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A network of dynamically conserved residues
deciphers the motions of maltose transporter
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ABSTRACT

The maltose transporter of Escherichia
coli is a member of the ATP-binding cas-
sette (ABC) transporter superfamily. The
crystal structures of maltose transporter
MalK have been determined for distinct
conformations in the presence and ab-
sence of the ligand ATP, and other inter-
acting proteins. Using the distinct MalK
structures, normal mode analysis was
performed to understand the dynamics
behavior of the system. A network of
dynamically important residues was
obtained from the normal mode analysis
and the analysis of point mutation on
the normal modes. Our results suggest
that the intradomain rotation occurs ear-
lier than the interdomain rotation dur-
ing the maltose-binding protein (MBP)-
driven conformational changes of MalK.
We inquire if protein motion and func-
tional-driven evolutionary conservation
are related. The sequence conservation
of MalK was analyzed to derive a net-
work of evolutionarily important resi-
dues. There are highly significant corre-
lations between protein sequence and
protein dynamics in many regions on
the maltose transporter MalK, suggesting
a link between the protein evolution
and dynamics. The significant overlaps
between the network of dynamically im-
portant residues and the network of evo-
lutionarily important residues form a
network of dynamically conserved resi-
dues.
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INTRODUCTION

ATP-binding cassette (ABC) transporters constitute the largest transporter
gene family and function ubiquitously from bacteria to humans.! Using the
ATP-derived energy, ABC transporters transport various substrates or alloc-
rites, ranging from ions and small organic molecules to carbohydrates and
proteins, across membranes. In humans, ABC transporters are involved in
cystic fibrosis, Tangier disease, and drug resistance.2

Most ABC transporters possess two transmembrane domains (TMDs) and
two cytosolic nucleotide-binding domains (NBDs). Prokaryotic ABC trans-
porters include a periplasmic component that binds specific substrates with
high affinity.3 The NBDs contain the classical nucleotide-binding Walker A
and Walker B motifs, a conserved LSGGQ signature motif, a Q-loop media-
ting the interactions between the TMDs and the NBDs, and a D-loop.

Distinct crystal structures of ABCs in the maltose transporter MalK,4 vita-
min B12 importer BtuD,” and metal-chelate importer HI14700 reveal that
the NBDs exist in at least three different states: open, semi-open, and closed.
The availability of such crystal structures provides a gateway to understand
the conformational changes concomitant with substrate transport and ATP
hydrolysis in ABC transporters. In this study, we focus on the maltose trans-
porter, which is involved in maltose/maltodextrin import. It comprises a
periplasmic maltose-binding protein (MBP or MalE), two integral mem-
brane proteins, MalF and MalG, and two copies of their cytoplasmic ABC
MalK. The MalK monomer has two domains, an N-terminal 235-residue
nucleotide binding domain (NBD) and a C-terminal 135-residue regulatory
domain (RD). Crystal structures of MalK existing in different conforma-
tions, from open to closed (ATP-bound) conformations, are available.3»4

Molecular dynamics simulation on isolated dimeric MalK structures indi-
cates that the simulation time of 15 ns is insufficient for the open confor-
mation to evolve to the fully closed conformation.” To provide another per-
spective on the understanding of ABC transporters dynamics, we performed
normal mode analysis (NMA), which has been used to study protein
motions.$? Although protein motions involve anharmonicity,8 the low fre-
quency normal modes are capable of describing functionally significant con-
formational rearrangements. Low-frequency normal modes have directional
similarities to large-amplitude fluctuations in molecular dynamics simula-
tions10 and provide details concerning the important interdomain motions
and displacements of flexible intradomain components.!l Comparisons
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between two protein structural data of distinct conforma-
tions indicate that low-frequency normal modes overlap
with real conformational changes.12

