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Key Interactions in Integrin Ectodomain Responsible for Global
Conformational Change Detected by Elastic Network
Normal-Mode Analysis
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ABSTRACT Integrin, a membrane protein with a huge extracellular domain, participates in cell-cell and cell-extracellular-matrix
interactions for metazoan. A group of integrins is known to perform a large-scale structural change when the protein is activated,
but the activation mechanism and generality of the conformational change remain to be elucidated. We performed normal-mode
analysis of the elastic network model on integrin ayB3 ectodomain in the bent form and identified key residues that influenced
molecular motions. Iterative normal-mode calculations demonstrated that the specific nonbonded interactions involving the key
residues work as a snap to keep integrin in the bent form. The importance of the key residues for the conformational change was
further verified by mutation experiments, in which integrin «,83 was used. The conservation pattern of amino acid residues among
the integrin family showed that the characteristic pattern of residues seen around these key residues is found in the limited groups
of integrin B-chains. This conservation pattern suggests that the molecular mechanism of the conformational change relying on the

interactions found in integrin ayB3 is unique to the limited types of integrins.

INTRODUCTION

Integrins are one of the metazoan protein families of adhesion
receptors that mediate cell-cell and cell-extracellular-matrix
interactions (1). In addition to this function, integrins transmit
signals bidirectionally across the plasma membrane. Through
these functions, integrins play key roles in diverse biological
processes including cell migration, development, immune
responses, and vascular hemostasis. They are therefore the
target of effective therapeutic drugs against thrombosis and
inflammation (1).

Integrin is a heterodimer transmembrane protein complex
made of a- and B-chains. In mammals, 18 homologous
a-chains and eight homologous 3-chains are known so far,
and different combinations of a- and B-chains have been
identified. Integrins are not constitutively active as receptors.
On cell surfaces, integrins are usually in a state of low affinity
to their ligands (inactive state). By signals from inside the

Submitted February 5, 2008, and accepted for publication May 6, 2008.
Address reprint requests to Atsushi Matsumoto, Quantum Bioinformatics
Team, Center for Computational Science and Engineering, Japan Atomic
Energy Agency, 8-1 Umemidai, Kizugawa, Kyoto 619-0215, Japan. Tel.:
81-774-71-3463; Fax: 81-774-71-3460; E-mail: matsumoto.atsushi@jaea.
£0.jp.

Kei Yura’s present address is The Graduate School of Humanities and
Sciences, Ochanomizu Univeristy, 2-1-1 Otsuka, Bunkyo, Tokyo 112-8610,
Japan.

This is an Open Access article distributed under the terms of the Creative
Commons-Attribution Noncommercial License (http://creativecommons.
org/licenses/by-nc/2.0/), which permits unrestricted noncommercial use,
distribution, and reproduction in any medium, provided the original work is
properly cited.

Editor: Peter Tieleman.

© 2008 by the Biophysical Society

0006-3495/08/09/2895/14  $2.00

cell, integrins are supposed to be activated and function as
receptors (inside-out signaling) (2).

Solution of the crystal structure of the ectodomain of in-
tegrin, avf33, was a major advance in the study of integrin (3).
The crystal structure revealed that the head region was ex-
tremely bent over the two nearly parallel tails. Electron mi-
croscopy had shown that the integrin had an extended form
(4-6), but later, the bent conformation of integrin was also
observed. It was then shown that the bent conformation
corresponded to the inactive state and the extended confor-
mation to the active state, where integrin has high affinity to
its ligand (7). The relationship between two conformations
and two functional states is now well demonstrated. How-
ever, the transition mechanism between the two conforma-
tions is not yet understood.

