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The gating motion of the human nicotinic acetylcholine receptor (nAChR)
a7 was investigated with normal mode analysis (NMA) of two homology
models. The first model, hereafter referred to as model I, was built from
both the Lymnaea stagnalis acetylcholine binding protein (AChBP) and the
transmembrane (TM) domain of the Torpedo marmorata nAChR. The second
model, hereafter referred to as model C, was based solely on the recent
electron microscopy structure of the Torpedo marmorata nAChR. Despite
structural differences, both models exhibit nearly identical patterns of
flexibility and correlated motions. In addition, both models show a similar
global twisting motion that may represent channel gating. The similar
results obtained for the two models indicate that NMA is most sensitive to
the contact topology of the structure rather than its finer detail. The major
difference between the low-frequency motions sampled for the two models
is that a symmetrical pore-breathing motion, favoring channel opening, is
present as the second most dominant motion in model I whilst largely
absent from model C. The absence of this mode in model C can be
attributed to its less symmetrical architecture. Finally, as a further goal of
the present study, an approximate open channel model, consistent with
many experimental findings, has been produced.

q 2005 Published by Elsevier Ltd.

Keywords: acetylcholine receptor; ion channel; normal mode analysis;
allosteric mechanism
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ORRECIntroduction

The nicotinic acetylcholine receptor (nAChR) is a
ligand-gated ion channel responsible for fast signal
transduction across different synapses.1–3 The
channel is opened transiently in response to the
binding of neurotransmitter molecules such as
acetylcholine. Structurally, nAChR is composed of
a pentameric assembly of five homologous mem-
brane-spanning subunits oriented around a central
pore. Each of the subunits is composed of an
ublished by Elsevier Ltd.

tinic acetylcholine
ing protein; EC,

MD, molecular
lysis; RTB, rotational-
n-square fluctuation;
.
ing author:
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extracellular (EC) ligand-binding domain and four
transmembrane (TM) helical segments M1–M4, the
second of which, M2, forms the channel lumen.
Each EC domain contains a core of ten b-strands
arranged as a curled b-sandwich. Strands b1 to b6
form an inner sheet while strands b7 to b10 form a
second outer sheet. A signature Cys loop, located
towards the bottom of the EC domain, joins the
inner and outer sheets. The acetylcholine-binding
sites lie at the subunit interfaces, and are formed
mainly by residues from loops A, B and C of one
subunit (the principal side) and loops D, E and F of
the other (the complementary side).

Earlier kinetic studies established that nAChR
can exist in at least three conformations with
different functional properties: closed, open and
desensitized.4,5 However, molecular details
remained somewhat elusive until the crystallo-
graphic structure of an acetylcholine binding
protein (AChBP) from Lymnaea stagnali became
–15/TL
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available.6 This water-soluble homolog of the
nAChR EC domain serves as a useful high-
resolution structural model for the nAChR
ligand-binding domain. A number of crystal
structures of AChBPs complexed with different
ligands such as N-2-hydroxyethylpiperazine-N 0-2-
ethanesulfonate acid (Hepes6), agonist (nicotine,
carbamoylcholine7) and antagonist (a-cobratoxin,8

a-conotoxin9) have now been solved. From a
comparison of these structures it seems that only
loops C and F undergo significant conformational
change with the presence of different ligands and
that the relative orientation of the subunits, within
the pentamer, remains unchanged. However, how
these structural changes, observed in AChBPs,
relate to those in nAChRs during the gating
process is currently unclear. Recently, the structure
of nAChR from Torpedo marmorata was determined
by electron microcopy to a resolution of 4 Å.10 This
refined structure provides a detailed model of both
the EC and the TM domains of the receptor in a
closed state. Further, by fitting the Hepes-bound
AChBP structure into the electron density of
Torpedo nAChR, Unwin et al. were able to suggest
how the EC domain might respond to agonist
binding. Together with evidence for the rotation of
the M2 helix during gating, as indicated by earlier
low-resolution electron microscopy data11 and later
supported by disulphide bond trapping experi-
ments,12 Unwin et al. proposed a model for the
gating mechanism, in which the acetylcholine-
triggered rotations in the EC domains of a subunits
are transmitted to the pore gate through the M2
helices.

Although the general framework governing the
gating mechanism provided by the recent electron
microscopy experiments has been very satisfactory
in integrating a large body of structural data
obtained by techniques such as mutagenesis,13,14

photo-labeling15 and fluorescence,16 the detailed
dynamics of the transition, including the essential
interactions involved, has not been determined,
partly due to the unavailability of a high resolution
open channel structure. Molecular dynamics (MD)
simulations have proven to be useful in piecing
together the data collected from various sources
and bridging the gap between two or more static
structures.17,18 Previous MD studies of the EC
domain of the a7 nAChR revealed that the binding
of agonist induces a symmetrical expansion of the
five subunits, whereas a more closed and asym-
metrical arrangement was seen for the apo and
antagonist binding.19 More recently, a twist-to-close
motion that correlates movements of the C-loop
with the 108 rotation and inward movement of the
subunits A and D was observed in a 15 ns
simulation of the a7 receptor.20

Despite having many successful applications,
conventional MD simulations are generally limited
to submicrosecond time periods. This makes it
difficult to directly explore conformational changes
with significant kinetic barriers, such as the
gating transitions of nAChR. Special simulation
YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp
ED P
ROOF

techniques such as targeted MD21 and steered
MD22 have been devised to address this difficulty.
In these methods, in addition to the forces derived
from potential functions, an external biased force is
applied to guide the system toward the desired
end structure. It should be noted that by removing
the artificial forces using the weighted-histogram
method23 or Jarzynski’s equality,24 the equilibrium
thermodynamic and kinetic quantities such as the
potential of mean force and the transition rate can
be estimated from these biased simulations.

A major goal of our research on the human a7
nAChR is to carry out advanced MD simulations to
characterize the detailed dynamics during channel
gating. However, before undertaking such large-
scale simulations, it is essential to have an insight
into the nature of the transition. It is for this reason
that we first performed normal mode analysis
(NMA) to examine the intrinsic flexibility of the
receptor, and to identify the most probable direction
of the gating transition. NMA, which is based on the
harmonic approximation of the system, has pre-
viously been demonstrated to be useful in studying
large-scale motions in supramolecular complexes
such as the GroEL chaperonin,25 hemoglobin,26

F1-ATPase,27 ribosome,28 and others.29,30 A recent
improvement of NMA31 based on the rotational-
translational block (RTB) method32 described by
Tama et al. has allowed it to be used in biomolecular
assemblies of w10,000 residues (conventional NMA
is usually limited to systems composed of less than
300 residues). The major assumption behind the
RTB is that low-frequency normal modes of
proteins can be described as pure rigid-body
motions of blocks of consecutive amino acid
residues. Because of this simplification, the size of
the Hessian matrix is reduced, such that the
computational cost associated with its storage and
diagonalization are greatly decreased. As the
current study focuses on a few low-frequency
modes of the a7 receptor, the RTB method seems
to be an appropriate choice.