NMA has been used to study proteins such as citrate
syn‘[hase,13 lysozyme,14 polymera\se,15 matrix metallo-
proteinase,16 and multimer proteins such as hemoglo-
bin,17 aspartate transcarbamylase,18 tryptophan syn-
‘[has.e,19 HIV-1 reverse transcriptase, chaperonin
GroEL, 1121 chorismate mutase, 22 as well as ribo-
some.23,24 Focusing on the protein motions, many of
these studies have enhanced our understandings on the
relationships between protein motions and functions. In
NMA, proteins are analyzed as a large set of coupled har-
monic oscillators. NMA using all-atom empirical poten-
tials is computationally expensive and can conceal the
global changes, especially for large protein systems.25
However, NMA for large biomolecules can be performed
with a simplified representation of potential energy;
such a method is termed an elastic network model
(ENM).15,26 Large-scale motion in proteins can be
described using simple pairwise Hookean potentials with
a single spring-constant parameter.26 Following this, the
one-dimensional coarse-grained Gaussian network?” and
the three-dimensional anisotropic network?> models
were developed. The Gaussian network model has been
fully reviewed in the Chapter 3 of Ref. 9. In all these
ENMs, the nodes of the network represent atoms of
amino acid residues and the edges are springs linking all
nodes within a cutoff distance. ENM has been used to
predict accurately temperature B-factors in these pro-
teins: crambin, trypsin inhibitor, ribonuclease A, and T4
lysozyme.2” ENM has also been successfully used to
study the ligand entry and binding in the retinol-binding
protein?> and the global ratchet-like motions of ribo-
some.28 Motivated by these, we used an ENM based on
a Hookean harmonic potential with a single force con-
stant to investigate the dynamics in MalK maltose trans-
porter and the residues crucial in the conformational
changes. These residues form a network of dynamically
important residues.

We are motivated to further extend the current
approaches. The fact that the sequences of MalK
NBDs are highly conserved as compared to the diverse
sequences of TMDs2® has motivated us to include
sequence analysis to understand the evolutionary influ-
ence on protein dynamics. Sequence analysis to predict a
set of energetically coupled residues due to amino acids
coevolution30 has proven effective to understand and
design proteins, for example the statistical information
obtained from the sequence analysis of WW domain ena-
bles the sequence design of properly folded proteins.31
Besides determining protein tertiary structures, what
other information can sequence analysis tell us? Are the
motions of ABC transporters and functionally driven ev-
olutionary conservation related? Quantification of such a
relationship in terms of residues is useful for drug design

and protein engineering. Previous studies employing
ENM are related to our studies. An extended ENM has
been used together with molecular mechanics to eluci-
date the conformational changes of RNA polymerase in
the functional cycle of ‘[ranscription.32 Conserved resi-
dues involved in the efficient open/closed transition of
polymerases have been successfully identified in details
from two structures in open/closed conformations.33 The
availability of multiple structural data of MalK allows us
to go beyond identifying the conserved residues in con-
formational changes. Different regions of MalK exhibit
more influences on the dynamics than other regions,
depending on the distinct conformational transitions.
This study demonstrates the capacity of the integration
of sequence analysis and ENM to dissect conformational
changes occurring in multimers and in multiple steps,
from open via semi-open to closed conformations.

MATERIALS AND VMIETHODS

The starting structures for dynamics analysis were the
structures of Escherichia coli MalK in different dimeric
conformations: open (1Q1E), semi-open (1Q1B), closed
(1Q12),4 and in-complex (2R6G).3 The open and semi-
open conformations are nucleotide-free, the closed con-
formation has ATP bound at each of its two active sites.
The in-complex conformation consists of two MalKs,
MalF, MalG, and MBP (also known as MalE).

Evolutionary information analysis

Homologous sequences from the non-redundant
database were retrieved using the PSI-BLAST (www.
ncbi.nlm.nih.gov/blast) with E cutoff = 10. Multiple
sequence alignments (MSA) on 500 sequences were ini-
tially performed using the ClustalX2.0.4. Alignments were
then manually adjusted using structure-based sequence
alignment. Partial sequences containing <60% of the
number of residues in the query protein were removed
and the alignment was truncated to include only posi-
tions present on the query sequence.

