GNM and ANM calculations find good agree-
ment with X-ray crystallographic temperature fac-
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tors,21,25–27 the H/D exchange free energies of amide
protons with solvent28 and the order parameters from
NMR relaxation measurements.29

In this article, we demonstrate that our ANM method
can be extended to establish relationships between each
conformational state of an apo and one or more holo forms
of a protein by determining the manifold of accessible
transitions from each “reference” state, thus establishing,
a priori, the most likely transition available to each
conformational state. Our approach lends support to the
notion that careful examinations of each conformational
state may be used in a predictive sense to relate various
conformational states. This approach is general and may
be extended to study many transitional motions of pro-
teins. Possible examples include studies of (i) the evolution
of optimal conformational changes involved in guiding
ligands into their binding sites and (ii) intrinsic motions of
proteins that involve deformations of stretching and con-
stricting, as are often observed for transport proteins
found in the extracellular matrix and nucleus. Here, we
will focus on the large-scale motions and conformational
changes of the antimicrobial protein, 6-hydroxymethyl-7,8-
dihydropterin pyrophosphokinase (1HPPK)30 due to li-
gand binding. HPPK has been recently observed crystallo-
graphically to exist in its apo form and three different
liganded states. The conformational differences between
HPPK’s apo and holo forms involve displacements of up to
17 Å and thus represent large-scale motions observed for
this protein. Using HPPK as an example, we will show
that the ANM method can be extended to find correlations
of motions between each conformational state based on the
determination of accessible transitions from each refer-
ence state to a “new” state.

HPPK Structures

Folate and its cofactors are required for the biosynthesis
of purine and pyrimidine nucleotide bases and thus are
essential for life. Enzymes involved in the folate biosynthe-
sis pathway represent important targets for the therapeu-
tic treatment of cancer, AIDS, and related diseases.31,32

All organisms require reduced folate cofactors for the
synthesis of a variety of metabolites. Mammals are unable
to synthesize folates but have an active transport system
for deriving folates from diets, whereas bacteria, fungi,
and protozoa have the ability to synthesize folic acid de
novo.33 Inhibitors of dihydropteroate synthase and dihydro-
folate reductase, both of which are enzymes in the folate
biosynthetic pathway, are currently used as antibiotics for
treating many infectious diseases. Therefore, the folate
biosynthetic pathway is a target for potential antimicro-
bial agents. HPPK belongs to a class of enzymes including
phosphoribosylpyrophosphate synthase, thiamine pyro-
phosphokinase, nucleotide pyrophosphokinase, and GTP
pyrophosphokinase,30 that catalyze the transfer of pyro-
phophate from ATP to 6-hydrohymethyl-7-8-dihydropterin
(HPP), an intermediate in the pathway for folic acid
biosynthesis (See Fig. 1 in Xiao et al.30).

The crystal structure of unliganded Escherichia coli
HPPK (PDB code 1hka) was determined at 1.5 Å resolu-

tion by Xiao et al.30 The structure contains 158 residues
and has an �/�/� fold. HPPK is made of six �-strands
forming an antiparallel �-sheet and four �-helices. Figure
1 shows the ribbon diagrams of the apo and three holo
forms of the molecule. Figure 1(a) displays the fold of the
apo-HPPK molecule consisting of a valley starting from a
V-shaped cleft between �6, continuing through loop resi-
dues 110–116, and running along helix �2, across the face
of the four-stranded �-sheet, ending at the C-terminal
loop. Three flexible loops: L1 (8–15), L2 (43–53), and L3
(82–92) form one wall of the valley. The other wall of the
valley is relatively rigid and is constructed by the struc-
tural motif �6-loop-�3. This valley is likely to form the
active center where the two substrates—nucleotide (ATP)
and pterin (HP)—bind. The crystal structure of HPPK
complexed with ATP and HP is shown in Figure 1(b). The
root mean square deviation (rmsd) between the two struc-
tures is 1.87 Å, based on the C� atoms, whereas it
increases to around 7 Å when all heavy backbone atoms
are considered. Figure 1(c) displays an intermediate struc-
ture, along the catalytic reaction pathway, complexed with
ADP and PO4, Figure 1(d) shows the structure with its two
reaction products; AMP and HPP. The main differences
amongst these structures are the conformations of the
loops L2 and L3 that form the edges of the ligand binding
valley. HP and ACP (an ATP analog) molecules are colored
pink in these figures. Table I lists the pairwise rmsds
between these four HPPK structures. In this table the apo
and three holo forms of HPPK are referred to as lig, bin,
and pro. These forms appear in Figure 1(b–d), respec-
tively. The greatest conformational change occurs after the
HP is converted to HPP upon phosphoryl transfer of ATP
to HP.

The structural changes observed in this system are
qualitatively consistent with other HPPK structures avail-
able in the protein databank. A search in the protein
database for structural analogs of HPPK using the NCBI’s
VAST utility34 and the DALI structure searching pro-
gram35 finds two additional structures, one complexed
with 87Y (pterin analog) and ATP and the other complexed
with ROI (pterin analog; PDB codes 1dy3 and 1cbk,
respectively). A consistent observation of all these systems
is that as pterin derivatives bind to these kinases, their L2
loop closes over the ligand. Subsequent binding of nucleo-
tide analogs results in further closure/opening of the L3
loop around the nucleotide. The exact nature of these
structural changes cannot be determined from their crys-
tal structures alone. In the following analysis, we will
demonstrate that an apparent synchrony exists between
these loop closures (and openings) that reveals a precise
ordering of these events.