Now we turn to the possible a7 structural models
that can be used in the RTB studies. Early on, a
homology model (hereafter called model I) based
on the combination of the AChBP structure and
channel pore of Torpedo nAChR was constructed
and studied with theoretical methods such as elastic
network NMA33 and MD simulations.20 However,
there are certain concerns about the accuracy of this
model: the interface region between EC and the TM
domains is not sufficiently addressed; additionally
the AChBP-derived EC domain may represent an
activated/desensitized state whereas the TM
domain from the nAChR is in the closed/resting
state. Consequently, the merged structure could be
mismatched or represent an intermediate structure,
provided gating occurs in a step-wise process and
structural change in the EC domain precedes the
movement of the channel pore.34

The recent 4.0 Å resolution electron microscopy
structure of the Torpedo nAChR with both the
EC and TM domains should provide a better
. 1–15/TL
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template for modeling nAChRs.10 However, com-
plications arise, as Torpedo nAChR is a hetero-
pentamer with only two active a subunits. Thus it
is not known whether all five subunits of the
homopentameric a7 assume the same confor-
mation, or if only two of the subunits are a-like
as in the Torpedo structure. Here, we have chosen to
build a homology model, which will be referred to
as model C below, on Torpedo nAChR without
imposing 5-fold symmetry.

Here, we report the application of the RTB
normal mode analysis to the above-mentioned
structural models. We compute the root-mean-
square fluctuations (RMSF) to examine the overall
flexibility of the receptor, and construct cross-
correlation maps to identify the interactions that
may play a role in mediating the channel gating
process. Results indicate that the opening of the
channel most likely involves a global twisting
motion. Two lines of evidence support this view:
first, the majority of results for the I and C models
are similar except for some modest differences in a
few low-frequency motions; namely, a symmetrical
expansion motion that is the second dominant
motion in model I is changed considerably in model
C. Second, our normal mode results are consistent
with a large body of previous experimental data
deduced from cysteine accessibility,1 affinity label-
ing,35 mutagenesis36 and electron microscopy
experiments.11 Moreover, the significant motion of
the C-loop regions and the asymmetrical expan-
sions agree well with MD simulations of the a7 EC
domain.19,37 A similar global twisting motion has
also been observed recently both in an elastic
UNCORRECT

YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp. 1
network model33 and in a MD simulation of the
a7 nAChR.20
PROOF

Results and Discussion

Comparison of two a7 models

The AChBP derived model I has been used in a
number of earlier computational studies.20,33 With
the availability of a second, potentially more
accurate, model based on the recent Torpedo
receptor structure, it is of interest to make a detailed
structural comparison of the two models.
A superposition of the two structures based on the
backbone atoms of their EC domains (residues
20–205) is displayed in Figure 1(a). Overall, the
structures were found to be highly similar in their
EC domains (with a root-mean square deviation or
RMSD of 2.7 Å). The major structural differences
were found to reside in loops C and F. These two
loops are the main components of the principal and
complementary faces of the subunit interface. In
model C, both loops appear more loosely struc-
tured. For example, the tip of the C-loop is slightly
dislodged from its conformation close to the ligand-
binding site in model I. These alternate loop
conformations reflect the differences between the
two model template structures.

Additional differences between the models occur
in the Cys and b1–b2 loops, located at the bottom of
the EC domain. Superposition of the structures on
the backbone atoms of their TM domains, as shown
in Figure 1(b), reveals that the Cys and b1–b2 loops
ED 

Figure 1. Comparison of a
subunits in the C model (in
orange) and in the I model (in
green), as viewed parallel with the
membrane plane from the peri-
phery of the channel. The blue
broken line divides the subunit
into two parts: the EC domain and
the TM domain. (a) Superposition
on the EC domain except the a1
helix. (b) Superposition on the TM
domain.
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are not in equivalent locations relative to the M2–
M3 linkers. Relative to model C, the loops are
markedly displaced, bringing the Cys loop (1–2 Å)
and the b1–b2 loop (3–4 Å) closer to the M2–M3
linker.

In conclusion, the major structural elements of
model I should be considered as reasonably
accurate. This extends to the Cys loop (with an
RMSD of 2.7 Å between models) despite the low
sequence identity of a7 and AChBP. However,
differences between the models in the positioning
of the EC and TM domains may indicate an error in
model I or may be an outcome of ligand-binding.
Differences are particularly evident in the b1–b2
region, which is shifted away from the membrane
surface by 3–4 Å in model C. Regardless of the origin
of these differences, it is interesting to examine how
their different interactions might affect the dynamics
of the receptor. The following sections detail the
results of RTB analysis of both models in which each
residue is considered as a block.
463
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Root-mean square fluctuations (RMSF)

Figure 2 illustrates the RMSFs for models I (red
line) and C (green line) along with the experimental
data derived from B-factors for AChBP (black line).
Residue equivalences between the EC domain of the
a7 and AChBP are as denoted by Henchman et al.37

For clarity, only the average RMSFs for all five
subunits are shown. The fluctuation profile for both
models is very similar (correlation coefficient of
0.96). Despite differences in the Cys and b1–b2 loops,
the overall flexibility of the whole receptor does not
seem to depend on the finer structural details of this
region and indicates that both models have a level of
accuracy suitable for coarse-grained NMA studies.
UNCORRECT

Figure 2. The RMSFs of the Ca atoms at 300 K for the C
model (green line) and the I (red line) model calculated
from the RTB normal mode analysis, as compared to the
experimental data (black line) of the equivalent region of
the AChBP. The experimental RMSFs were calculated
from the B-factors of the AChBP (PDB code: 1I9B) using
RMSFZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3=8p2Þ=Bfactor

p
. For clarity, the RMSFs are

averaged over five subunits.
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The magnitude of B-factor-derived data was
found to be much larger than those obtained from
RTB calculations. It should be noted, however, that
the fluctuation pattern is more relevant than the
absolute thermal amplitude and in this sense a
reasonable agreement is evident (correlation coeffi-
cient of 0.64). With NMA, it has been demonstrated
that although fairly robust results can be obtained
for the fluctuation pattern, the magnitude of
fluctuation is very sensitive to the energy function
and solvation model employed.38

Differences between AChBP B-factors and simu-
lation results are most pronounced in the vicinity of
the C-loop (residues 180–197). This region was
found to fluctuate significantly about its initial
position in simulations of both models. However, as
agonist interactions help to stabilize the C-loop in
the AChBP structure, it is not surprising to see such
differences since the simulations were performed in
the absence of ligand. This result is consistent with
previous experimental studies that indicate that the
C-loop is flexible when the ligand is not present.39 A
similar observation has also been obtained in a
recent simulation of the a7 receptor including a
membrane bilayer model.20 Another region that
was found to display slight differences was the N
terminus, which has a short a-helical structure. RTB
calculations on both models indicated a greater
mobility in this region than the experimental
B-factor data implied. The origin of this difference
remains unclear, but may be due to crystal contacts
restricting movement of this region in the AChBP
structure. The final difference of note occurs around
residues 158–160 (in F-loop), which move signifi-
cantly in AChBP relative to the same region in a7
nAChR. We find that Gln160 forms two over-
stabilized salt-bridges with Phe32 and Ser33 in
our calculations, causing the decreased mobility for
a7 nAChR.

