
Class I major histocompatibility complex (MHC) mole-
cules play an important role in the immune response against
infections with intracellular pathogens. During the immune
response, class I MHC molecules bind to various antigen
peptides (9—10 residues) in the endoplasmic reticulum
(ER), and present the peptides on the cell surface to cytolytic
(CD8�) T cells.

The structural details of class I MHC molecules with a
peptide have been investigated by X-ray crystallography of
many class I MHC–peptide complexes.1) Class I MHC mole-
cules are composed of a heavy chain and a b2-immunoglobu-
lin (b2m). The heavy chain is divided into two domains, a
platform domain (a1 and a2 domains) and an immunoglob-
ulin-like a3 domain. The platform domain is composed of
two a-helical regions and an eight-stranded b-sheet, and the
bound peptide is accommodated between the two a-helical
regions on the b-sheet. The a3 domain and b2m are located
between the platform domain and the cell surface; therefore,
they are called membrane-proximal immunoglobulin-like do-
mains (Fig. 1). The two membrane-proximal immunoglobu-
lin-like domains influence the activity and structural stability
of class I MHC molecules. For example, endogenous b2m in
class I MHC molecules is easily exchanged for exogenous
b2m at the cell surface,2—7) but the molecules deficient in
b2m (the heavy chain and a bound peptide) have poor folding
stability, and have never been crystallized. On the other hand,
the molecules deficient in the a3 domain have been crystal-
lized and their structure is similar to the corresponding part
of the intact structure including the a3 domain.8) These re-
sults suggest that the a3 domain and b2m do not exert an
equal influence on the structural stability of class I MHC
molecules.

As a complementary tool to experimental methods, mo-

lecular dynamics simulations have been used to study
MHC–peptide complexes. These simulations have neglected
the influence of the two membrane-proximal immunoglobu-
lin-like domains.9—16) In recent years, the influence of the
two domains has been simulated by molecular dynamics.17)

The simulations, however, have been performed for two mod-
els, a whole model composed of all domains and a partial
model composed of only the platform domain, and the dis-
cussion has only focused on the conformation of the platform
domain. We gave attention to the dynamic interactions
among the platform domain, the a3 domain and b2m, and
then simulated the behavior of a partial model deficient in the
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Fig. 1. Schematic Structures of HLA-A2 Class I MHC Molecules (PDB
Code, 1HHJ)

The platform and a3 domains are represented in green. b2m is represented in blue.
The bound peptide is represented by black line. R181 in the heavy chain (red balls) is
located at the linker position between the platform and a3 domains. G120 in the heavy
chain (red balls) and W60 in b2m (red balls) are closest to each other in the platform
domain and b2m.



a3 domain and another model deficient in b2m, by normal
mode analysis. Molecular dynamics simulation of molecules
of similar size to class I MHC molecules can be used to ob-
serve vibrational modes up to 10—100 ns, with currently
available computational capability. However, normal mode
analysis has the advantage of low computational costs, theo-
retical completeness, and clearness of harmonic vibrational
modes that express the collective motions of large
molecules.18—25)

Experimental
Methods. Models Used for Normal Mode Analysis The initial

atomic coordinates for normal mode analysis were taken from the X-ray
crystallographic structure of HLA-A2 class I MHC molecules with a bound
peptide derived from HIV reverse transcriptase, ILKEPVHGV (PDB code,
1HHJ1)). In this PDB, the atomic coordinates of an entire complex composed
of an A-chain of 275 residues (G1—E275, heavy chain,) a B-chain of 100
residues (M0—M99, b2m) and a C-chain of nine residues (ILKEPVHGV,
bound peptide) was used as the “whole model,” that is, as the standard
model to compare the later two models. The atomic coordinates in which the
a3 domain (T182—E275) was removed from the “whole model” were used
as the “a3 domain-removed model.” On the other hand, the atomic coordi-
nates in which b2m was removed from the “whole model” were used as the
“b2m-removed model.”

Normal Mode Analysis To obtain the structure for performing normal
mode analysis, energy optimization from the initial coordinates was per-
formed for each model. In energy optimization, bond length, bond angle and
dihedral angle are treated as parameters.26) A “slightly modified” Assisted
Model Building with Energy Refinement (AMBER) united atom-force field
was used for energy optimization.27,28) “Slightly modified” means that a
“suspected potential,” in which the disulfide bond is only treated as a func-
tion of the distance between S atoms, is introduced instead of the bond-angle
and dihedral-angle parameters of the disulfide bond.26) To consider short-dis-
tance electrostatic interaction, a distance-dependent dielectric constant (r/Å)
for electrostatic energy was used.23,29) Position-restriction energy, E, ex-
pressed in Eq. 1 was imposed in energy optimization process.