METHODS

It has been shown that for native proteins, the very low
frequency normal modes make major contributions to the
conformational fluctuations at thermal equilibrium.2 Such
motions can change the interactions of proteins with other
molecules and its environment. One of the standard tech-
niques for studying protein dynamics, and in particular
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low frequency domain motions, is normal mode analysis.36

Comparisons of low-frequency normal modes and the
directions of large amplitude fluctuations in molecular
dynamics simulations indicate clear similarities.18,37–39

In Figure 2, a schematic representation of the model
used in this study is given. Here, C� atoms are taken as the
interaction sites for residues that are connected by virtual
bonds (linear springs between the beads) to form the
protein backbone. This model assumes that the protein in

the folded state is equivalent to a three-dimensional
elastic network. Therefore, the molecule is modeled as a
linear chain of N beads (residues) that undergo Gaussian
distributed fluctuations and N � 1 bonded springs connect-
ing them. The beads are subject to harmonic potentials
from all neighboring beads, regardless of backbone connec-
tions. Only interactions between pairwise beads closer
than a cutoff distance are considered to be in contact, thus
reducing the spring number from its maximum of N �

(N � 1)/2. Previous studies23–25 accounted for the aniso-
tropic effects in three-dimensional space by decomposing
the motions into a series of vibrational modes. In this
analysis backbone fluctuations were based on the Hessian
matrix as determined from the second derivative of the
equilibrium harmonic potential energy. Using the crystal
coordinates of C� atoms as the equilibrium state, this
analytical method efficiently finds the intrinsic fluctua-
tions and the collective individual motions with their
corresponding amplitudes.

TABLE I. Comparison of apo and holo Forms of HPPK
Based on C� rmsd Values†

Ligands 1hka (apo) Lig Bin Pro

1hka (apo) — 0 1.87 3.10 3.13
Lig ATP, HP 0 4.02 3.91
Bin ADP, PO4 0 0.68
Pro AMP, HPP 0
†Values are expressed in Angstroms.

Fig. 1. Ribbon diagrams of (a) apo- and (b–d) holo-forms of HPPK. The helices are colored cyan, strands
yellow, and loops pink. (b) The complex with two substrates (ACP and HP). Two loops L2 and L3 close to cover
the ligands. (c) The intermediate structure with ADP and PO4. L3 moves further away from the catalytic center.
(d) The enzyme with two products (AMP and HPP) bound. The nucleotide and pterin analogs in (b–d) are
shown in blue and red, respectively.

HPPK MOTION AND CONFORMATION 193



The details of our method have appeared in prior
publications.23–25 In this section we briefly review the
salient features of our formulation. The interaction poten-

tial energy between all pairs of residues is assumed to obey
a harmonic potential that establishes a Gaussian distribu-
tion of interatomic distances about their equilibrium val-
ues, assumed to be the crystal coordinates. The force
constant, k, of the harmonic potential neglects differences
in amino acid types such that the potential energy govern-
ing fluctuations, V(i, j), can be determined from their equi-
librium fluctuations, �R(i, j), as V(i, j) �

1
2

k�R(i, j).
2 For

small displacements (fluctuations), the potential energy
can be expressed as a power series in the displacements
�Ri:

2V � 2V0 � 2 �
i � 1

N � �V
��Ri

�
0

�Ri � �
j � 1

N �
i � 1

N � �2V
��Ri��Rj

�
0

�Ri�Rj

� higher order terms (1)

In the equilibrium state, the protein assumes a conforma-
tion that is energy minimized with respect to all residue
fluctuations, eliminating the first term in the series.
Furthermore, the first derivative of the potential energy
with respect to fluctuations is zero. This is equivalent to
the assumption that the net force on the molecule is zero.

� �V
��Ri

�
0

� 0 (2)

For sufficiently small amplitudes of fluctuation, the higher
terms (cubic, quadratic, etc. in the �Ri’s) can be neglected,
so that the power series reduces to

2V � �
j � 1

N �
i � 1

N � �2V
��Ri��Rj

�
0

�Ri�Rj (3)

This potential is equivalent to the harmonic potential
energy of springs and indicates that the potential energy of

Fig. 2. Schematic representation of the coarse-grained network model
used in this study. The protein is represented by a virtual backbone, each
interaction site corresponding to an �-carbon. Residue pairs are subject to
harmonic forces provided that they are within a cutoff distance around the
residue i. In this figure, a set of residues within a cutoff distance of 10 Å for
the residue i � 7 is colored red. The dashed lines represent the
interactions between nonbonded sites.