Here, we studied the conformational changes of integrin
ectodomain using normal-mode analysis (NMA) of the
elastic network model of the protein. The application of
conventional NMA to biomolecules, which employs realistic
energy function in contrast to the NMA of the elastic network
model, started more than 20 years ago (8—10). Since then,
many biomolecules have been studied using NMA. This
approach is widely used and has proved very effective for
elucidating conformational fluctuations and changes related
to biological functions. NMA of the elastic network model of
a protein, which is directly related to this work, was first
developed by Tirion (11), and the calculated normal modes
were shown to faithfully reproduce the B-factors obtained
from x-ray crystal structure analysis (12). It requires much
fewer computational resources compared to the conventional
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method, so that the applications to huge macromolecular
structures such as ribosomes and virus capsids (13—17) are
possible. Here we applied the NMA of the elastic network
model to the ectodomain of integrin ay/33 in the bent form
(inactive state). The analysis enabled us to identify the key
residues that work as a switch for conformational changes of
the integrin ectodomain. Iterative normal-mode calculations
demonstrated that the key residues work as a snap to keep the
structure in the bent form. The importance of the residues was
further verified experimentally.

MATERIALS AND METHODS

Naming scheme for extracellular domains of
integrin ayf;

In this article, we follow the widely used naming scheme for the ectodomain
of integrin ary B3 (see Xiong et al. (3), for example). The a-chain consists of
B-propeller (residues 1-438), thigh (439-592), calf-1 (602—738), and calf-2
(739-956) domains. The B-chain consists of PSI (1-54), hybrid (55-108 and
353-432), BA (109-352), EGF-1 and -2 (453-529), EGF-3 (532-562), EGF-4
(563-605), and BTD (606-690) domains. The PSI and EGF-1 and -2 domains
are missing in the x-ray crystal structure to which we applied NMAs.

Elastic network model

In the usual treatment of an elastic network model (12,18), each residue in a
protein is represented by the C, atom. If the distance between two C, atoms
is less than the arbitrary chosen cutoff length, R, (8—12 A), the two residues
are considered to be neighbors and the two C, atoms are connected by a
spring whose equilibrium length is the same as the distance in the initial
conformation. Thus, the distance between the two C, atoms is considered to
be the distance between the two residues. The same spring constant C is used
for all springs in the network model.

In this study, we defined the distance between two residues in a different
way for the reason explained in the Results and Discussion section. We first
considered all atoms except for hydrogens, and calculated the distances
between all pairs of atoms. The shortest distance between atoms in two
different residues was defined as the distance between the two residues, and if
it was less than the arbitrary chosen cutoff length, 7. (3-5 A), the two residues
were considered to be neighbors. Once the neighbors were identified, each
residue was represented by the C, atom, and the C, atoms in the neighbor
residues were connected by springs with an arbitrarily chosen spring con-
stant, C. The adjacent C, atoms along the amino acid chain were automat-
ically connected by this approach. We further introduced springs along the
amino acid chain between C, atoms in nth and (n + 2)th residues and be-
tween those in nth and (n + 3)th residues. The former spring restrained the
fluctuations of the virtual bond angle formed by C, atoms in nth, (n + 1)th
and (n + 2)th residues, and the latter spring those of the virtual dihedral angle
formed by C, atoms in nth, (n + I)th, (n + 2)th and (n + 3)th residues.

Normal-mode analysis of the elastic
network model

The basic formulation of the NMA of the elastic network model is the same
as that for the NMA performed with different coordinate systems and force
fields (19-27);

The conformational potential energy of the system is approximated by the
multidimensional parabola,

1
V:EZﬁjA%A%’ ()
ij
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where Ag; is the instantaneous fluctuation of the ith generalized coordinate g;
from its equilibrium value and f;; is an element of a Hessian matrix, F. The
approximation is valid in the vicinity of minimum energy points.

The kinetic energy K is similarly expressed in quadratic form in terms of
g, the first derivative of g; with respect to time, and coefficient A;;, which is
an element of the ‘‘mass’’ matrix, H:

1 s
K= EzhiquiA%a 2
ij

If the Ag; and Ag; are collected in the vectors Aq and Ag, respectively,
Lagrange’s equation of motion is simplified to

HAgG + FAq = 0, (3)
with a solution of the form

N
Agi = ) Anancos(wyt +8,), @

n=1

where N is the number of freedom in the system. The constant «,, and phase
angle 8, are determined from the initial conditions. The coefficient A;, is an
element of a matrix A which simultaneously diagonalizes H and F; that is,
ATHA =Tand ATFA = A, where AT denotes the transposition of A, I is an
identity matrix, and A is a diagonal matrix with elements A,, = >.