(1)

In Eq. 1, K (kcal/mol Å) is a force constant, and ri and ri
0 are the displaced

and initial coordinates of the ith atom, respectively. The above restriction
was gradually relaxed by decreasing the K value so that normal mode analy-
sis could be executed near the initial coordinates. A threshold of

0.04 kcal/mol Å for the maximal component of the gradients of atoms was
used for energy optimization. To avoid accidental errors when comparing
between models, six energy-optimized structures for the normal mode simu-
lations were obtained for a model, by using six different relaxation pat-
terns.30—33)

Normal mode analysis was performed using programs developed by our
laboratory.26) In the calculation, only dihedral angles were treated as a pa-
rameter. RMS fluctuation of the ith Ca atom, Fi, was calculated by the fol-
lowing equation18):

(2)

in which aki is the vector of projection of the kth normal mode with fre-
quency w k on the Cartesian components of the displacement vector Dri, kB is
the Bolzmann constant, and T is the absolute temperature. Motional correla-
tion coefficient between the ith and jth Ca atoms, Dij, was calculated by the
following equation20):

(3)

Ca atom RMS fluctuations and motional correlation coefficients between
Ca atoms were calculated using our program, assuming a temperature of
300 K.30—36) Each value of the fluctuations and the motional correlation co-
efficients for a model was determined by averaging the six values obtained
from the simulations of the six energy-optimized structures of the model.

To lower computational cost, we adopted AMBER united atom-force field
in which aliphatic and aromatic carbon-bonded hydrogen atoms were neg-
lected but introduced three kinds of suspected aliphatic and aromatic carbon
atoms whose atomic weights were 13.02, 14.03 or 15.03. Higo and
Umeyama have reported that even the backbone model where only Ca
atoms were explicitly treated neglecting the other atoms is useful in obtain-
ing collective motions of a protein without heavy simulations by assigning
appropriate pairwise interactions between Ca atoms.37) Therefore, only the
introduction of the above suspected carbon atoms may have little influence
upon the essential characteristic of collective motions of a protein. Indeed,
Ca atom RMS fluctuations expressed by the whole motion of the “whole
model” showed good correlation in pattern with the X-ray B-factors of the
corresponding structure (Fig. 2). Consequently, we confirmed that introduc-
tion of this force field was not irrelevant.

Generally, the dynamic characteristics of large molecules are heavily in-
fluenced by low frequency modes.38) In this study, Ca atom RMS fluctua-
tions and motional correlation coefficients between Ca atoms were ex-
pressed in low frequency modes (�50 cm�1), because the fluctuation pat-
terns and the correlation map profiles expressed in low frequency modes
were little different from those expressed in all-frequency modes (data not
shown). Significant differences by subtraction of the fluctuations between
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Fig. 2. Comparison between X-Ray B-Factors (Broken Black Line, Refer to the Right Vertical Axis) and Ca Atom RMS Fluctuations (Gray Line, Refer to
the Left Vertical Axis)

The fluctuations were expressed by the whole motion of the “whole model.”

Table 1. Summary of Three Models Used for Energy Optimization and Normal Mode Analysis

“Whole model” “a3 domain-removed model” “b2m-removed model”

Number of residues Total 384 290 281
Heavy chain 275 (G1—E275) 181 (G1—R181) 275 (G1—E275)
b2m 100 (M0—M99) 100 (M0—M99) —
Bound peptide 9 (I1—V9) 9 (I1—V9) 9 (I1—V9)

RMS deviationsa) 1.75—2.03 1.42—1.45 1.73—2.02

Number of modes Total 1674 1289 1224
�50 cm�1 b) 293—303 223—226 222—226

a) RMS deviations were calculated between an original model and the six energy-optimized structures derived from the original model. b) Number of modes �50 cm�1

have a range because the values of normal mode calculations are slightly different between the six energy-optimized structures.



two models, (significance level 2.5%) were estimated by Wilcoxon’s rank
sum test, a nonparametric test.30—33) When attention is focused on the mo-
tion of a component, it can be broken down into internal and external mo-
tions.23) To compare with the whole motion of the “a3 domain-removed
model,” the internal motion of the “platform domain and b2m” component
in the “whole model” were extracted by Eckart’s condition.39) To compare
with the whole motion of the “b2m-removed model,” the internal motion of
the “heavy chain” component in the “whole model” was extracted by the
same condition. To observe the internal motion of a domain, Eckart’s condi-
tion was also applied to each domain. The summary of the three models
used for energy optimization and normal mode analysis are shown in Table
1.