Fig. 3. Temperature factors of (a) apo-HPPK and (b) lig-HPPK complexed with HP and ACP. The solid lines
represent the results of our calculations, dashed lines are the experimental temperature factors. (c,d) The
ribbon diagrams of the apo- and lig-HPPK color coded on the basis of the relative amplitudes of fluctuations of
the individual residues. A color spectrum of red-to-blue is used to represent different levels of motion, where the
smallest displacement level is blue and the highest is red. The ligands are colored pink and red in (d).
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this model can be approximated as a sum of quadratic
terms in fluctuations. The potential energy can be ex-
pressed in matrix form in terms of the 1 � 3N fluctuation
vector (�R) and the 3N � 3N Hessian matrix (H) of
interresidue force constants as

V �
1
2 ��R�TH��R� (4)

where the Hessian matrix (H) is defined as

Hij �
�2V

��Ri��Rj
(5)

The ijth super-element (i � j) of Hij is

Hij � � �2V/�Xi�Xj �2V/�Xi�Yj �2V/�Xi�Zj

�2V/�Yi�Xj �2V/�Yi�Yj �2V/�Yi�Zj

�2V/�Zi�Xj �2V/�Zi�Yj �2V/�Zi�Zj

�
The equilibrium cross-correlations between residue fluctua-
tions is given by40

��Ri � �Rj� �� �Ri � �Rje	 � V/kBT
d��R�/� e	 � V/kBT
d��R�

� 	kBT
�H � 1�ij (6)

where kB is the Boltzmann constant and T is the absolute
temperature. The angular brackets designate the fluctua-
tions of C� atoms over all vibrational modes of motion,
[H � 1]ij is the trace of the 3  3 matrix enclosed in the
inverse of the 3N � 3N Hessian matrix for residue types i
and j, and d{�R} is the integration all over the residue
fluctuations. In parallel with normal mode analysis, the
last equality in the above equation follows from the fact
that the mean square displacements in mode space are
inversely proportional to their eigenvalues26,28,41

�	�Ri

2� � 	kBT
�H � 1�ii (7)

It should be noted that the determinant of H is zero.
Therefore, H cannot be inverted directly. H�1 is an approxi-
mation calculated from 3N � 6 nonzero eigenvalues, �m,
and their corresponding eigenvectors, um, of matrix H.

Modal decomposition

Information on global dynamics is acquired by decompos-
ing the motions into a series of modes and concentrating on
the modes at the slowest (largest amplitude) end of the
spectrum. The latter are the most cooperative modes in the
folded state, in that they dominate the coupled collective
motions of large size structural blocks. To elucidate the
mechanism of these motions, as a first step, H can be
written as the product of the matrix U, the diagonal matrix
�, and the transpose of U as

H � U�UT

� �u1u2u3 . . . u3N�diag	�1�2�3 . . . �3N
�u1u2u3 . . . u3N�T

(8)

The diagonal elements of the �� are the eigenvalues (�m) of
H. We note that because U is an orthonormal matrix whose
columns are eigenvectors (um) of H, UT � U � 1, then the
inverse of H is found from H � 1 � U � � 1 UT or in other
words, as the sum of the contributions from each mode:

H � 1 � �
m

�m
� 1�umum

T � 1 � m � 3N � 6 (9)

The above equation is carried out over the range of modes
1 � m � 3N � 6, associated with the normal or
fundamental modes of vibration. The last six modes with
zero eigenvalues correspond to purely translational and
purely rotational motion modes. Vibrational modes give
the directions and relative amplitudes of the atomic dis-
placements in each mode. [umum

T ] is a 3N � 3N matrix,
representing the contribution of each of the mth eigenvec-
tors to H. This equation provides a simple means of
decomposing the dynamics into a series of modes. In other
words, the mean square fluctuation of residue type i
associated with the mth mode of motion is found from

�	�Ri

2�m � �m

� 1�umum
T �ii

�	�Ri

2�m � �m

� 1�um�i�um
T �i (10)

[umum
T ]ii is simply found by the product of [um]i with [um

T ]i,
and the result is a scalar giving the mean square fluctua-
tion of residue type i.

The cross correlations CC(i, j), between fluctuations of
C� atoms are normalized as

CC	i, j
 �
��Ri � �Rj�

���Ri � �Ri���Rj � �Rj��
1/2 (11)

The positive and negative limits of CC(i, j) correspond to
pairs of residues exhibiting fully correlated (same direc-
tion, same sense) and fully anticorrelated (same direction,
opposite sense) motions, respectively. Zero correlation
refers to totally uncorrelated, or orthogonal motions. These
correlations can also be examined for individual modes to
provide information about their coupling. In particular,
the lowest nonzero eigenvalue (�1) refers to the frequency
of the most cooperative (slowest) motion, and the corre-
sponding eigenvector, u1, reflects the shape of this so
called global, or dominant, collective mode in three-
dimensional Cartesian space. This mode, together with
the following modes, is often implicated in biological
function.21–26 For purposes of our analysis, an examina-
tion of a few eigenvectors associated with the dominant
modes of motions provides information about the identity
of structural elements acting as hinges and levers in the
cooperative structural changes around the native state.
Regions acting as hinges in the global motion are further
distinguished in our analysis by having severely hindered
fluctuations in this fundamental mode. The slowest mo-
tions usually correspond to rigid elements moving about a
hinge or rigid structural elements undergoing coherent,
coupled movements, and these exhibit motions increasing
in amplitude at increased distances from the hinge center.
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RESULTS AND DISCUSSION
Temperature Factors

Figure 3 displays the temperature factors of (a) apo-
enzyme HPPK and (b) lig-HPPK complexed with two
substrates: HP and ACP. Curves for the other two confor-
mations of the enzyme are not shown in this figure. The
solid lines represent the theoretical mean square fluctua-
tions of amplitudes ��Ri

2�, evaluated from Equation 7, and
the dashed curves are the X-ray temperature factors for
the individual �-carbons, reported in the PDB files of these
structures. The theoretical values are scaled to make the
areas under the two curves the same. The agreement
between theory and experiments is quite satisfactory. The
correlation coefficients in all cases are around 0.8. In part
(a) the major difference between the theory and experi-
ment arises in the peptide segment (145–152) correspond-
ing to the �-helix (�4)—found to be much flexible in our
calculations—and in part (b) the loop 45–52 and the
loop-�5-loop motif (residues 102–111) are also calculated
to be more flexible than the experimental results. Two of
the three flexible loops: L2 (43–53) and L3 (82–92) are
identified as the maxima in the curves, the third flexible
loop L1 (8–15), which exists in two different conformations
in the native state, does not exhibit large fluctuations as in
the two other loops. The rest of the molecule is almost
rigid.