In the TM domain, helices M1, M2 and M3 are
mostly responsible for the inter-subunit contacts
whilst the M4 helix constitutes the outer layer of the
channel. In our RTB calculation, the M4 helix
(residues 299–333) exhibits the greatest mobility,
which involves a rotation and an outward trans-
lation. Although this greater flexibility could be
explained by the lack of lipid bilayer in our model,
the recent electron microscopy structure of the
Torpedo nAChR shows helix M4 to be less precisely
positioned than the other helices (individual sub-
units are aligned by positioning them into a strict
5-fold register) suggesting that M4 is indeed more
flexible.10

As expected, most secondary structure elements,
such as b strands in the EC domain, exhibit low
flexibility (Figure 2). In addition, four loops also
show minimal displacements, namely residues 45–50
(b1–b2 loop), 92–96 (A-loop, which makes close
contacts with the binding site), 120–124 (centered at
Cys121 in Cys loop) and 145–150 (centered at Cys147
in Cys loop). This is in agreement with previous MD
simulations, which indicated that of the six loops
shaping the ligand-binding site, loops A and D are
. 1–15/TL
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the mostly rigid, whereas loops B, C and F (b8–b9)
appear more flexible.37 The rigidity of the b1–b2 and
Cys loops is consistent with previous experimental
results2,3 and may be important in transmitting the
EC domain motion to the TM domain.

Cross-correlation maps

Central in understanding the allosteric gating
mechanism of nAChRs is a description of how
structural changes induced at the ligand-binding
site are propagated over large distances (w45 Å)
resulting in the modulation of channel opening
events. What are the key residue interactions
involved in this structural transmission? Since this
question is dynamic in nature, even if two end state
crystal structures (in the closed and open confor-
mations) are available, there is still a degree of
uncertainty about how the conformational change
occurs. In previous applications of NMA, the
examination of cross-correlation maps has provided
important insight into how a local residue fluctuation
correlates with the movement of another distant
residue.26

The correlation maps for one subunit are shown in
Figure 3. Similar intra-subunit correlation maps were
observed for both models (Figure 3(a) and (b)).
Figure 3(c) illustrates the inter-subunit correlation
for model I, the results for the C model being almost
indistinguishable (data not shown). The similar
results obtained for two models again lend support
UNCORRECT
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to the appropriateness of using low-resolution
homology models in NMA studies. In the following
sections, discussion is restricted to results obtained
for model I, which are highly similar to those obtained
for model C.

As shown in Figure 3(a) and (c), residues within
each subunit were found to exhibit cooperative
motions, whereas residues in adjacent subunits
were relatively uncorrelated, the exception being
several residues located at subunit interfaces, such
as Asp24 (in a1-b1), Asn46 (in b1–b2), Asp96 (in
loop A), Leu247 and Cys300 (both residing in the
M2 and M4 helices) (see also Figure 3(d)).

In the intra-subunit map (Figure 3(a)), yellow
lines divide the map into two regions: the EC
domain (bottom left, where the correlation is
particularly strong, probably arising from its more
compact structure), and TM helices (upper right).
Dynamic coupling of these regions stems largely
from residues 270–274 (the M2–M3 linker), which
are coupled to both residues 43–45 (b1–b2 loop) and
residues 133–135 (Cys loop) (red box in Figure 3(a)).
Although the high sequence conservation of the Cys
loop suggests that it might play an important role in
channel gating, Unwin et al. propose that the b1–b2
region functions as an actuator, acting on the M2–
M3 linker.40 A recent experiment with the GABAA

receptor has indicated an alternative possibility,
namely that the b1–b2 and Cys loops might act
together to coordinate the communication between
the ligand-binding domain and TM helices.36 The
ED P
R

Figure 3. The correlated fluctu-
ations of the Ca atoms in the a7
receptor calculated from the RTB
analysis. The correlation maps are
shown in (a) the intra-subunit
correlations in the I model, (b) the
intra-subunit correlations in the C
model, (c) the correlations between
the adjacent subunits in the C/I
model. The grey level indicates the
strength of the correlation. (d)
Structural model of the a7 nAChR
with one of the subunits shown in
the ribbon representation. Two
highly correlated clusters of resi-
dues are marked with red boxes,
one of which is close to the
acetylcholine binding site shown
as orange van der Waals spheres
(see also orange box in (a) (b)). The
other is in the M2–M3 linker region
shown as green and red van der
Waals spheres (see also red box in
(a) and (b)). Two purple van der
Waals spheres located in the TM
helices denote Leu247 and Val301,
which are also indicated in (c),
showing notable correlated
motions with the residues in other
subunits. Also labeled are the
locations of the b1–b2 loop, the
M2–M3 linker and the A, B, C and
Cys loops.
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current correlation analysis seems to favor this last
proposal, indicating that both the Cys and b1–b2
loops undergo highly concerted movements with
the M2–M3 linker.

The EC domain can be further divided into two
subdomains (Figure 3(a)). The first corresponds to
residues 127–205 or strands b7–b10 (encircled by a
blue ellipse), with the second region encompassing
residues 1–127 or strands b1–b6. Each subdomain
essentially undergoes an independent movement as
implicated by a clear separation between these two
blocks. We note that strandsb1–b6 form the inner part
of the EC domain and have been described by Unwin
to undergo a w108 rigid-body rotation relative to the
outer sheets upon agonist binding.10 The correlated
motions observed here are therefore consistent with
Unwin’s observation. The independent motion of the
inner EC domainb-strands was found to be one of the
most dominant global motions of an isolated subunit
and will be discussed in more detail below.