Results
Caa Atom RMS Fluctuations Plotted in Order of

Residue Number Ca atom RMS fluctuations for the three
models were plotted in order of residue number (Fig. 3). The
fluctuations expressed by the whole motion of the “a3 do-
main-removed model” were superimposed on those extracted
from the internal motion of the “platform domain and b2m”
component in the “whole model” (Fig. 3A). The “a3 do-
main-removed model” showed fluctuation differences with a
peak (significant difference �0.05 Å) at nine points (1—4,
28—32, 49—50, 102—111 and 169—181 in the platform
domain, and 7—26, 41—52, 66—79 and 92—99 in b2m)

compared with the “whole model” (black line in Fig. 3A).
These peaks clustered on the loops or the terminals, that is,
the outside of the molecules. The fluctuations expressed by
the whole motion of the “b2m-removed model” were super-
imposed on those extracted from the internal motion of the
“heavy chain” component in the “whole model” (Fig. 3B).
The “b2m-removed model” showed fluctuation differences at
all Ca atoms compared with the “whole model,” and the
fluctuation differences were very large compared with those
of the “a3 domain-removed model” versus the “whole
model” (black line in Fig. 3B).

To examine how significantly the fluctuation differences
shown in Figs. 3A and B reflected the internal motion of a
domain, the fluctuations were extracted from the internal mo-
tion of each domain (Figs. 3C, D). The “a3 domain-removed
model” showed fluctuation differences with a peak (signifi-
cant difference �0.05 Å) at four points (105—106 in the
platform domain, and 12—14, 57—58 and 95—99 in b2m)
compared with the “whole model” (black line in Fig. 3C). 
On the other hand, the “b2m domain-removed model”
showed definite fluctuation differences with a peak (signifi-
cant difference �0.05 Å) at seven points (10—11, 15—18,
104—106, 119—122 and 180—181 in the platform domain,
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Fig. 3. Ca Atom RMS Fluctuations Plotted in Order of Residue Number

In each figure, the residues forming a-helical regions, b-strands and loops are shown by black bars at the top, and thick gray bars and thin black bars at the bottom, respectively.
(A) Fluctuations extracted from the internal motion of the “platform domain and b2m” component in the “whole model” (broken black line) and expressed by the whole motion of
the “a3 domain-removed model” (gray line). (B) Fluctuations extracted from the internal motion of the “heavy chain” component in the “whole model” (broken black line) and ex-
pressed by the whole motion of the “b2m-removed model” (gray line). (C) Fluctuations extracted from the internal motion of each domain in the “whole model” (broken black
line), and extracted from the internal motion of each domain in the “a3 domain-removed model” (gray line). (D) Fluctuations extracted from the internal motion of each domain in
the “whole model” (broken black line), and extracted from the internal motion of each domain in the “b2m-removed model.” In each figure, significant differences between the two
models are shown by black lines (Wilcoxon’s non-parametric test).



and 234—239 and 267—268 in the a3 domain) compared
with the “whole model” (black line in Fig. 3D). The fluctua-
tion differences shown in Figs. 3C and D, however, were very
trivial compared with those shown in Figs. 3A and B, respec-
tively. These results indicate that the fluctuation differences
shown in Figs. 3A and B hardly reflect the internal motion of
each domain but the relative motion between domains, that
is, the interdomain motion.

Caa Atom RMS Fluctuations Plotted in Order of Dis-
tance from a Specific Caa Atom If the behavior of a mole-
cule is reflected by the interdomain motion, each domain in
the molecule has a tendency to move like a rigid body around
the center of molecule; as a result, plotting the fluctuations of
the domain in order of distance from the position may de-
scribe the fluctuation increases with the distance. Thus, Ca
atom RMS fluctuations for each domain were plotted in order
of distance from a specific Ca atom (Fig. 4). When the fluc-
tuations of the “a3 domain-removed model” were plotted,
the horizontal axes were arranged in order of distance from
the Ca atom of G120 for the platform domain and the Ca
atom of W60 for b2m (Fig. 4A). The two residues were cho-
sen because they were closest to each other in the platform
domain and b2m. On the other hand, when the fluctuations of
the “b2m-removed model” were plotted, the horizontal axes
were arranged in order of distance from the Ca atom of
R181, which was located at the linker position between the
platform and a3 domains (Fig. 4B).