A superimposition of the normalized overall residue
fluctuation curves of the four structures provides insights
about the dynamic differences observed for different li-
ganded states. The main flexibility changes are observed
in the loops. L2 (43–53) exhibits enhanced flexibility in the
bin form (as bound by the nucleotide: ADP) and a sup-
pressed flexibility in the lig (complexed ATP and HP) and
prod (complexed with AMP and HPP) forms. L3 (82–92)
shows higher flexibility in both bin and pro forms and
suppressed flexibility in the lig form. As a summary, the
bin structure bound to only ADP exhibits the highest
flexibility. This high flexibility when bound by ADP might
be necessary to initiate the catalytic process as a prelude to
the proper conformation necessary for the subsequent
binding or release of pterin. On the other hand, the most
rigid structure is the lig form (complexed with ACP and
HP). This rigidity might serve to isolate the catalytic
center and substrates from the outside effects in order to
enhance the efficiency of phosphoryl transfer.

Figure 3(c,d) shows the ribbon diagrams of the apo- and
lig-HPPK, color-coded according to the amplitudes of mo-
tions displayed in Figure 3(a,b), respectively. The least
flexible regions (colored blue) correspond to ligand binding
region in its holo- and apo-forms. Spectral colors are used
to represent the different levels of flexibilities, with the
smallest displacement shown in blue and the highest in
red (peaks in parts a and b). The ACP and HP molecules
are shown in pink and red, respectively. The loops are the
most flexible parts of the HPPK, and it is easily observed
that the lig form is much more rigid than the apo form,
although the C terminal helix becomes more flexible in the
lig form. In its apo form, the L2 and L3 loops are very
mobile, with a high capacity to recognize ligands or adjust

their positions for the capture of the ligands, whereas in
the liganded form the C-terminal helix becomes more
mobile as the motions of the core region and loops are
constrained by their ligands. The high mobility of the C
terminal helix may suggest that this helix plays a role in
recognizing other proteins in the folate synthesis pathway,
subsequent to phosphoryl transfer.

Dominant Modes of Motions

Figure 4 displays the global collective mode shapes for
HPPKs in the (a) first, (b) second, and (c) third slowest
modes for individual residues indicated by C� positions.
The dashed lines represent the mode shapes for HPPK
(apo form), and the solid lines give the mode shapes for
HPPK complexed with ACP and HP (lig form). The loops
L2 (43–53), L3 (82–92), 102–111 (including strand �5),
132–142, 143–149 (helix �4), 150–153 are observed to
exhibit high mobility. Upon ligand binding the loss of
flexibility in loops L2 (43–52) and L3 is accompanied by
enhanced flexibility in the C-terminal residues (�140–
158) for their second and third modes (see Fig. 4). Compari-
sons of the available four crystal structures of HPPK find
that the palm like region of the enzyme is almost rigid; the
only flexible parts are the two loops L2 and L3 that change
their conformations upon substrate binding and conver-
sion of substrates to products.42 Thus our calculated
results are in good agreement with these observations.
The amplitude of motion for loop L3 reaches up to 17 Å
when comparing the apo and bin structures and 15 Å, as
calculated from the weighted (1/�i) contribution of the
fluctuation vectors driven by the first three global modes.
The other loop (L2) also moves 7 Å in the crystal structures
and exhibits a movement of �15 Å, as estimated by the
first three modes. We also note that the other parts of the
molecule are predicted to undergo fluctuations less than
1.5 Å.

The minima of the slowest collective modes would be
predicted to correspond to hinge points, active regions or
regions where the ligands are bound according to our
model.21,26 HP molecule is sandwiched between the aro-
matic rings Tyr53 and Phe123. Asn55 is a conserved
residue and it also forms hydrogen bonds with the HP
molecule, which is in the vicinity of Asp95 and ATP. Mg2�

ion is surrounded by Glu77, Asp95, Asp97, and ACP in the
liganded structure. Two conserved residues, His115 and
Arg121 form H bonds, and Leu111 is the other residue in
contact.30 All the mentioned residues here are indeed
observed as minima of the slowest mode shape of HPPK,
with ACP and HP substrates. The active center is proposed
to stay in the valley formed by one rigid and one flexible
wall.30 The relatively rigid wall includes residues Met118,
Met124, Leu125, Trp126, Pro127, Leu128, and Phe129. All
of these residues also correspond to the minima of the
curves in the figures. As a result, among the highly
conserved residues, Gly8, Asn10, Gln50, Asn55, Glu77,
Arg82, Arg92, Asp95, Asp97, Pro114, His115, and Arg121,
all are located in the active region, and appear as minima
of the slowest mode shapes. Nine residues are involved in
HP binding: Gly8, The42, Phe43, Leu45, Tyr53, Asn55,
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Trp89, Asp95, and Phe123. Twelve residues (Gln74, Glu77,
Arg84, Arg88, Trp89, Arg92, Ile98, Arg110, Thr112, His115,
Tyr116, and Arg121) are involved in nucleotide binding.
Indeed, these residues also correspond to minima in the
slowest mode curves.