Recently, combined MD simulation and trypto-
phan fluorescence studies39 have demonstrated that
the allosteric effect of agonist binding was initiated
from the inward motion of the C-loop. However, a full
understanding of how this local conformational
change propagates to the pore domain remains to
be established. In an effort to shed some light on this
issue, we examined the correlated motions of ligand-
binding site residues. As highlighted in the orange
box in Figure 3(a), Tyr194 and Tyr187 in the C-loop are
highly correlated to Tyr92 in the A-loop and Trp153 in
UNCORRECT

Figure 4. The RTB normal mode analysis of an isolated
compared to those from the entire receptor calculation (black
lowest frequency mode. The regions of minimum displaceme
the middle indicates important secondary structural elements
the subunits shown in ribbon representation. The red and gre
minimum displacements as circled in (b) using the same color
residues is a possible axis around which the rotation within
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the B-loop (orange spheres in Figure 3(d)). This
cluster of residues has been confirmed by experi-
ments to form the principal side of the acetylcholine-
binding site.6,7 In effect, the concerted movement of
these residues facilitates the precise positioning of the
ligand. Also evident is the coupling of the Cys loop
with the A-loop (residues 92–96) and with the D-loop
(b2, residues 53–56) (green box in Figure 3(a)). As
noted previously, at the membrane interface the Cys
loop and the M2–M3 linker are highly correlated,
where together with the b1–b2 they form another
strongly related cluster of residues (green and red
spheres in Figure 3(d)). Taken together with earlier
findings the current correlation analysis is suggestive
of a rough sequential picture for the ligand-gated
process. That is, agonist binding first induces an
inward motion of the C-loop, which is then
transmitted to the Cys loop via structural rearrange-
ments around the binding site, such as A, D-loop
movement. Finally, channel gating results from the
interactions of the Cys loop and b1–b2 region on
either side of the M2–M3 linker.

Normal modes of an isolated a subunit

Unwin et al. have proposed that rotation of the
inner b sheets of the EC domain initiates TM pore
opening.41 The rotation within the EC domain was
determined from a rigid-body fitting of the Hepes-
bound AChBP structure to the electron density map
of the closed acetylcholine receptor. However, such a
ED P
R

a subunit. (a) The RMSFs of the Ca atoms (red line) as
line). (b) The RMSFs of the Ca atoms calculated from the
nts are marked with red or green circles. The color bar in
. (c) Schematic diagram of the whole receptor with one of
en van der Waals spheres correspond to the residues with
-coding. The vertical line passing through two pairs of red
the subunit occurs.
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rotational movement was not observed in the recently
reported AChBP structures.7–9 In an effort to assess
the intrinsic flexibility of the a subunit, we performed
an NMA study on an isolated a subunit. Figure 4(a)
depicts the RMSFs for the isolated subunit in com-
parison with results obtained for a single subunit
from the full a7 receptor. As expected the RMSFs of
the isolated subunit are of greater magnitude than
those observed for the entire receptor, especially in
the C-loop, A-loop and b8–b9 regions. Residues in
these regions maintain contacts with neighboring
subunits in the full receptor, which are absent in the
isolated subunit. The M4 helices also display greater
fluctuations in the isolated subunit. The reason for
this difference is not obvious, as the M4 helix makes
no direct van der Waals contacts with any other
subunits.

The lowest frequency modes of proteins are often
very important and potentially related to biological
function.38,42 The RMSFs for the first mode are
displayed in Figure 4(b), indicating large, correlated
fluctuations of the inner portion of the EC domain
(blue box) relative to the outer portion (orange box).
Dynamic domains and possible hinge residues were
identified with the aid of the Dyndom program.43

This analysis indicated that the overall motion of the
first mode could be approximately described as a
rigid-body rotation around the hinge residues Ile89,
Ser147, Cys127 and Cys141 (red spheres in Figure 4(c)).
These positions correspond to points of minimum
displacement in Figure 4(b) (labeled with red circles
along the horizontal axis). They form two residue
pairs, Ile89-Ser147 and Cys127-Cys141 that
UNCORRECT

rotation around the long axis passing through two residue
(brown spheres). (d) The EC and TM interface, indicating c
Residues Leu254 and Ile280, which have minimal displacem
spheres. These residues show some increased tendency to
different movement directions around these regions.
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maintain close contact at the interface of the inner
and outer regions of the EC domain. These
positions are speculated to define an axis of rotation
within the EC domain (orange vertical line in
Figure 4(c)). The rotation of the inner region around
the axis running through the center of the disulfide
bridge has been described by Unwin et al.,41 who
speculated that the highly conserved Cys127 and
Cys141 (red circle in Figure 4(b)) might act as a
hinge point. Additionally, we propose that residues
Ile89 and Ser147 might function as a second
stationary point for the rotation. Both Ile89, which
sits on the b4 strand, and Ser147, which is located in
the B loop, are in close proximity to the ligand-
binding pocket and may serve as efficient mediators
of rotation-activation once the ligand is loaded.

In addition to the four hinge residues described
above, we note several other residues displaying
minimal RMSF values (Figure 4(b)). These residues
are Phe32, Met57, Gly121, Cys218, Met253, Ile280
and Cys317, which have been marked with green
circles in Figure 4(b) and highlighted as green van
der Waals spheres in Figure 4(c). All these residues
are located at the center of secondary structure
elements. The former three residues are in the EC
domain while the remaining four are in the TM
domain. A closer examination of the TM domain
residues reveals that there are some kinks formed in
these regions after rotation, particularly in M2 and
M3. The kinked structure in the vicinity of Leu247
was observed in the closed structure of the Torpedo
nAChR. However, the M2 and M3 helices appear to
be more kinked after the transition toward the open
ED P Figure 5. The global motion of a
single a7 subunit as suggested by
the lowest frequency mode. (a) and
(b) Superposition of two structures
before (in blue) and after (in brown)
a small displacement along the first
normal mode. The TM helices are
shown as ribbons. The inner set of
EC domain (b1–b6) is shown as
solid surface representation while
the outer set (b7–b10) is shown as
tubes. A schematic diagram on top
of (a) and (b) illustrates the direc-
tions of the views. (a) Front view,
parallel with the membrane plane.
(b) Side view, rotated w1508
around the pore axis from (a). (c)
and (d) The first mode vectors
mapped onto the subunit surface.
(c) The EC domain with the inner
b1–b6 in blue and the outer b7–b10
in orange, as viewed parallel with
the membrane plane from the
inside of the channel. As indicated
by the arrows, the motion can be
approximately described as a

pairs Ile89, Ser147 (green spheres) and Cys127, Cys141
oncerted motions of the b1–b2, M2–M3, and Cys loops.
ents (see also Figure 4(b) and (c)), are shown as green

kink during the conformational change as suggested by
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structure (as indicated by the moving direction
alteration around residues Leu254 and Ile180,
shown as green spheres in Figure 5(d)).