In this study, the conformational potential energy of the elastic network
model is expressed in the following form, as was done by Tirion (11):

1
V=23 Clliral = Iry])’, 5)
(

ab)

where C is the spring constant, Iy, (= I, — I) is the vector pointing from
atom a to atom b, and the superscript zero indicates the initial conformation.
Thus, the initial conformation has the minimum energy so that the energy
minimization process is not necessary. In our treatment, each residue is
represented by a C, atom, and r, and ry, are regarded as the positions of
residues a and b, respectively. The summation is taken over all pairs of the
neighboring residues.

If Eq. 5 is expanded about Ar (= ry, — rgb) and terms higher than
second order are ignored, it is simplified to

0 2
v 1 z C(rab . Al‘ab) ’ (6)

2 (am) 5|

from which the Hessian matrix, F, is easily derived. We report the normal-
ized normal-mode frequencies in the Results and Discussion section, because
the normal-mode frequencies, which are obtained by diagonalizing the
matrix F, are proportional to the square root of the arbitrarily chosen spring
constant, C. Our system is described by the Cartesian coordinate, and thus
the mass matrix H is a diagonal matrix with the (3n — 2)th, (3n — 1)th, and
3nth diagonal elements equal to the total mass of the nth residue.

Comparison of thermal atomic fluctuations
To see how well the calculated values agreed with experimental values, the
correlation coefficient was calculated using the equation

n

Z(Xi =X) -y
=l 7

cCc =

where X is the average of x;. In this study, the correlation coefficient between
the thermal atomic fluctuations derived from the NMA and those derived
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from the B-factors of the crystal structure was calculated. In the NMA, the
thermal atomic fluctuations are given as a sum of contributions from all
normal modes except for the six zero-frequency normal modes correspond-
ing to the rigid body motions as a whole. The thermal atomic fluctuations of
the crystal structure are proportional to the square root of the B-factors.

Similarity of two normal modes

We studied the effect of interactions between neighboring residues on the
molecular motions to detect the key residues for the conformational changes
of integrin. For this purpose, we compared low-frequency normal modes
calculated for a model with full interactions to those for a model without
specific interactions. The comparison of the two normal modes was made in
terms of similarity, defined as

C, = ; ®)

;“L'VJL

where uL and v{; are displacement vectors of the k th atom in the i th and j th
normal modes, respectively, for the two elastic network models. Here,
displacement vectors were normalized as

Yu um=Yv-v =L ©)
k k

If the value is close to 1, the two normal modes are similar to each other. If it
is close to zero, they are dissimilar.

Iterative normal-mode calculations

For the conventional NMA, a time-consuming energy minimization process
is necessary before the NMA. For the NMA of the elastic network model, the
energy minimization process is not necessary, and the NMA can be applied
to any given conformation (28). If atoms in a protein are moved by a small
amount from the initial positions along the displacement vectors in a normal
mode, a slightly different new structure is generated. If the NMA of the
elastic network model is applied to this new structure, another new structure
can be obtained. By repeating this process, a series of structures is generated.
This approach is often used for building atomic models based on electron
microscopy density maps (29-31). Here, we call this series of calculations
“‘iterative normal-mode calculation’” and use this approach for forcing the
conformational change of integrin from the bent to the extended forms and
studying the role of the specific interactions in the conformational change.