Mechanisms of Global Motions

Figure 5 shows the most global motions for HPPK.
Figure 5(a–c) displays the first three slowest modes for the
apo enzyme. The yellow and magenta structures represent
the two conformations that correspond to the extremes of
these mode motions (i.e., the native structure is believed to
fluctuate between these two conformations). L2 and L3
make negatively correlated motions [Fig. 5(a)]. These two
loops move far away from each other and then return as
close neighbors (i.e., the loops open and close the active site
in the valley). L3 also moves up and down. In Figure 5(b)
the two loops L2 and L3 undergo concerted motions; they
elongate and shorten simultaneously. Note that as a visual
aid, the amplitudes of motions in these figures are exagger-
ated. In Figure 5(c) these two loops again move in opposite
directions, as one shortens the other elongates or vice
versa.

Figure 5(d–f) displays the global modes of motions for
lig-HPPK with substrates ACP and HP. The yellow and
magenta structures represent the two extreme conforma-
tions according to our calculations. Loops L2 and L3 are
observed to loose their flexibility upon ligand binding. The
most discernable motions are observed in the loop-helix-

loop motif at the C terminal with loops L2, L3, and helix �5
together with the loops before and after (peptide segment
105–110). Ligand binding appears to introduce an en-
hanced mobility in these regions.

The coupled motions of these two loops suggest that
these structural elements coordinate the ligand binding
and catalytic reaction. Opening/closing of the ligand-
binding valley isolates the catalytic center from the sur-
rounding environment. Interestingly, two aromatic resi-
dues, Arg82 and Arg92, appear at the beginning and end of
L3 and are assumed to serve as a gate to enable opening
and closing of the loop over the binding site.42 The
calculated global motion for the two residues, Arg82 and
Arg92, in the holo enzyme, make positively correlated
motions. These two residues are in contact with guanine
and thus would be expected to move collectively to coordi-
nate loop closure and opening.

Cross-Correlations of Motions

Figure 6 shows the cross-correlations ��Ri � �Rj� for
residue fluctuations in HPPK for the (a) most, (b) second
and (c) third slowest modes, and (d) weighted sum of all
modes. The two axes refer to residue indices. Blue and red
regions refer to negatively and positively correlated re-
gions. Yellow indicates either there is no correlation
between residues or they undergo perpendicular motions.
Residues with the same color are positively correlated (i.e.
they undergo same directional fluctuations), whereas those
in two different colors are anticorrelated (i.e. they fluctu-

Fig. 4. Most global mode curves for HPPK in the (a) slowest, (b) second slowest, and (c) third slowest
modes. The dashed curves represent the mode shapes for HPPK (apo form), and the solid curves give the
mode shape curves for lig-HPPK complexed with HP and ACP (lig form).

HPPK MOTION AND CONFORMATION 197



ate in opposite directions). In the first mode [Fig. 6(a)], L2
(43–53) undergoes anticorrelated motions with L3 (82–93)
and makes positively correlated motions with the helix �3
and the loop following that helix. L3 is positively corre-
lated with the proceeding of the molecule (i.e., residues
94–158). In Figure 6(b) L2 and L3 have positively corre-
lated motions, together with strand �3, the end of helix �3,
and the beginning of the loop after that helix. Peptide
segment (100–120) undergoes highly correlated motions
with the loop and helix �4 (133–149). In the third mode
[Fig. 6(c)], L2 and L3 are again anticorrelated. The overall
correlation map displays the combined effects of all these
three modes of motion to show that L2 and L3 make
negatively correlated motions, whereas the remaining
parts are almost rigid. A comparison of the correlation
maps of the four structures shows that the correlation
maps of the bin and pro structures are similar, as their 3D
structures are similar. The main difference between their

maps and apo form’s map is that there is a highly
correlated motion of L3 with peptides 100–110 and 130–
145 in the bin and pro forms (not shown).

Fig. 5. Mechanisms of the dominant modes of motion. The fluctuating
conformations of apo enzyme are shown by the ribbon diagrams in (a–c).
The yellow and magenta structures are the two extreme structures with
motions for the corresponding mode motions (i.e., the native structure
fluctuates between these two structures). (d–f) The most global motions
for lig-HPPK liganded with ACP and HP.

Fig. 6. Correlation maps: cross-correlations ��Ri � �Rj� for residue
fluctuations in HPPK for the (a) first, (b) second, (c) third, and (d) overall
modes. The two axes refer to residue indices. Blue and red represent the
anticorrelated and correlated motions of residue pairs.
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We have clustered the correlation map in Figure 6(d) in
order to identify the residues with the most similar
pattern of motion. Residues with similar patterns (al-
though they might be sequentially apart) exhibit collective

motions. Average linkage hierarchical cluster analysis
was performed on our correlation matrix, and the results
are presented in Figure 7. The ribbon diagram in Figure
7(a) identifies by color residues within the six different

Fig. 7. (a) Ribbon diagram illustrating the correlated motions within the apo enzyme. Six domains of motion
are colored differently. The core of the enzyme is almost rigid (red). The six domains were obtained by
hierarchical clustering of the residue correlation map shown in Figure 6(d). The reordered correlation map is
shown in (b). The domain boundaries are separated by white lines. The bar on the right hand side of the map
identifies the coloring of the HPPK ribbon shown in (a) and shows the domain labels S1 to S6.
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groups (motion domains), while preserving the HPPK view
displayed in Figure 1. Figure 7(b) displays the correlation
map shown in Figure 6(d) but reordered to reflect the
cluster memberships for the six domains. These domain
descriptions divide the HPPK and the companion correla-
tion map into distinct regions according to their collective
motions. The bar at the right of the correlation map is
colored according to the domains identified in the ribbon
structure. The two smallest domains, S1 (dark blue) and
S2 (blue) consist of L2 and L3, respectively, and appear at
the lower left corner of the re-organized correlation map.