Figure 5(a) and (b) shows a comparison of the two
structures before (in blue) and after (in orange) a
small rotation along the normal mode direction. The
superposition is made based on the backbone atoms
of residues in the outer b7–b10 strands. The overall
movement of the first mode corresponds to the
rotation of the inner set of the EC domain (shown as
blue and orange filled representation) except the
short N-terminal a helix, whereas the outer section
remains relatively stationary (shown as blue and
orange tubes). The absence of significant structural
change in the outer b sheets can be confirmed by the
close fitting of residues in this region (RMSD of
1.2 Å on 63 Ca atoms) between two structures. The
rotation of the inner part is coupled with motion in
the N-terminal region, leading to larger differences
at the top of the subunit (Figure 5(a) and (b)). In
Figure 5(c), we also show this rotation by mapping
the normal mode vector for each Ca onto the mesh
surface of the EC domain.

Importantly, the rotation extends from the EC
domain to the TM pore region through the
interaction of the M2–M3 linker, b1–b2 and Cys
loops, similar to what has been proposed by
Unwin.41 Using charge mutations in the GABAA

36

and Gly receptors,2 several groups have demon-
strated the importance of molecular interactions
between these three loops in imparting cooperativity
in Cys loop receptors. However, due to the limited
resolution of the currently available structures, the
detailed mechanical role of the b1–b2 and Cys loops
is still unclear.3 Here, the b1–b2, Cys loops and M2–
M3 linker appear to rotate in the same direction
(Figure 5(d)). But according to the spatial relation-
ship of these three loops, it seems that b1–b2 should
function as an actuator. This does not exclude the
possibility that the Cys loop may act as a stator,
bracketing the rotation of the M2–M3 linker when
the receptor is activated. The role of the Cys loop as
a stator may indicate why the rigidity of the Cys
loop is so important. Without the disulphide bond
bridging two Cys residues, the 15 residue loop
would likely be quite flexible, thus losing its
functional role.

Global motion of the entire receptor

In the above RMSF plots and correlation maps,
nearly identical results were observed for the two
models. Structural differences between the models
were found to have a more significant effect on the
three primary modes of motion, namely: twisting,
symmetrical pore-expansion and asymmetrical
pore-expansion. These three types of motion have
been identified from model I, each of them
corresponding to the first three low-frequency
modes, respectively (discussed in detail below). In
model C two major differences were found for these
modes. First, the symmetrical pore-expansion
motion now becomes the fifth mode, and has a low
YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp
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correlation (!0.3) with that obtained for model I.
The asymmetrical pore-expansion motion becomes
the second dominant motion for model C. Second,
although the twisting motion remains largely
unchanged (correlation w0.6), the modest differ-
ence seen at the interface of the EC and TM domains
induces a slightly disconcerted motion of b1–b2
relative to the M2, M3 helices in model C.

Twisting motion (the first mode in model I)

In both the I and C models, the lowest-frequency
mode of the entire receptor involves a global
twisting motion of the EC domain relative to the
TM domain. The two domains undergo a concerted,
opposite-direction rotation around the pore axis.
An illustration of this motion is given in Figure 6(a)
and (b). Several residues that may act as hinge
points for the twisting motion were identified with
the aid of the Dyndom program,43 namely residues
40–51 (b1–b2), 170–174 (b8–b9 loop), 205–210 (b10-
M1 linker) and 258–267 (M2–M3 linker). All of these
residues are located at the EC and TM interface and
may be interesting targets for mutagenesis. The
motion of all five subunits is very similar, which is
also highly related to the rocking-type rotation seen
in the isolated subunit. The correlation coefficient
for this mode, relative to that in the single subunit,
is w0.9, suggesting that the combination of the five
individual motions intrinsic to each subunit leads to
the symmetrical closing/opening of the whole
channel. Earlier electron microscopy studies have
suggested that all five M2 regions undergo a similar
gating motion during channel opening.11 A similar
motion has also been observed in a computational
study using an elastic network model.33 More
recently, an all-atom MD simulation has suggested
the occurrence of a twist-to-close motion.20 How-
ever, this seemly opposite result is actually consist-
ent with the current observation, since under the
harmonic approximation, a conformational change
can occur with the same probability in either
direction along a given eigenvector.

In order to assess the functional implication of the
identified twisting motion and to determine
whether it could possibly contribute to the channel
opening process, a model structure was generated
by displacing the initial closed structure along the
mode vector. Figure 7(b) details the pore radius
profile as a function of pore axis for the recon-
figured structure. As indicated by the red line in
Figure 7(b), the first mode of motion tends to
increase the width of the pore in the vicinity of
Leu247 and Val251, whereas the pore radius
changes little for other parts of the channel. Low-
resolution electron microscopy studies of nAChR
have also indicated that the channel opens only in
the middle of membrane,11 with Leu247 and Val251
acting as two possible gates.40 Mutational studies
by Labarca et al. also indicate that channel gating of
nicotinic receptors is governed symmetrically by
conserved Leu residues in the M2 domains.35

Both studies add weight to the presently observed
. 1–15/TL
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channel open motion, where each of the five
Leu9 0 residues participates independently and
symmetrically in a rotation step in the structural
transition between the closed and open states.

Although the twisting motion appears to be quite
similar in the two a7 models, it is still of interest to
examine to what extent these modes are correlated.
We therefore compute the correlation between the
first mode of model I and the eigenvectors
associated with the first 50 modes obtained from
model C (Supplementary Data Figure 1S). The first
modes from two structures are indeed quantitatively
similar, as indicated by the correlation coefficient of
w0.6. Difference between the modes is due to the
slightly disconcerted motion seen in the membrane
interface in model C. We suspect that the b1–b2 and
Cys loops, that contact the M2–M3 region, are
slightly displaced in the C model, giving rise to the
observed differences.
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Symmetrical pore-expansion (the second mode
in model I)

In contrast to the common twisting motion of the
first mode, the motion described by the second
mode is different between each of the structures.
With model I, the second mode corresponds to a
symmetrical pore-expansion of the whole receptor
(Figure 6(c)). However, with model C, the second
mode corresponds to an asymmetrical expansion
(Figure 6(d)). Generally, the eigenvectors obtained
for model C show a weaker correlation with the
second mode than with the first (Supplementary
UNCORRECT
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Data Figure 1S). We suspect that the decreased
symmetrical motion in model C is because the
AChBP derived model I is structurally more
symmetrical than model C.