To focus on evolutionary relationships among amino
acid positions in the homologous proteins, the MSA is
ensured to be statistically large and diverse enough. For a
well-sampled MSA, random addition or elimination
sequences should not significantly change the distribution
at amino acid positions. In other words, the MSA has
reached a state of statistical equilibrium in sequence
space. Sufficiently diverse MSA should contain several
positions on sequences with amino acid distributions
equivalent to the mean in all natural proteins. For a
processed MSA that represents evolutionary conservation,
the information content is given by

Sy =1log20+ > pllog(pL). (1)

aa=1...20
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where pl, is probability of substitution by amino acid aa
at position n.33 A high S, means that a residue at posi-
tion n is highly conserved. Residues of high S, within
a protein form a network of evolutionarily important
residues.

Normal mode analysis

An elastic network model (ENM) in EINémo,3>4 which
is based on a Hookean harmonic potential with a single
force constant, was used to calculate pairwise atomic
interactions that are within a cutoff distance Rc.26 R.
accounts for van der Waals radii and decay of interac-
tions with distance. The potential energy based on the
ENM,

C
Epnm =~ > (d —diy)’, (2)

a7, <R

where dj, is the distance between the dynamical coordi-
nates of the atoms 1 and 2, d%, is the distance between
the initial coordinates of the atoms 1 and 2 as given in
the PDB structure. The strength of the potential C is
assumed to be the same for all interacting pairs. The
energy function, Egny 1S @ minimum for any chosen
configuration of any protein system, hence no minimiza-
tion is required before NMA.

If the atoms are undergoing thermal fluctuations along
each normal mode, the amount of their oscillations
around their specified position can be quantified as B-
factor,

8% kT = A2
BYA = T 5 BN Dk (3)

factor 3

where kg is the Boltzmann constant, T is the absolute
temperature, m; is the atomic mass of atom i, Ay is the
amplitude of the displacement of atom i in the kth nor-
mal mode, oy is the frequency of the kth normal mode.

Using the data from two or more of different confor-
mations, a direction of conformational change can be
identified. The eigenvectors of the lowest frequency nor-
mal modes were used to compute the similarity degree
between the direction of a conformational change and
the direction given by normal modes considered. To rep-
resent the similarity as overlap,

3N

ZAik(ril - 1’12)
Ok = 19 (4)
3N 2

3N )
YA (ril - 712)

where r;' and r? are the coordinates of atom i in the
conformation 1 and 2, respectively.13 If O = 1, the
direction given by the kth normal mode is identical to
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that of conformational change. O, has been proved
remarkably successful in describing observed large-scale
motions for a range of proteins.12 To measure how well
the first k modes together can represent a conformational
change, we further defined the cumulative overlap,

co = (Z oﬁ)%. (5)

Analysis of point mutation on normal modes

For a given mode, each residue, represented by its Ca,
was deformed at sequence position n along the kth nor-
mal mode with a small amplitude 8a. Upon deforma-
tion, the resulting changes in the strength of spring
potential C between the Ca of residue at sequence posi-
tion n and other atoms will result in the change of elastic
energy, 0Egny In accordance to the Eq. (2). The defor-
mation was experimentally achieved by point mutations.
The response to the deformation in the frequency of the
kth normal mode was calculated using

8’T]kn = VI? “®H - Vi, (6)

where vy is the eigenvector of the kth normal mode and
OH is the Hessian matrix of BEENM.33 If the kth normal
mode is related to a biological function of the protein’s
conformational change, residues with high vy, are likely
to be dynamically important and potentially dynamic
hot-spot residues. They form a network of dynamically
important residues.