These two domains exhibit strongly negatively correlated
motions between themselves. The largest domain, S6
(red), consists of residues at the core, and appears at the
upper left of the correlation map. Because this domain is a
rigid domain, it shows no correlation with other domains
or within itself (as indicated by the yellow color in the
map). This domain consists of the binding sites for the both
ligands.

The secondary structures together with their associated
amino acid sequence are shown in Figure 8. The secondary
structures are colored in accordance to the domains (groups)

Fig. 8. Secondary structure of HPPK sequence colored according to its six domains of motion. The symbols
(*) and (ˆ), below the residue names, represent the mostly constrained and flexible regions of the sequence,
respectively, displayed with the mean square fluctuations as shown in the curves of Figure 3(a). Highly
conserved residues within a family of 30 HPPK sequences are colored magenta in capital letters. The domain
colors are the same as in Figure 7.

Fig. 9. (a,b) Change in virtual bond angles and virtual torsional angles between the apo and holo structures.
Virtual bond and torsional angles are defined by the successive C� atoms along the backbone. Bond angles
range between 0° and 180°, and torsional angles range between 0° and 360°.
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in the previous figure. The location of secondary structure
elements along the sequence finds a very close correspon-
dence between domain boundaries, as indicated by a
change in color along the sequence. Further inspection of
Figure 8 reveals the previously mentioned close relation-
ship between secondary structure and regions of minimal
residue fluctuation. The symbols (*) and (ˆ) below the
sequence in this figure represent the least and most
fluctuating regions, respectively, based on our analysis
[results presented in Fig. 3(a)]. All secondary structures
have a portion of their secondary structure associated with
fluctuation minima. Conversely, loops L2 and L3 corre-
spond to regions of high fluctuation.

To explore any apparent relationships between HPPK
sequence and either its secondary structure elements or
our domain boundaries, sequence analysis was performed
on the HPPK family. A FASTA query of the nonredundant
database of protein sequences (Wisconsin Package) identi-
fied 30 different sequences. Multiple alignments of these
sequences were conducted using the GCG package.43,44

The most highly conserved sequence positions are identi-
fied as magenta colored capital letters along the sequences
shown in the figure. The majority of conserved regions are
found at nucleotide and pterin binding sites, all of which
appear at or near fluctuation minima. Only one residue
Arg92 does not correspond to a minimal fluctuating region,
and that residue plays a pivotal role in loop closure.

Comparison of the binding sites in folate
biosynthesis pathway enzymes

Two enzymes upstream to HPPK in the folate biosynthe-
sis pathway are dihydropteroate synthase (DHPS) and
dihydrofolate reductase (DHFR; see Fig. 1 of Xiao et al.30).
Examinations of these enzymes reveal that folate analogs
are surrounded by hydrophobic residues. Although the
substrates of these enzymes, namely pterin analogs, share
similar core structures (the double hexane rings; 6-hydroxy-
methyl-7,8-dihydropterin), the phosphate binding sites of
the enzymes are significantly different in HPPK, DHPS,
and DHFR. This fact may suggest that the side chains and
phosphates attached to the pterin group may induce
significant changes in these enzymes’ substrate binding
sites or they might require different conformations for
proper binding. On the other hand, active sites in HPPKs,
DHPSs and DHFRs are conserved within their own en-
zyme family (i.e., the active site residues of HPPKs are
well conserved), consistent with the results presented
above.

Comparison of the global mode motions with the
conformational changes upon ligand binding

Normal mode analysis has been used to study the
collective motions of biological macromolecules. These
studies find that normal modes of several proteins are
strongly correlated with the large amplitude conforma-
tional changes with ligand binding.45–47 Here, the root
mean square of the atomic fluctuations and motions,
obtained by our method, are compared with the experimen-
tally known conformational changes. C� atomic coordi-

nates for the apo and pro crystallographic structures are
available in the protein data bank. The two structures are
superimposed to calculate the individual residue displace-
ments (�R � RA � RH), where RA � RH are the
crystallographic coordinates of the apo and holo struc-
tures, respectively and �R is the 3 � N array of coordi-
nate changes in x, y, and z directions for N residues. The
theoretical atomic fluctuations are obtained with Equation
7 and the normal mode eigenvectors in the UT matrix of
Equation 8 and used in the analysis of the apo structure of
HPPK, as explained in the Methods sections. Similarly,
instead of comparing the Cartesian coordinate changes, we
also identify the changes in internal bond and torsional
angles between the virtual bonds connecting sequential C�s.

Figure 9(a,b) plots the differences in bond and torsional
angles for apo and holo HPPK structures upon substrate
binding. The three curves in these panels correspond to the
differences between the apo structure and the lig, bin, and
pro structures, respectively. It is clearly seen that the
greatest conformational changes appear for loops L1, L2,
and L3, whereas the rest of the molecule shares almost the
same internal torsional and bond angles.