As shown in Figure 7(b) (green line), the
contribution of the symmetrical pore-expansion
motion to channel opening is evident, albeit to a
lesser extent than that of the first twisting mode.
The pore-breathing motion is also coupled with the
stretching/compressing motion along the channel
axis (see Supplementary Data). This explains why
the green line is dramatically shifted in Figure 7(b).
We note that a similar pore-breathing motion of the
Aplysia AChBP upon agonist binding has been
observed recently (P. Taylor, personal communi-
cation). An indirect comparison of the apo Torpedo
nAChR10 with the liganded AChBP6 also indicates a
stretching/compressing motion along the channel
direction. However, evidence for the latter is not
completely convincing as a more compressed
structure could also be attributed to crystal contacts
in the AChBP.
ROOFAsymmetrical pore-expansion (the third mode
in model I)

The asymmetrical pore-expansion motion of the
receptor is observed in both models I and C.
Consistent with the structural differences between
models, this motion is the third lowest mode for
model I, whilst it corresponds to the second
dominant motion in model C. As shown in
Figure 6(d), two subunits A and D move outward
ED P

Figure 6. Ribbon diagrams of the
a7 receptor, as viewed along the
channel axis from the cytoplasm.
(a) The starting closed-channel
structure. (b)–(d) Model structures
generated from a small displace-
ment along the lowest (twisting),
the second lowest (symmetrical
pore-expansion) and the third low-
est (asymmetrical pore-expansion)
normal mode vectors of the I
model. The broken circles indicate
the size of the pore in the closed
structure. The five arrowheads
point to the corresponding subunits
in the closed structure using the
same color-coding. These circles
and arrowheads help to illustrate
the expanding/rotating motions.
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Figure 7. Pore radius profile as a function of the pore
axis. Displacements along the first two modes of the I
model both tend to increase the minimum pore radius. (a)
Cartoon view of the closed structure with the channel
pore shown as a blue solid surface representation. The
pore radius profile and the solid surface representation
are generated using the HOLE program.60 (b) Pore radius
profiles of two structural models (see also Figure 6(b) and
(c)) as compared to that of the closed structure (PDB code:
2BG9). The colors are: the closed, black; mode 1, red;
mode 2, green. The shift of the green line is due to the
compression of the receptor along the pore axis.
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while three other subunits B, C, and E move inward.
Such an asymmetric motion has been observed
previously in EC domain and whole receptor
simulations.20,37 Although an asymmetrical two-
site-activation seems to be characteristic for
members of the nicotinic receptor family, our results
suggest that this manner of motion should not
contribute to channel opening (displacement
extrapolated from this motion does not result in a
wider pore). Moreover, a recent comparison of a
low-resolution open structure with a closed channel
structure suggested that the pore opened up
symmetrically in the middle of the membrane.40

Thus the biological significance of this motion for
channel gating remains unclear.
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RTB analysis with restraints on the M4 helices

It is well established that the TM domain can be
partitioned into two sets of walls: the inner wall
(primarily composed of five M2 helices functioning
as the channel lumen), and the outer wall
YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp
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(composed of the remaining M1, M3 and M4 helices
that contact the membrane).40 Previously it has been
suggested that only the inner portion (M2 and
possibly part of M1) might move when the receptor
is activated.40 However, this is in contrast to the
large-scale movements of the outer M4 region seen
in the current calculations (Figures 2 and 4(a)). We
hypothesize that the absence of a membrane
environment in the simulation leads to the exag-
gerated motion of outer wall. The surrounding
environment, composed of well-packed lipid mole-
cules, would tend to hinder the movement of the
outer wall, whereas the M2 region would still be
allowed to move due to its minimal contact with
other outer helices. The importance of van der
Waals interactions between the lipid bilayer and the
M4 segment for allosteric movement of the whole
receptor has been recently demonstrated in a 35 ns
MD simulation of the Torpedo nAChR TM pore.44 In
addition, mutagensis experiments of M4 residues as
well as the pharmacological role of several ligands
that bind in lipid bilayer also seem to support this
postulate.45,46 To further test this hypothesis, we
performed an additional RTB normal mode analysis
on model I, in which a harmonic restraint, with a
force constant of 3 kcal molK1 ÅK1, was applied to
each pair of equivalent Ca atoms in the neighboring
subunits (Supplementary Data Figure 2S). This
simple procedure was designed to mimic the
restriction effect of the membrane environment.
Remarkably, results indicate that the twisting
motion remains as the dominant mode, in which
only the interior M2 helices undergo a concerted
motion within the EC domain (see Supplementary
Data). The survival of the twisting mode in the
current restrained RTB analysis confirms that the
twist-to-open motion is an intrinsic property of
the receptor, and that it is insensitive to the
treatment of the bilayer environment.

Proposed open-channel models

Although an atomic resolution closed-channel
structure has emerged recently,10 the low resolution
of the open-channel structure has limited the fitting
of secondary structural elements to the electron
densities. In an effort to produce an approximate
open structure for further study, we sought to
perturb the closed structure toward an open
conformation along the directions of both the
twisting and the symmetrical pore-expansion
modes. It should be noted that although the results
from a few low-frequency modes have been
successfully used in many previous studies to
drive the transition between structures,26,47 this
type of extrapolation is not always possible.
Significant deformation can occur when the energy
landscape is complex i.e. the two end states are
separated by multiple minima. However, in the
recently refined Torpedo nAChR structure, it has
been shown that the open configuration could be
generated from the closed structure through a w108
rotation of the inner b sheets of the EC domain.10
. 1–15/TL
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Figure 8. The proposed open-
channel models generated by dis-
placing the closed structure along
the two lowest frequency modes.
(a) Pore radius profiles (pore
regions only) of six representative
models with backbone RMSD less
than 3 Å from the closed structure
(model 1, xZ0.8, yZ150; model 2,
xZ0.8, yZ100; model 3, xZ0.9, yZ
150; model 4, xZ0.9, yZ100; model
5, xZ1.0, yZ150; model 6, xZ1.0,
yZ100). These profiles are differ-
ent from those shown in Figure 7
since the non-polar hydrogen
atoms are not added to the models
that we show here. The red and
black lines correspond to the
closed and open structures,
respectively, where the closed
structure represents a recently
refined electron microscopy struc-
ture (PDB code: 2BG9) while the
open structure coordinates are
provided by Unwin based on a
low-resolution electron microscopy

image.11 (b) Simplified Ca trace representation of the best candidate model for the open channel. Its pore radius profile is
the closest match to that of Unwin’s open structure. Two elements of the pore gate in the closed channel: the Leu-ring (9 0)
and the Val-ring (13 0) are shown as red and green van der Waals spheres. (c) and (d) The channel is viewed in cross-
section. The rotations of Val and Leu rings cause the pore to open up. The structures before and after the rotation are
shown as green and red licorice model, respectively.
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This relatively small gating motion might therefore
justify the extrapolation of normal modes con-
sidered here.