To obtain a detailed picture of the highly conserved
protein regions by examining the correlation between S,
and dmy,, we used Pearson’s correlation method and per-
formed a coarse-grained average of S, and dmy,. Residues
which are both evolutionarily important and dynamically
important form a network of dynamically conserved resi-
dues, indicated by the high correlation between S, and
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RESULTS AND DISCUSSION

Sequence conservation in MalK

The evolutionary information analysis well captured
the conserved motifs in the sequences of maltose trans-
porters (Fig. 1). The Walker A (residues 36-43), the Q-
loop (residues 80-84), the LSGGQ (residues 134-141),
the D-loop (residues 162-165), and the Switch (residues
184-193) motifs have high S,, reflecting their high con-
servation. Compared to these motifs, the Walker B (resi-
dues 154-158) are relatively less conserved. Other regions
with moderately high S, include the residues 50-53 and
the loop 235-239. All these residues form a network of
evolutionarily important residues.
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Figure 1

The S, obtained from the evolutionary information analysis reflects the sequence conservation of the ABC transporters in general and the maltose
transporter MalK in particular. The S, is color-represented from red (corresponding to high conservation) to blue (corresponding to low
conservation). (A) The sequence of MalK is presented with conserved motifs and important regions of high S, values. (B) The color scheme is the
same as that of (A) and for both images. Top view is seen from the plasma membrane side. Side view is after a rotation along x-axes for 90°.

The nucleotide-binding Walker A and Walker B motifs
are seen in many ATPases, whereas the LSGGQ motif is
unique to the ABC family.# Some of the conserved
motifs and important regions with high S, are far apart
in the sequence space (Fig. 1). For example, the Walker
A and the LSGGQ signature motifs are 99-residue apart
in the sequence space, but the Walker A motif of a subu-
nit comes closer to the LSGGQ motif of another subunit
in the closed, ATP-bound conformation. Among the resi-
dues with high S, crucial for the ATP stabilization, the
R129 and the Q138 residues are engaged in van der
Waals interaction with the ATP ribose. Residues in the
Walker A motif of a subunit and the LSGGQ motif of
another subunit are involved in electrostatic and van der
Waals interactions with the ATP phosphate groups.
Among the phosphate-interacting residues with high S,
in the Walker A motif, the residue T44 interacts with the
a-phosphate, the residues G39, C40, G41, K42, and S43
interact with the B-phosphate, and the residues S38,
G39, and K42 interact with the y-phosphate. Among the
phosphate-interacting residues with high S, in the
LSGGQ motif, the residues S135, G136, and G137 inter-
act with the y-phosphate. These confirm the role of the
evolutionary-important residues in nucleotide binding.
Note that the evolutionary-important residues may serve

distinct functions, such as ligand binding, enzymatic ac-
tivity, and structural fold maintenance. In this study, we
focus on the conserved residues that play significant roles
in conformational changes.

Normal modes and B-factors

We analyzed and compared the motions in four MalK
conformations: open, semi-open, closed, and in-complex
(PDB: 1QIE, 1Q1B, 1Q12, and 2R6G, respectively) using
normal mode analysis (NMA). The cutoff distance R.
(see Methods) does not have significant effect on fre-
quency of slow normal modes (data not shown). Differ-
ent R. values have been used to account for pairwise
interactions between all Ca atoms in previous studies:
7 A,27 8 A,34 10 A.1521 T determine what R. value to
use, we correlated the NMA-derived B-factors, obtained
from the 100 normal modes after the first six zero-fre-
quency modes related to rotational and translational
motions, to the the overall experimentally determined B-
factors across different R. in the all-atoms and the Ca
models (Fig. 2). A high correlation indicates that the
normal modes capture well the flexible characteristics of
protein. Compared to the other conformations of MalK,
the open conformation shows a relatively higher correla-
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Figure 2