The results of the observed and calculated Cartesian
displacements are presented in Figure 10(a–c), where the
dashed curves represent the experimental relative displace-
ments of C� atoms of the apo and holo forms: lig, bin, and
pro HPPKs. The solid curves are obtained from the
weighted average of the mean square atomic fluctuations
of 3N � 6 modes of ANM calculations used in this study
[see Fig. 3(a)]. Note that both the observed and calculated
displacements are normalized in these figures. The correla-
tion coefficients between the observed displacements and
theoretical fluctuations are given for each case on the
top-right corner of these plots. In three of the cases the
correlation coefficients range between 0.71 and 0.86. These
high correlations suggest that the information obtained in
our calculations may be used to generate hypotheses about
conformational motions. Further studies will be required
to determine whether individual mode motions derived
from selected eigenvectors might be representative of
actual displacements upon ligand binding.

We also compared the individual mode motions with the
observed displacements upon ligand binding. A summary
of these comparisons is presented in Table II. Here, the
first column provides the mode numbers, and only results
for the first three modes are presented. These three
slowest modes are account for nearly 85% of the total
calculated motion. In Table II, the second to fourth col-
umns are the correlation coefficients between the direc-
tional preferences—simply the corresponding eigenvectors
of the corresponding global mode—calculated with our
method for the apo HPPK structure and those of the
directional displacement changes upon AMP and HPP
binding calculated as distances between crystallographic
coordinates. The numbers in the parentheses give the
correlation coefficients between the mean square residue
fluctuations (from Eq. 10), for the first three global modes
with those of the observed displacements upon ligand
binding. These results find a very high correspondence
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between the experimental X-ray conformational transi-
tions and our theoretical values. These results suggest
that our method may be used to predict the directions of
motions in apo HPPK when bound by different ligands.
Note that transitions from apo to then lig, bin, and pro
conformations are highly represented by the first, second,
and third eigenvectors, respectively (CC � 0.56, 0.48, and
0.49). The second case—the comparison of simply the
mean square fluctuations with the distance traveled—
introduces higher correlations (the worst case is 0.66).
Speculation from these results suggests that the holo
conformations of the enzyme are determined by the spe-
cific ligands bound to the apo structure, and this holo form

is among the possible calculated conformations that the
apo structure can assume. Apparently the ligand interac-
tions drive the enzyme’s structure to a new, stable, confor-
mation among these possible conformations.

Pathways from apo to holo forms

It is useful to compare the amplitudes of motions as
determined from the normal modes of vibration with the
conformational changes upon ligand binding. To do this, a
sample of snapshots is created that depicts the molecule’s
motion from its starting (i.e., apo) configuration. For the
Cartesian basis, the snapshots may be obtained by the
formula:

R	s
 � RA � � �mum/�mcos	�m
1/2t � �m
 (12)

where RA is the starting configuration, um and �m are the
mth eigenvector and the associated eigenvalue of the
Hessian matrix, respectively. The summation is carried
over the collection of global modes, R(s) is the coordinate
array of the snapshots, and �m is the desired amplitude of
motion. The amplitude of motion is selected by simply
normalizing the sum of displacements, �RA � RH�, from

TABLE II. Correlation Coefficients between Experimental
Displacement Vectors and Theoretical Eigenvectors and

between Experimental Conformational Changes and
Theoretical Root Mean Square Fluctuations

Mode # Apo-lig Apo-bin Apo-prod

1 0.23 (0.86) 0.45 (0.66) 0.47 (0.72)
2 0.56 (0.86) 0.37 (0.83) 0.33 (0.85)
3 0.09 (0.91) 0.48 (0.83) 0.49 (0.87)

Fig. 10. (a–c) Relative displacements of the C� atoms of the HPPK as observed upon different substrate
bindings (solid curve). These are simply the difference of superimposed crystallographic coordinates between
the apo-HPPK and lig-, bin-, and pro-HPPK structures, respectively. The dashed curve is the theoretical mean
square fluctuations obtained from Equation 7 for all vibrational modes. The areas under the curves are
normalized.
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apo to holo forms by the root mean square fluctuation,
��R2�1/2, (i.e., � � ¥i(�RA � RH�)i/��R2�i

1/2). The denomi-
nator of this ratio is obtained from Equation 7, and the
summation is carried over all residues 1 � i � N. �m is an
arbitrary phase between modes, and we select phases of 0°,
90, and 180° to determine different combinations of modes.
Assuming �m

1/2t is very close to zero, this phase difference
introduces a sign of �1 in the summation.

We tested our method for predicting the conformation of
the pro form starting from the apo structure. The rmsd
between the apo HPPK and prod was initially 3.13 Å.
Using the first three eigenvectors and all combinations of
first three eigenvectors, 27 snapshots were generated
using Equation 12. The rmsd between the snapshots and
the actual pro structure varied between 2.05 and 4.48 Å.
Selecting the 2.05-Å snapshot as the next step in the
procedure, a new set of snapshots were generated, the best
of which had a rmsd of 1.50 Å from the correct structure.
The ribbon diagrams of these two intermediate snapshots
are shown in Figure 11. These snapshots identify a prob-
able pathway between the starting apo structure and the
final bound structures. As a proof of concept, these results
suggest that the eigenvectors can be used to drive the apo
structure to its holo form, with the caveat that this
two-step iteration reflects a strong bias by selecting the
“best” rmsd intermediate structure to begin the second
iteration. Repeats of this same calculation, based on
random eigen inputs, found no conformations similar to
the above endpoint.