Six candidate open structure models were
produced using the protocol described in Materials
and Methods. Due to the limited resolution of the
experimentally determined open structure (TM part
only),11 it is not possible to perform direct RMSD-
based comparisons with the resulting model
structures. As an alternative, pore radius profiles
were calculated for the six models (shown in
Figure 8(a)) and used to select the most represen-
tative structure. In Figure 8(a) the red and black
lines correspond to the closed and open structures,
respectively. The green line, which corresponds to
model 3 (with xZ0.9, yZ150, see Materials and
Methods), shows the closest similarity to that of the
open structure. A trace representation of this model
structure is shown in Figure 8(b). The increase of
pore radius occurs in the vicinity of two proposed
pore gates, namely the Leu-ring (9 0) and the Val-
ring (13 0). We determined that the TM helices,
particularly in the L ring and V ring regions
(Figure 8(c) and (d)), underwent a clockwise
rotation of w128 from the closed structure to
produce this putative “open” structure model. It
was also noted that a counter-clockwise rotation
contributed differently to the pore radius width,
creating a more closed structure (data not shown),
as occurred in the MD simulation by Law et al.20

The current open-channel model indicates that
the opening of channel is primarily caused by
rotation of the M2 domains. This finding is in
YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp. 1
ED P
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agreement with Unwin’s channel gating model,40

and also supported by a recent study, in which a
fluorescent group attached near the top of the M2
helix moves into a more hydrophobic environment
when the channel opens.48 In this open-channel
model, the angular rotation of the inner b strands
relative to the outer portion of the ligand-binding
domain is about 128, which is similar to the 108
rotation described by Unwin,10 although there is
still a lack of other independent experimental
support for this type of rotation. In addition,
when moving from the closed-channel nAChR
structure toward a putative open-channel model
(e.g. model 3), residue Leu212 (equivalent to Val229
in the b subunit of the mouse-muscle receptor) is
found to change from a buried state to more water-
accessible state, which is consistent with Zhang and
Karlin’s SCAM experiments49 and in agreement
with a recent elastic network model calculation.33
Conclusions

RTB normal mode analysis was used to explore
possible mechanisms for the gating motion in the
a7 acetylcholine receptor. The two homology
models investigated displayed nearly identical
RMSFs and cross-correlation patterns. The simi-
larity of results indicates that the earlier and more
approximate I model20,33 can be used with
confidence in coarse-grained normal mode studies.
Previous applications of normal mode analysis
have shown that the large-scale global motions
–15/TL
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captured by the lowest frequency modes are
somewhat insensitive to the finer details of
structure.27 Consistent with this view, the global
twisting motion is similar in both models (corre-
lation coefficient w0.6) whilst less similar results
are found for the following modes of motion.

At the tertiary level, the global twisting motion
can be described as a synthesis of five similar,
rotational movements within each subunit. This
rotational motion is an intrinsic property of a single
subunit, being present in both monomeric and
pentameric forms (correlation coefficient w0.9).
Although there is nothing intrinsic in the simulation
to induce channel gating (i.e. binding of agonists to
the receptor), it is believed that the observed twist-
to-open motion may be highly relevant for the
gating process as it is consistent with a number of
recent experimental results.10,35,40,48,49

The current simulations also suggest that the b1–
b2, M2–M3 and Cys loops may play important roles
in the gating movement. Cross-correlation analysis
indicates that the motions of b1–b2, M2–M3 and Cys
loop regions are highly correlated. Indeed, the
lowest frequency mode obtained for a single subunit
corresponds to the concerted motion of these loops.
Closer examination suggests that the rotation of TM
helices is likely to be driven by the b1–b2 loop
through its interaction with M2–M3 linker. The Cys
loop, on the other hand, may act as a stator together
with b1–b2 to bracket the rotation of M2–M3.

In summary, the present study demonstrates that
the gating motion deduced experimentally40 is
plausible from a theoretical perspective, and also
provides a putative open-channel model that is
consistent with a body of experimental data. Further
studies of this open-channel model using non-
equilibrium MD methods are currently underway.
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Materials and Methods

Homology model building

Two homology models of human a7 receptor were built
with Modeller v4.0.50,51 The first model, model I, was
constructed by combining the 2.7 Å resolution X-ray
structure of AChBP6 (PDB code: 1I9B) from Lymnea
stagnalis and the 4.6 Å resolution TM domain of the
Torpedo nAChR40 (PDB code: 1OED). The second model,
model C, was built from the recent 4.0 Å resolution
electron microscopy structure of Torpedo nAChR10 (PDB
code: 2BG9). The homology modeling of model I has been
described in detail.20 Briefly, the modeled structure
contains 1665 residues comprising both the EC and TM
domains but excluding the cytoplasmic vestibule domain
between M3 and M4. 5-Fold symmetry was imposed
when modeling the pentamer structure. The two
templates were joined together by using an overlaid all-
a-subunit makeup for the TM domain.

Construction of model C was more straightforward
since a single Torpedo nAChR PDB structure was used as
the template. The 29 residues in the MA domain were
excluded to be consistent with model I. All subunits were
modeled simultaneously to help maintain complemen-
tarity between subunit interfaces. 5-Fold symmetry was
YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp
not imposed, as we did not expect all the subunits to be in
the same conformation. Due to either the existence of
gaps between the target and template sequences or the
low resolution of the template structure, several loop
regions required special attention. Missing residues
located in the b7–b8 loops of the non-a subunits were
positioned using coordinates from the a subunits. The b8–
b9 linkers were modeled based on loops from AChBP.
Modeling the C-loop region required extra care. This
region is known to be highly variable and can adopt at
least three conformations, corresponding to apo, agonist
or antagonist occupied. Also, since sequence homology
for this region is low between a7 and non-a subunits of
Torpedo nAChR, models based on non-a templates proved
to be unreliable. In the final model, the C-loops in two
alternating subunits had the open conformation, accord-
ing to the a subunits of the Torpedo structure, while the
remaining subunits had the closed conformation based on
AChBP. The final models were evaluated with PRO-
CHECK52 and Prosa 2003.53
ED P
ROOF

Rotational-translational block normal mode (RTB)

The application of conventional NMA to large bio-
molecular systems is limited by the computational cost
associated with the storage and diagonalization of all-
atom Hessian matrix. The RTB (rotations-translations of
blocks) method, proposed by Tama et al., employs a
simplified representation of the system effectively redu-
cing the dimensions of the Hessian matrix. In this
representation the protein is broken into nb blocks, each
composed of one or more consecutive residues. The overall
dynamic behavior is then described by the rigid-body
(translational/rotational) motion of these blocks. In the
original implementation of RTB,32 the all-atom Hessian
matrix H is first computed explicitly. The block rotational-
translational (T/R) matrix Hb is then obtained from H as:

Hb ZPTHP (1)

where P is the so-called projection matrix and PT is its
transpose. The projection matrix is obtained by transform-
ing the derivatives of potential function, V, in the atomic
space to those in the block T/R space using the chain
product, i.e.:

vV

vXi;a

Z
X X

jZ1;2;3

vxj

vXi;a

vV

vxj
aZ 1; 2;.; 6 (2)

where the first sum is over all the atoms in block i; Xi,a are
the translational (aZ1, 2, 3) and rotational (aZ4, 5, 6)
degrees of freedom for block i; and xj are the Cartesian
coordinates.