Correlations between NMA-derived and experimental B-factors for the different conformations of maltose transporter MalK across different R.
values. (A) All-atoms (B) Ca atoms. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

tion in both all-atoms and Ca models. The optimum R. est and/or the second lowest frequency normal modes
is at shorter distances for all-atoms model than those for obtained from the open conformation have correlation
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Figure 3

B-factors for different conformations of maltose transporter MalK derived from NMA using different cutoff distance R. and from X-ray
crystallography experiment. (A) Open conformation. (B) Semi-open conformation. (C) Closed conformation. (D) In-complex conformation. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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trate synthase, triglyceride lipase, and thymidylate syn-
thase, normal modes deduced from the open conforma-
tion compare better with the conformational changes
than those obtained from other conformations.!? For
subsequent analysis, we used R. = 9 A as it gave high
correlation in the Ca-atoms model and to facilitate the
analysis of point mutations on normal modes.

The B-factors from normal modes across different R,
are generally similar to those from experiment (Fig. 3).
Both the N- and C- termini have high B-factors as they
are inherently flexible parts of proteins and observed nor-
mal modes amplified such flexibility with B-factors much
higher than those experimentally determined. We noted
that B-factors account for not only temperature-depend-
ent vibrations of the atoms as derived from the Eq. (3),
but also other effects such as static disorders.3> It should
also be noted that the theory of B-factors unrealistically
assumes independent atomic oscillations, in contrast to
the coupled oscillations of NMA.

The NBD (residues 1-235) and RD (residues 236-370)
of MalK have an o/ motif and an all-B fold, respec-
tively. Residues with relatively low B-values are more
localized and constrained, as they generally participate in
secondary structures. In the open conformation, the
NMA-derived B-factors for residues 160-187 are lower
than the experimental ones, although they display similar
fluctuation patterns. Residues 162-165 form the con-
served D-loop. Residues 184-187 are parts of Switch
region, which has His192 that, in the presence of ATP,
forms a strong H-bond with the y-phosphate of ATP sta-
bilizing its position.* The value differences between
NMA-derived and experimental B-factors for residues
160-187 may result from extrinsic factors such as tem-
perature and lattice environments, and these effects are
unabled to be portrayed by NMA. Residues 103-108 (in
the NBD) and 221-255 (in the RD) display higher
NMA-derived B-factors than the experimental ones. Resi-
dues 103-108 are at the interaction region with the lipid
bilayers, and NMA is performed in vacuum in the ab-
sence of cell membrane, hence explaining the higher
NMA-derived B-factors. Residues 235-255 form loops,
hence they have more freedom to move.

In the semi-open conformation, residues 85-90, 101-
112, 125-135 have higher NMA-derived B-factors [Fig.
3(B)]. Most of these residues do not belong to con-
strained secondary structure: residues 85-90, 101-105,
and 125-134 are loops. These loop regions that move
during the transition from the open to the closed confor-
mation, have NMA-derived B-factors which are 2-3 times
higher than the experimental B-factors.

The D-loop (residues 162—165) in the semi-open con-
formation and the the Q-loop (residues 80-84) in the
closed conformation have lower NMA-derived B-factors
than the experimental ones [Fig. 3(B, C)]. The Q-loop
interacts with y-phosphate through a H-bond with water.
The Q-loop also interacts with the EAA-loops of MalF

and MalG transmembrane proteins.4 In the closed con-
formation, the experimental B-factors for the Q-loop
corresponds to increased values, suggesting the flexible
nature of the Q-loop. However, the NMA-derived B-fac-
tors are able to capture the well-ordered character of the
Q-loop, even in the absence of MalF and MalG in NMA.
In the intact complex containing two MalK as well as
MalF and MalG, the Q-loop is well-ordered [Fig. 3(D)]
and contains a B-strand.3 The low B-factors may suggest
a region of conservation in the MalK dimer, especially
for loop regions which generally display less constraint in
motion. In fact, the Q-loop and the D-loop are one of
the critical conserved motifs.30 In contrast to the high B-
factors presented in the study on the monomer ABC
ATPase domain of human TAP1, the transporter associ-
ated with antigen processing,36 we infer that the pres-
ence of dimer present a more ordered environment in
the conserved D-loops of MalK.