The arranged fluctuations expressed by the whole motion
of the “a3 domain-removed model” were superimposed on
those extracted from the internal motion of the “platform do-
main and b2m” component in the “whole model” (Fig. 4C).
The fluctuation differences of the “a3 domain-removed
model” versus the “whole model” were limited at both edges,
the far side from G120 (�30 Å) in the platform domain and
the far side from W60 (�20 Å) in b2m, and were not ob-
served at the contact region between the platform domain
and b2m (black line in Fig. 4C). When the arranged fluctua-
tions expressed by the whole motion of the “b2m-removed
model” were superimposed on those extracted from the inter-
nal motion of the “heavy chain” component in the “whole
model”, the fluctuation differences of the “b2m-removed
model” versus the “whole model” were spread throughout
the whole of the molecule and increased with distance from
the linker position (black line in Fig. 4D).

The fluctuations extracted from the internal motion of a
domain were also plotted in order of distance from a specific
Ca atom for each domain (Figs. 4E and F). As a result, the
fluctuation differences did not increased with distance in the
two comparisons, the “a3 domain-removed model” versus
the “whole model” and the “b2m-removed model” versus the
“whole model” (black lines in Figs. 4E and F).

Motional Correlation Maps between Caa Atoms To
observe motional direction of the three models, motional cor-
relation coefficients between Ca atoms were described ac-
cording to distance-proportional plotting, in the same manner
as described in the previous paragraph (Fig. 5). When the
motional correlation map expressed by the whole motion of
the “a3 domain-removed model” (Fig. 5B) was compared
with that extracted from the “platform domain and b2m”
component of the “whole model” (Fig. 5A), the “a3 domain-
removed model” showed definite negative correlations (mo-

tional correlation coefficient ��0.4) in a limited region, be-
tween the far side from G120 (�20 Å) in the platform do-
main and the far side from W60 (�20 Å) in b2m. On the
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Fig. 4. Ca Atom RMS Fluctuations Plotted in Order of Distance from a
Specific Ca Atom

(A) Distance–gradation map of the “a3 domain-removed model.” The platform do-
main and b2m are colored in order of distance from the Ca atom of G120 (blue balls)
in the platform domain and distance from the Ca atom of W60 (blue balls) in b2m, re-
spectively. (B) Distance–gradation map of the “b2m-removed model.” The platform and
a3 domains are colored in order of distance from the Ca atom of R181 (blue balls). In
(A) and (B), the residue whose distance from the standard Ca atom is less than 10, 20,
30, 40 and 50 Å is colored with purple, red, orange, yellow and white, respectively. (C)
Fluctuations extracted from the internal motion of the “platform domain and b2m”
component in the “whole model” (broken black line), and expressed by the whole mo-
tion of the “a3 domain-removed model” (gray line). (D) Fluctuations extracted from
the internal motion of the “heavy chain” component in the “whole model” (broken
black line), and expressed by the whole motion of the “b2m-removed model” (gray
line). (E) Fluctuation extracted from the internal motion of each domain in the “whole
model” (broken black line), and extracted from the internal motion of each domain in
the “a3 domain-removed model” (gray line). (F) Fluctuations extracted from the inter-
nal motion of each domain in the “whole model” (broken black line), and extracted
from the internal motion of each domain in the “b2m-removed model” (gray line). In
(C) and (E), the Ca atoms in the platform domain and b2m are arranged in order of dis-
tance from the Ca atom of G120 in the platform domain and from the Ca atom of W60
in b2m, respectively. In (D) and (F), the Ca atoms in the platform and a3 domains are
arranged in order of distance from the Ca atom of R181. In (C—F), significant differ-
ences between the two models are shown by black lines (Wilcoxon’s non-parametric
test).
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other hand, when the motional correlation map expressed by
the whole motion of the “b2m-removed model” (Fig. 5D)
was compared with that extracted from the “heavy chain”
component of the “whole model” (Fig. 5C), the “b2m-re-
moved model” showed definite negative correlations (mo-
tional correlation coefficient ��0.4) in most of between the
platform and the a3 domains (in the black frame).

Motions of Low Frequency Modes In this study, we in-
vestigated low frequency modes because they generally influ-
ence the collective motion of large molecules such as class I
MHC molecules more than high-frequency modes do.38) Al-
most all of the lowest frequency modes obtained for the sim-
ulations of the “whole model” and the “a3 domain-removed
model” were �3 cm�1 (Table 2). On the other hand, almost
all of the lowest, second-lowest and third-lowest frequency
modes obtained for the simulations of the “b2m-removed
model” were �3 cm�1, and all of the lowest frequency modes
were �2 cm�1 (Table 2). The lowest frequency modes of the
“b2m-removed model” expressed clear interdomain motions,
as if each of the platform and a3 domains moved like a rigid
body (an example is shown in Fig. 6A), and such clear inter-
domain motions were not observed for the lowest frequency
modes of the other models. Generally, when the internal mo-
tion of a domain is removed from the whole motion of mole-
cules, the external motion (translational and rotational mo-
tions) of the domain can be extracted. The extraction of the
external motion from the whole motion expressed in Fig. 6A
revealed the translational motions of both domains in exactly
opposite directions to each other (q�179.4°) and the clear
rotational motions of both domains (Figs. 6B and C).