Once the block T/R matrix Hb is constructed, the
approximate low-frequency normal modes of the protein
can be obtained by diagonalizing Hb. Since the size of
matrix Hb, namely 6nb!6nb, is greatly reduced when
compared to that of the original all-atom Hessian matrix
H, namely 3N!3N, the RTB method can be employed to
study much larger proteins than the standard NMA.
Another advantage of the block-based method is that, due
to the self-averaging effects within each block, the energy
surface in block T/R space is smoother than that in atomic
space. It has been shown that on a rugged energy surface
with many local minima, the normal mode method,
which expands the potential about a single local
minimum, does not necessarily capture the desired
transition from one minimum to another. Thus the
smoother energy surface resulting from the RTB model
. 1–15/TL
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should make it easier to observe large-scale confor-
mational transitions.

It should be noted, however, in the RTB described
above, the need for storing the full Hessian matrix at the
first step somehow compromises the advantage of the
method. In the current implementation in AMBER8,54 the
block T/R Hessian matrix is constructed in a direct
fashion. That is, once the second derivatives for each pair
of atoms are calculated, they are directly projected onto
the corresponding block Hessian elements. This idea has
been pursued previously by Cui et al.,31 where “super
blocks” were used to avoid the repetitive evaluation of the
atomic second derivatives.

In our work, the main loop runs over each pair of
atoms; for each pairwise interaction between atoms i and
j, we first calculate its associated all-atom Hessian matrix
elements, such as {(3(iK1)Ca, 3(iK1)Cb), (3(iK1)Ca,
3(iK1)Cb), (3(iK1)Ca, 3(jK1)Cb), a, bZ1, 2, 3}. Each of
the 36 atomic derivatives is then converted to block
matrix elements according to the chain rule given in
equation (2). It is worth noting that the interactions from
any pair of atoms, which belong to the blocks I, J,
respectively, only contribute to the corresponding matrix
elements {(6(IK1)Ci, 6(IK1)Cj), (6(IK1)Ci, 6(JK1)Cj),
(6(JK1)Ci, 6(JK1)Cj), iZ1, 2, ., 6; jZ1, 2, ., 6} of the
block T/R Hessian while the interactions within the block
contribute nothing to the block Hessian, thus can be
neglected during the calculation. As the current
implementation forgoes the need to store the large atomic
Hessian matrix, it can be routinely used to study large
proteins while still using a standard atomic potential.
Compared to other more approximate methods such as
the Gaussian network model42 and elastic network
model,55 the use of an all-atom potential should provide
a more realistic description of the system, especially for
highly charged or heterogeneous ones.
T
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Equilibration and minimization

Before running NMA, the modeled structures were
equilibrated with a 1 ns MD simulation with positional
restraints on all Ca atoms. The equilibration utilized the
generalized Born implicit solvent model56 as
implemented in AMBER8. The equilibrated structure
was then subjected to three rounds of energy minimi-
zation. The system first underwent 500 steps of steepest
descent minimization with restraints on all backbone
atoms. This was followed by 5000 steps of conjugate-
gradient minimization with steadily decreasing restraints
on Ca atoms. The restraints were applied to prevent
unrealistic perturbations from the initial structure.
Finally, the structure was minimized for another 3000
steps with the conjugate-gradient algorithm and no
restraints until a root-mean square gradient of
w0.01 kcal molK1 ÅK1 was reached. The heavy-atom
RMSDs of the final minimized structures for the models
I and C were w1.1 Å and w1.6 Å, respectively, from their
corresponding starting structures. It should be noted that
although the gradient threshold was much greater than
that typically required for conventional NMA (w10K6

kcal molK1 ÅK1), this gradient range was found to be
sufficient for obtaining well-converged results with block-
based NMA.31 The RTB calculations were performed with
a modified AMBER8 program using the AMBER ff94
force field.57 A distance-dependent dielectric (1/4r) was
used with no cutoff for non-bonded interactions. All
calculations and analyses were performed on a Dell dual
2.0GHz Pentium4 desktop machine with 2 GB of memory.
YJMBI 57722—6/11/2005—12:35—ADMINISTRATOR—184074—XML – pp. 1
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Root-mean square fluctuations

The root-mean square atomic fluctuations (RMSF) for
the ith atom are given by58:

hDr2
i iZ

kBT

miuk

a2
ik for the kth normal mode (3)

hDr2
i iZ

kBT

mi

X3NK6

kZ1

a2
ik

uk

for all the normal modes (4)

where mi is the mass for atom i; uk is the vibration
frequency of mode k; whilst aik is the ith component of the
kth eigenvector.

Correlation analysis

The cross-correlation coefficient Cij, between atoms i
and j, is a measure of the correlated nature of their atomic
fluctuations and is computed as follows:58

hDri$DrjiZ
X3NK6

kZ1

kBT

u2
k

aikajkffiffiffiffiffi
mi

p ffiffiffiffiffi
mj

p (5)

Cij Z hDri$Drji=ðhDri$DriihDrj$DrjiÞ
1=2 (6)

the summation is over all 3N–6 normal modes; mi and mj

are the masses for atoms i and j; uk is the vibration
frequency of mode k; whilst aik and ajk are the ith and jth
components of the kth eigenvector.

Comparison of normal modes

The overlap of two sets of normal modes ai and aj is
defined by the inner product of the two modes as follows:59

Rij Z
ai$aj

jaijjajj
(7)

The values of Rij should range from K1 to 1. A large Rij

value indicates that the two modes are highly similar.

Generating an open-channel model

Starting from the closed-channel structure10 (PDB code:
2BG9), 25 model structures were generated by displacing
the initial structure along the two most dominant
eigenvectors DR(1) and DR(2) obtained for model I. If the
coordinates for the closed structure are represented by
Rclose, then the new set of the coordinates after displace-
ment would be RnewZRcloseCyðxDRð1ÞC ð1KxÞDRð2ÞÞ,
where x and y are two adjustable parameters that control
the amplitude of the displacement. The process was
repeated several times by varying the values of x and y.
To ensure a smooth structure, the backbone RMSD was
used as a restraint. If the new structure deviated more than
4 Å from the closed structure, a reduced y would be used.
Previously, an iterative procedure was used to ensure a
small conformational change in each step.47 However, in
the current work a one-step treatment seemed sufficient to
yield smooth structures. The generated structures were
minimized within AMBER8. Of these, six structures had a
backbone RMSD within 3 Å of the closed structure and
underwent pore-radius profile analysis with the aid of the
HOLE program.60 The reason for using a 3 Å threshold
was that the gating movements were believed to be
relatively small so as to preserve the energetically favored
hydrophobic cores.
–15/TL
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