For the in-complex conformation, in which MalK
dimers are analyzed together with the presence of MBP,
MalF, and MalG, the NMA-derived B-factors generally
show similar fluctuation patterns to those of experiment
[Fig. 3(D)]. The Walker A motif, the Q-loop, the LSGGQ
motif, and the D-loop display low B-factors.

Conformational changes and dynamically
important residues

For the analysis of normal mode using R. = 9, the cu-
mulative overlaps for the first 10 nonzero modes are
0.707, 0.796, 0.720 for open to semi-open, semi-open to
closed, and open to closed conformations, respectively
[Fig. 4(A)]. The low-frequency modes are sufficient to
represent the conformational changes in MalK, especially
the first 10 nonzero modes in which more than 70% cu-
mulative overlaps with conformational changes are
achieved. The highest overlap among the first 10 nonzero
modes is given by mode 9, with values of 0.503 (open to
semi-open) and 0.612 (open to closed). For the semi-
open to closed transition, the highest overlaps of 0.321
and 0.231 are given by mode 8 and mode 7, respectively.
From the RMSD of mode 9 in the open conformation,
and the RMSD of modes 7 and 8 in the semi-open con-
formation [Fig. 4(B)], the atomic displacements demon-
strate similar patterns for both modes, especially the high
RMSDs involving the residues in the NBDs. Among the
critical conserved sequence motifs in MalK, the C-termini
of the Q-loop (Q-loop is formed by the residues 80-84)
experience an increase in RMSD as compared to previous
neigboring residues in the three modes. In all of the three
modes, peaks of RMSD are also observed in the the N-
terminal of Walker B (residues 154—158), the Switch (res-
idues 184-193), and the residues (50, 52, 73) that form a
hydrophobic pocket to interact with MalF and MalG.
There is a difference in the D-loop (residues 162-165) in
which it has high RMSD in the mode 9 of open confor-
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Figure 4

The normal modes capture the conformational changes. (A) The low-frequency modes are sufficient to represent the conformational changes in
MalK. (B) The RMSDs of modes representing MalK conformational changes are given.

mation and low RMSD in the mode 7 of semi-open
conformation.

We deformed amino acid residues for the mode 9 in
the open conformation, the mode 7 and 8 semi-open
conformations. The clusters of residues with high &m
form the network of dynamically important residues
(Fig. 5). Many of the residues in the network of dynami-
cally important residues are parts of the critical con-
served motifs in MalK, as given by the evolutionary in-
formation analysis (Fig. 1). These residues are important
for allosteric functions of proteins, in particular their
transition from open, via semi-open, to closed conforma-
tional states. In mode 9 of the open-conformation, the
Q-loop and the D-loop are highly affected by deforma-
tion. This is followed by the high 8n in the Walker A,
LSGGQ, and Switch regions in the mode 8 of the semi-
open conformations. The values of 8m in the mode 7 of
semi-open conformation are intermediate in-between
those in the mode 9 and 8 of open and semi-open con-
formations respectively, for the Walker A, Q-loop,
LSGGQ, D-loop, and Switch regions. We proposed that
in the event of maltose-loaded MBP stimulation, the
motions of Q-loop and the D-loops precede those of
Walker A and LSGGQ which are involved in ATP nucleo-
tide binding and the motion of the Switch region. This
sequence of motions provides further evidence for the
key concept that the conformational changes from the
resting state of MalFGK, transporter (in which MalK
dimers are in their open-conformation) to the catalytic
state are driven by the binding of the maltose-loaded
MBP to the MalF and MalG, instead of the binding of
ATP to the MalK dimers. Similarly, the rate-limiting step,
for the conversion of substrates to products in many
enzymes, is the catalytic cycle conformational changes
instead of the chemistry of active sites.37>38 To dissect
the motions within MalK dimers due to the MBP-trig-
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gered conformational changes, we analyzed each region
involved.