The x-ray crystal structure of integrin (Protein Data Bank ID 1jv2 (3))
was used as the initial structure (the O th structure). After the nth NMA for
the (n — 1)th structure, many structures were generated by deforming the
(n — 1)th structure along each of the three lowest-frequency normal modes,
and the structure with the largest distance between the head region and
C-terminal end was chosen as the nth structure. The distance was measured
between two C,, atoms in the residues Lys®> and Glu’® of the a-chain. The
deformation was restricted so that the root mean-square displacement (rmsd)
of the 7 th structure from the (n — 1)th is <0.1 A. The iterative calculation
was terminated when the increment of distance between the head and
C-terminal end of a new conformation (nth conformation) and that of the
previous conformation was <0.1 A.

Each time a new structure made of C, atoms was generated by the ap-
proach described above, the coordinates of other atoms, which were neces-
sary for updating the network formation, were determined by rigid-body
treatment and a least-square fitting procedure (32) as follows. A structure
made of a C, atom in each residue (kth residue) and a few C, atoms in the
nearby residues along the amino acid chain in the x-ray crystal structure was
treated as a rigid body and was fitted into the corresponding structure in the
newly generated structure by rotational and translational manipulation in
the least-square fitting procedure. The same manipulation was then applied to
the other atoms in the kth residue of the x-ray crystal structure to get the posi-
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tions of these atoms in the new structure. This process was repeated for all
residues and the coordinates of all atoms in the new structure were obtained.
The purpose of the iterative normal-mode calculation in this study was to
clarify the role of specific interactions in the conformational change from the
bent to the extended form, in other words, to check whether the specific
interactions obstructed the conformational change or not. For this purpose,
two different iterative calculations were necessary. In one calculation, the
specific interactions were kept, and in the other, they were not. However, the
connectivity for the specific interactions could have changed during the it-
erative normal-mode calculation, because the network formation was to be
updated each time a new structure was generated. To avoid this, we did not
update the connectivity for the specific interactions during the iteration.

Multiple sequence alignment and conservation
pattern of the residues

Homologous amino acid sequences to integrin from Homo sapiens a3
were searched for out of all the amino acid sequences in UniProt (33) and all
the translated amino acid sequences in DDBJ (34) by BLAST (35) with
default parameters. Sequences derived from pseudogenes and partial se-
quences were eliminated. Identical sequences in the obtained set of se-
quences were grouped and only one of the sequences in each group was kept
for building multiple sequence alignment. The multiple sequence align-
ment was built based on the progressive alignment method (36) using the
BLOSUMS62 matrix (37). Alignment at regions with extremely low sequence
identity was manually adjusted based on the heuristic knowledge that cys-
teine residues should be well conserved and aligned among homologous
extracellular domains. Sequences were grouped into clusters based on a
phylogenetic tree built by the neighbor-joining method (38), with evolu-
tionary distances calculated by the method of Kimura (39). The threshold for
grouping the integrin sequences was set to be consistent with the annotation
of sequences based on a previous study (1). Conservation of amino acid
residues at positions of concern in each group was manually identified.

Mutation experiment to verify the
activation mechanism

We experimentally verified the activation mechanism of integrin predicted
by the NMA. We used integrin ay,3; instead of ayB3 for mutation exper-
iments. Although the former is exclusively expressed on platelets and
megakaryocytes different from the latter, and is known to use a different
mechanism of signaling at the cytoplasmic domain of the @-chain (40), it has
a common f3-chain and binds to common ligands such as fibrinogen, fi-
bronectin, and vitronectin in an RGD-dependent fashion. In addition to these
structural and functional similarities, it has been well established that a 33
increases its affinity for fibrinogen by undergoing structural rearrangement
upon inside-out signaling (41). Thus, we took advantage of the aypB3-fi-
brinogen interactions to examine the effect of the mutations.