Our analysis was also repeated on a coarser model based
only on the six functional domains as identified above.
Here we assume that these domains move as blocks and
use the block average eigenvector, assigned to its geomet-
ric center, to determine motion. Averages were also deter-
mined for these six domains from the crystallographic
translations between the apo and holo forms; that is, the
residues in the S1 domain of Figure 7 are assigned a center
of mass, an average eigenvector, and an average conforma-
tional change vector. Figure 12 gives the schematic repre-
sentations of these blocks and associated eigenvectors and
conformational change vectors. In this figure the apo
enzyme is colored according to six domains (see Fig. 7). The
gray structure is the target structure with AMP and HPP.

The center of mass of each block (domain) is displayed with
a circular dot colored according to its associated domain
color. The black arrows show the direction of change in the
center of mass from the apo to holo forms as determined
from the crystallographic coordinates. The magenta ar-
rows give the weighted average of eigenvectors calculated
as vavg,block � ¥um,block/�m,block, where m is the first three
eigenmodes (1 � m � 3) and block means that the
average is taken over the residues in a specific block (1 �
block � 6). The correlation coefficients between these two

Fig. 12. Schematic representations of the blocks and associated
eigenvectors and conformational change vectors. In this figure the apo
enzyme is colored according to six domains (see Fig. 7). The gray
structure is the target structure with AMP and HPP. The center of mass of
each block (domain) is displayed with a circular dot colored according to
its associated domain color. The black arrows show the experimental
direction of the change in the center of masses from apo to holo form. The
magenta arrows give the theoretical weighted average of eigenvectors.

Fig. 11. The ribbon diagrams of (a) apo structure (starting structure), (b,c) two intermediate snapshots, and
(d) the binary structure (targeted structure). The intermediate structures are the most similar structures to the
pro-HPPK among the first and second set of snapshots. L3 first opens up to provide probably an available
space for AMP binding and this introduces a conformation change on L2.
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sets of vectors did not worsen but improved when com-
pared to the results of the full residue calculations.

Table III gives the correlation coefficients for the six
domain coarse model, using the same table format as was
used in Table II. We can now solve the analytical problem
of finding the coefficients of eigenvectors that give the
exact coordinates of these six domains in the holo (pro)
form starting from the apo form. The problem can be
formulated as (�R18 � 1 � W18 � 3 � C3 � 1), where
�R18 � 1 � RA � RH is the change in displacement
between the centers of mass of the six functional domains
of apo and holo structures (18 � 3  6) of S1–S6, W is the
matrix consisting of three slowest modes’ eigenvectors for
these domains, and C is the column of coefficients for these
eigenvectors. The solution of this equation gives the ele-
ments of the C array as c1 � � 17, c2 � 18, and c3 �
� 25. Multiplying these coefficients by the first three
eigenvectors yields the exact displacements needed to
reach the pro state starting from apo structure. In Table
III, note that the third eigenvector is 0.76, correlated with
the correct case, and has the highest contribution for this
transition. Using these same coefficients for N residues
yields a conformation only 1.81 Å from the final structure.
Taken together these results suggest that substantial
information is contained within the slowest global modes
for identifying a subset of protein motions.

CONCLUSIONS

We draw the following conclusions from our results. A
good agreement is obtained between the mean square
fluctuations and the experimental crystallographic tem-
perature factors for the four conformations of HPPK (one
apo and three holo forms with different ligands). The most
flexible regions correspond to loops L2 and L3, which
indeed exhibit the largest conformational changes upon
ligand binding. Different mechanisms of motion for these
loops provides a mechanism for conformational changes to
the unbound to bound transition. The extension/stretching
and opening/closing motions of these loops drive the
conformational changes. It is known that ATP is the
energy source for activating the kinases for their enzy-
matic functions. The binary complex of HPPK with ADP
displays the largest conformational change for the apo
form. Binding of the nucleotide changes the structural
properties of the HPPK to provide a more open conforma-
tion for the other substrate HP to bind. When the HP binds
the loop closes and the kinase becomes fairly rigid: prob-
ably to provide an isolated region for the transfer of
phosphor in the catalytic reaction. It is also observed that
the palm-like region of the enzyme is almost rigid in four of

the conformations. This is an interesting observation
because usually global modes yield movements of large
domains and hinge motions. The equilibrium cross-
correlations between residue pairs also identify the units
that are correlated. The two loops exhibit anticorrelated
motions with respect to each other in apo form, and the
rigid part does not show any correlation with the rest of the
molecule. Examination of other enzymes in the folate
pathway gives no significant signature for the folate
binding regions. This finding may support the hypothesis
that the same functionality does not necessarily need the
same motif in different proteins.

Comparison of the global mode motions with the confor-
mational changes upon ligand binding suggests a high
correspondence between the normal mode directions de-
rived from ANM calculations and the actual conforma-
tional changes. These high correlations implicate our
calculational method for further study of modal motions.
Indeed, our results confirm that the individual eigenvec-
tors might be useful to drive the apo structure toward holo
structures without resorting to MD calculations. Thus, the
apo structure can assume a set of conformations driven by
the slowest modes, and ligand binding appears to intro-
duce a new stable structure from this set of accessible
conformations. Further investigation of the motions of
HPPK’s six functional domains, is consistent with our
observation that these domains move as blocks.
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