Two helices from the helical subdomain (residues 88—
157), the helix following the Walker A motif (residues
41-51), and the Q-loop form a cleft to dock the EAA-
loops of the transmembrane MalF and MalG.3 Inside the
MalK cleft, the EAA-loops rotate in a manner similar to
the motion of a ball-and-socket joint.3 The high v val-
ues of the Q-loop region in the open-conformation indi-
cate its importance (Fig. 5). The Q-loop region also has
high conservation as evidenced from its high S, (Fig. 1).
From the crystal structure of the MalFGK,, it is revealed
that the C-terminal tail of MalG inserts into the MalK
dimer interface by forming three H-bonds with the back-
bone atoms of the Q-loop.3 The C-terminal tail of MalG

4 - = open_maded
—— semi_modeT
Walker A D loop — semi_moded
B
=
2 8
g
10 4
A2
0 50 100 150 200 250 300 350

Figure 5

The 8m obtained from the analysis of point mutation on mode 9 in the
open conformation and on mode 7 and 8 in the semi-open
conformation. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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is not required for the closure of the MalK NBDs but
may be crucial for the formation of the catalytic interme-
diate conformation of the entire MalFGK, transporter.>%

ATP is postulated to bind first to the Walker A motifs
instead of the LSGGQ motifs in the open conformation.4
The Walker A and the LSGGQ motifs only come closer
in the semi-open conformation (Fig. 5). Such motions
are preceded by the optimization of the position of the
helical subdomain relative to the RecA-like subdomain.
The Q-loop, a crucial conserved motif in the helical sub-
domain, shows motion in the open-conformation (Fig.
5). The optimization of the position of the helical subdo-
main relative to the RecA-like subdomain is related to an
intradomain rotation between the RecA-like and the heli-
cal subdomains. It is likely that the Q-loop, which con-
nects the rigid-bodies of the helical and the RecA-like
subdomains, is responsible for the intradomain rotation.
As a result of this intradomain rotation, the helical sub-
domain moves inward toward the ATP-binding site.4
Note that there is not only intradomain rotation but also
interdomain rotation of the entire NBD relative to the
RD about a hinge region situated in the loop (residues
235-239) connecting the NBD and RD. Loop 235-239
displays high S, (Fig. 1) and high 8m (Fig. 5), especially
in the mode 8 of the semi-open conformation. Based on
these observations, we suggest that the intradomain rota-
tion occurs earlier than the interdomain rotation during
the MBP-driven conformational changes of MalK. To
connect these findings with the previous analysis on the
intact transporter,3 the rotations of the EAA-loops in the
transmembrane MalF and MalG implicate the intrado-
main rotations at the Q-loop. These are then followed by
the interdomain rotation at the loop 235-239.

The switch region has significant motion as deter-
mined from the deformation analysis in the semi-open
conformation (Fig. 5). This is in agreement with our hy-
pothesis that the motion of the switch region is later
than those of the Q-loop and the D-loop. The Switch
region possesses His 192 which functions to polarize the
water attachment for ATP hydrolysis. This is only likely
to happen after the two NBDs come closer.