Normal mouse IgG was purchased from Sigma-Aldrich (St. Louis, MO).
Anti-aq, monoclonal antibody (mAb) PL98DF6 (42) was a generous gift
from Drs. J. Yldnne (University of Oulu, Oulu, Finland) and 1. Virtanen
(University of Helsinki, Helsinki, Finland). Anti-ap,83-complex-specific
activating mAb PT25-2 has previously been characterized (43). RPE-con-
jugated goat antimouse polyclonal antibody was purchased from Biosource
(Camarillo, CA). The synthetic peptide Gly-Arg-Gly-Asp-Ser (GRGDS) was
purchased from Peptide Research Institute (Osaka, Japan). Fluorescein-iso-
thiocyanate (FITC) was purchased from Sigma-Aldrich. Human fibrinogen
(Fbg) was purchased from Experimental Cell Research (South Bend, IN).

The full-length cDNAs for integrin oy, and B3 subunits, generous gifts
from Dr. Joseph C. Loftus (Mayo Clinic, Scottsdale, AZ), were cloned into
the mammalian expression vector pBJ-1, kindly provided by Dr. Mark Davis
(University of California, San Francisco, CA). The cDNAs for 33 mutant
L375A, L389A, R404A, R633A, R633del, R404A/R633A, R404A/
R633del, and R404A/S674A were created by site-directed mutagenesis us-
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ing the Transformer Site-Directed Mutagenesis Kit (BD Biosciences, San
Jose, CA).

Chinese hamster ovary (CHO-K1) cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal calf serum (Hyclone, Logan, UT), 1% penicillin and streptomycin
(Invitrogen), and 1% nonessential amino acids (Sigma-Aldrich), and main-
tained at 37°C in a humidified incubator supplemented with 5% CO,. Fifty
micrograms of ayy, ¢cDNA construct was cotransfected with 50 ug of B3
cDNA construct into CHO-K1 cells by electroporation. After 48 h, cells were
detached and used for assays.

FITC-labeling of human Fbg is described in detail elsewhere (44). In
brief, after adjusting the pH of human Fbg at 1 mg/ml in phosphate-buffered
saline to 8.5 with 5% Na,COj3, 1/100 volume of 10 mg/ml FITC in di-
methylsulfoxide was added and incubated at room temperature for 10 min.
FITC-labeled Fbg was separated from free FITC on a PD-10 column
(Amersham Biosciences, Uppsala, Sweden) equilibrated with HEPES-
buffered saline (10 mM Hepes, 150 mM NaCl, pH 7.4). The concentration
and F/P ratio of FITC-labeled Fbg were calculated as previously described
(44). Forty-eight hours after transfection, cells were detached with phos-
phate-buffered saline containing 3.5 mM EDTA and incubated with non-
functional anti-a;, mAb PL9SDF6 followed by an RPE-conjugated F(ab’)2
fragment of goat anti-mouse IgG. After washing, cells were incubated with
FITC-labeled Fbg at 350 pg/ml with or without 1 mM GRGDS peptide in
modified HEPES-Tyrode buffer (5 mM Hepes, 5 mM glucose, 0.2 mg/ml
bovine serum albumin, and 1X Tyrode’s solution) containing 1 mM CaCl,
and 1 mM MgCl, for 2 h at 4°C. In some experiments, mAb PT25-2 was
included at 10 wg/ml to activate ay,3;. After washing, fluorescence was
measured on FACS Calibur. The median Fbg binding (FL1) to cell popu-
lations expressing high ayy, (FL2 > 500) was calculated. Background bind-
ing in the presence of 1 mM GRGDS peptide was subtracted to obtain
specific binding. Normalized Fbg binding was calculated by dividing the
specific binding by the mean oy, 83 expression (FL2) of the gated population.

RESULTS AND DISCUSSION
Elastic network model of integrin ayB3

The first step of the calculation is the formation of the elastic
network model based on the x-ray crystal structure of integrin
with a specific cutoff length. Motions of residues in this
model depend on the number of neighboring residues. Res-
idues with a small number of neighbors can move with less
restraint compared to those with many neighbors. The number
of the springs in molecules, which connect the C,, atoms in
neighboring residues, depends on the cutoff length. Thus, the
cutoff length is the most important parameter determining
molecular motions.