The lowest frequency modes of the “b2m-removed model”
expressed similar fluctuation patterns to those expressed in
all of the low frequency modes (�50 cm�1), that is, the fluc-
tuations increased with distance from the linker position
(Fig. 6D). The motional correlation map of the “b2m-re-
moved model” expressed in only the lowest frequency modes
showed clear negative correlations in most of between the
platform and a3 domains except for near the linker position
(Fig. 6E). On the other hand, the other low frequency modes
(�50 cm�1) of the “b2m-removed model,” except for the
lowest frequency modes, showed similar fluctuation patterns
and motional correlation profiles to all of the low frequency
modes (�50 cm�1) of the “whole model” (data is not shown).

Discussion
The “b2m-removed model” showed larger fluctuations and

clearer negative correlations in interdomain than the “a3 do-
main-removed model.” This result indicates that the “b2m-re-
moved model” is more flexible in interdomain conformation
than the “a3 domain-removed model.” The lowest frequency
modes (1.71—1.97 cm�1, see Table 2) observed for the simu-
lation of the “b2m-removed model” corresponded to a time
scale of 16.9—19.5 ps per period. The lowest frequency
modes were peculiar to the “b2m-removed model” because
such low frequencies and clear interdomain motions as if
each domain moved like a rigid body were not observed for
the simulations of other models. The flexibility of the “b2m-
removed model” in interdomain conformation versus the “a3
domain-removed model,” therefore, may be due to the lowest
frequency modes.

The above results are worthy of note when considering the
interaction among the three domains. It is well known that
endogenous b2m in class I MHC molecules is easily released
for exchange with exogenous b2m on the cell surface.2—7)

The behavior of the “b2m-removed model” suggested the
flexibility of the interdomain conformation after releasing
b2m from the complete molecules. For example, the relation-
ship between the platform and a3 domains may dramatically
change as if both domains are linearly arranged, and each do-
main may behave without interaction with each other. The
structural stability of each domain in the “b2m-removed
model” could not be discussed from this simulation. How-
ever, Wan et al. have compared the behavior between a whole
model composed of all domains and a partial model com-
posed of only the platform domain, and have reported that
the peptide is less tightly bound in the partial model than in
the whole model.17) Furthermore, it is experimentally and
computationally well known that the structure of the platform
domain in the peptide-free molecules is thermally more un-
stable than that in the peptide-filled molecules.15,40) On the
other hand, the behavior of the “a3 domain-removed model”
suggests that the interdomain conformation is fixed regard-
less of the a3 domain, and that molecules deficient in the a3
domain have a more stable conformation than those deficient
in b2m. Indeed, while the molecules deficient in b2m have
never been crystallized, those deficient in the a3 domain has
been crystallized and their structure is similar to the corre-
sponding part of the intact structure including the a3 do-
main.8)

The behavior of the “b2m-removed model” and “a3 do-
main-removed model” observed by normal mode analysis
suggests that b2m contribute to maintaining the interdomain
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Table 2. The Lowest, Second-Lowest and Third-Lowest Frequency Modes Obtained from Normal Mode Analysis

Mode no.
Optimized structure no.

1 2 3 4 5 6

“Whole model” 1672 6.05 5.02 5.98 6.08 6.31 4.78
1673 4.64 4.4 4.59 4.57 4.95 4.48
1674 3.33 2.94a) 3.24 3.39 3.34 3.22

“a3 domain-removed model” 1287 5.05 5.11 5.58 5.56 5.7 5.02
1288 3.61 4.21 4.21 4.17 4.26 3.71
1289 3.24 3.29 3.31 3.21 3.39 3.22

“b2m-removed model” 1222 3.04 2.88 2.97 3.01 2.96 2.95
1223 2.51 2.22 2.35 2.47 2.33 2.23
1224 1.97 1.8 1.71 1.75 1.72 1.74

a) Low-frequency modes �3 cm�1 are given as bold figures.



conformation of class I MHC molecules more than the a3
domain does, and may offer convincing evidence to support
the notion that the a3 domain and b2m do not exert an equal
influence on the structural stability of class I MHC mole-
cules.
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