The network of dynamically conserved
residues

To understand the relationship between protein dy-
namics and protein evolution, we correlated the dm to
sequence conservation represented by S,, (Fig. 6). For the
open conformation as represented by the mode 9, the av-
erage Pearson’s correlations are 0.69, 0.58, 0.52, 0.49, and
0.59 for residues in the Q-loop, the LSGGQ, the D-loop,
the Switch, and the loop 235-239 regions, respectively.
For the semi-open conformations as represented by the
mode 7 and 8, the average Pearson’s correlations are 0.22
and 0.27, 0.46 and 0.45, 0.20 and 0.28, 0.59 and 0.59,
0.71 and 0.69, for residues in the Q-loop, the LSGGQ,

— gpen, mode 8
Loop 235-23% — gemi-open, mode 7
— semi-open, mode B

Pearson's Correlation
o

16 66 116 166 216 266 316
Residue

Figure 6

Pearson’s correlation calculated between 8 and S, obtained from the
analysis of point mutations on normal modes and the analysis of the
evolutionary information, respectively. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

the D-loop, the Switch, and the loop 235-239 region,
respectively. The residues of these regions with significant
correlation between the 8m and S, form the network of
dynamically conserved residues. The Q-loop, the LSGGQ
motif, and the D-loop have higher Pearson’s correlations
in the open than those in the semi-open conformation,
whereas the Switch region and the loop 235-239 have
higher Pearson’s correlations in the semi-open than those
in the open conformation. These results provide evidence
on the linkage between protein evolution and dynamics.

It is also interesting to note that some of the clusters
in the network of dynamically conserved residues are
both spatially distant in sequence and apart in 3D. For
example, the Q-loop is 49, 69, 77, 99, 150 residues apart
from the LSGGQ, Walker B, D-loop, Switch, and loop
235-239 motifs, respectively. In 3D of a MalK monomer,
the distances from the LSGGQ motif to Walker A, Q-
loop, Walker B, D-loop, Switch, and Loop 235-239
regions in the open conformation are 27.92, 14.67, 18.86,
18.06, 21.96, and 36.01 A, respectively. The respective
distances in the closed conformations are 24.75, 12.66,
19.04, 10.16, 21.38, and 31.90 A. For the MalK homo-
dimer, the distances between two Walker B from two
interacting chains are 32.95, 37.93, and 43.88 A in the
closed, semi-open, and open conformations, respectively.
These suggest the importance of long-range communica-
tion among residues in allosteric mechanism.

Mutational evidence for the residues in the network of
dynamically conserved residues also suggest the crucial
roles that these MalK residues play in maltose transport.
The individual mutations of K42N (within the Walker A
region) and H192N (within the Switch region), result in
significant reduction in maltose transport and ATPase
activities.3” Another mutation along the LSGGQ
sequence is Q140L, which inhibits the maltose transport
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by trapping the MalK in ATP-bound conformation.40
For a residue next to the Q-loop, the A85M substitution
suppresses EAA-loop mutation,*! suggesting its role in
interacting with the EAA-loops of MalF and MalG. Since
the intradomain rotation at the Q-loop are followed by
the interdomain rotation at the loop 235-239, it will be
interesting to see the phenotypes of loop 235-239
mutants and their maltose transport profiles. The con-
served glutamate at position 159, a residue immediately
following the Walker B motif, was suggested to polarize
the water molecule that attacks the bond between the 3-
and y-phosphates of ATP.42 The E159Q mutation elimi-
nates the catalytic carboxylate and results in no ATPase
activity.40

There are also regions of residues with high S,, but
low &m-values. We propose that these residues are con-
served for purposes other than dynamics and conforma-
tional changes. Further work is required to illuminate
their roles in the functions of MalK maltose transporter.

CONCLUSION

Our approach, using an integration of sequence, struc-
ture, and normal mode analysis, can selectively determine
the residues involved in the protein conformational
changes. We also established evidence on the the relation-
ship between protein dynamics (studied using normal
mode analysis) and protein evolution (as represented by
the sequence conservation). A network of residues with
high degree of dynamical- and sequence-conservation is
involved in the large-scale interdomain and intradomain
movements that facilitate conformational changes in the
MalK maltose transporter, adding further to our under-
standing on the ATP-binding cassette transport system,
in particular maltose-specific one. The current approach
is limited to proteins with resolved structures. For
future studies, we plan to extend the method to include
secondary structure analysis and comparison methods
beyond sequence analysis.
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