As described in Materials and Methods, our definition of
the distance between two residues is different from that in the
conventional approach. Fig. 1 demonstrates the difference
between the two approaches with a specific example. Two
residue pairs in integrin, Gly'”* and Ser”* in the a-chain, and
Tyr?’* in the a-chain and Leu®® in the B-chain, are shown in
Fig. 1 a and b, respectively. The distances between the two
C, atoms (black) are 7.5 A in both cases, whereas the shortest
interatomic distances between the two residues in Fig. 1, a
and b, are 7.0 and 3.3 A, respectively. In the conventional
approach, the two C,, atoms are connected by springs in both
cases (assuming R. > 7.5), whereas in our approach the C,
atoms in the former case are not connected and those in the
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Gly172:A \

Tyr275:A

\ _

Ser225:A Leu258:B
FIGURE 1 Two pairs of residues, Gly'’* and Ser*® in the a-chain (a),
and Tyr*’* in the a-chain and Leu®® in the B-chain (b) in the x-ray crystal

structure of integrin demonstrate the difference between the two approaches
used to generate an elastic network model. The C, atoms are colored in
black, other atoms in gray. The backbone is represented by a white tube. In
the conventional approach, the two residues in both cases are connected by a
spring when the cutoff length, R, is >7.5 A.Inour approach, the residues in
b are connected, whereas those in a are not, when the cutoff length, r,
satisfies 3.3 < r. < 7.0.

latter case are connected (assuming 3.3 < r. < 7.0). Thus, the
network formation is more sensitive to the local conforma-
tion in our approach.

A relatively large number of the pairs of residues are
similar to the case shown in Fig. 1 a, that is, pairs of residues
that have short C,, distances but long interatomic distances.
For example, there are 774 pairs of residues in integrin in
which the distances between the C, atoms are between 7.5
and 8 A, and these are usually regarded as neighboring res-
idues according to the conventional approach. For 197 of
these pairs of residues (25%), the shortest interatomic dis-
tances are >6 A, and for 412 pairs (53%), the distances are
>5 A, which means that according to our approach, a fairly
large number of the pairs of residues are not regarded as
neighboring residues.

In this article, we studied the global conformational change
of integrin from the bent to the extended conformation. Be-
fore we used our modified approach, we had used the con-
ventional approach to build the elastic network model of the
x-ray crystal structure of integrin with normal cutoff length
(R. = 8 A) and had studied the molecular motions. However,
we had not observed the motions that could direct the bent
conformation of integrin to the extended one in the lowest-
frequency normal modes. Some springs between residues
must have hindered such motions. Thus, these springs should
have been eliminated to promote the conformational change.
We therefore tried to remove such springs from the elastic
network model. However, it was not easy to find all such
springs by eliminating springs one by one and checking the
effect by NMA, because multiple springs could have been
involved in the hindrance. Instead, we decreased the cutoff
length so that springs representing interactions with longer
distances would be eliminated, assuming that these interac-
tions would be weaker and less important for the conforma-
tional change. To make this assumption more valid, we
defined the distance between two residues as the shortest
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interatomic distance, as described above. We will discuss the
effect of the different definition later.

Dependence of molecular motions on cutoff
length, r,

NMAs were carried out for the elastic network models with
various cutoff lengths, and the correlation coefficients were
calculated based on Eq. 7. In Fig. 2, the calculated coeffi-
cients are plotted against the cutoff length as open circles
connected by a solid line. The coefficients for cutoff lengths
>~3.6 A were roughly constant. However, at around r, =
3.2-3.3 A, the coefficients dropped abruptly. This cutoff
length is roughly equivalent to the hydrogen bond distance,
suggesting that the springs representing hydrogen bonds
were on the verge of elimination in this range of cutoff
lengths. A large correlation coefficient suggests that the
molecular motions derived from the calculation are similar to
those in the crystal structure, whereas a small coefficient
suggests molecular motions that are different. We checked
that the small coefficients did not stem from extremely large
thermal atomic fluctuations, which are often observed for
atoms with a small number of neighbors (data not shown).

The change of the molecular motions reflects the change of
the energy landscape of the molecule, that is, the energy re-
quired for the conformational change from the x-ray crystal
structure (bent structure) to the other conformations is al-
tered. Thus, the conformational change to the extended one
may become easier.

To identify the interactions that contributed to the sudden
change of the coefficient, we eliminated the springs one by
one by reducing the cutoff length starting from 3.3 A, and
NMA was performed. There were 231 springs that were to be
eliminated when the cutoff length was reduced from 3.3 to
3.2 A. We found the maximum drop in the coefficient when
the spring connecting C,, atoms in Leu®® and Arg®” in the

0.6
T
o9 05+
Q
©
3
c 04 r
2
k] : .
[ ) :
5 0.3 " SO e —6— Unmodified model .
o b 5 -~ Without Arg633-Leu389
¥ - = - Without interactions of Arg633
0.2 i i i
3 3.5 4 4.5 5

Cutoff length r, (A)

FIGURE 2 Correlation coefficient of the thermal atomic fluctuations de-
rived from NMA and x-ray crystal structural data (B-factor) plotted against the
cutoff length. Open circles connected by solid line: unmodified model. **X”’
symbols connected by dash-dotted line: model without interaction between
Arg® and Leu®™. Asterisks connected by dashed line: model without inter-
actions between Arg®* and nearby nonbonded residues.
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B-chain was eliminated, suggesting that the interaction rep-
resented by this spring has a large influence on the molecular
motions.

The maximum drop in the coefficient observed when the
interaction between Leu®® and Arg®? was eliminated does
not mean that the drastic change in molecular motions would
be caused by the elimination of the interaction at any cutoff
length. If the longer cutoff length were assumed, other in-
teractions would have had to be eliminated at the same time
for the drastic change of the coefficient to occur. Thus, this
result only suggests that the interaction between Leu®® and
Arg®? was the one with the shortest distance that contributed
to keeping the molecular motions as in the x-ray crystal
structure. Indeed, the effect of eliminating the interaction
between Leu*® and Arg®** independent of the cutoff length
was limited, as shown in Fig. 2, where the correlation coef-
ficients for the network models without the interaction be-
tween Leu®®® and Arg®?, irrespective of the cutoff length, are
plotted by ‘X’ symbols connected by a dash-dotted line. We
found that the effect was enhanced if the interactions of
Arg®? with other nearby residues were simultaneously
eliminated. In Fig. 2, the correlation coefficients are plotted
by asterisks connected by a dashed line for the network
models in which the C, atom of Arg®*® was not connected
to the C, atoms in the nearby nonbonded residues (including
Leu®®) by springs. In the latter network models, the correla-
tion coefficients were further deviated from those for the
original models with full interactions (open circles) in the
wider range of cutoff lengths. This suggests that the interac-
tions of Arg®® with nearby residues have an influence on the
molecular motions.

Change of lowest-frequency normal modes
of integrin

The above analysis showed that the correlation coefficients
dropped when the interactions of Arg®?® were eliminated.
However, it did not tell whether the drop was related to the
biologically important conformational change of integrin,
that is, the conformational change from the bent to the ex-
tended form. In this and the following subsections, we reveal
what changed when the correlation coefficient dropped.

The change of the correlation coefficient is due to the
change of the normal modes. To see what changed in the
normal modes when the correlation coefficient dropped, we
compared the lowest-frequency normal modes, which influ-
ence the global molecular motions, of the two elastic network
models with different correlation coefficients.

The comparison was made for the two network models
with and without the springs connecting the C, atom of
Arg®? to those in the nonbonded neighboring residues at the
cutoff length of 3.4 A (we call the former model A and the
latter model B). At this cutoff length, the molecular motions
of model A were similar to those in the x-ray crystal structure

(Fig. 2, open circles), and by removing the springs of Arg®®,
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quite a large change in correlation coefficient was observed
(asterisks), indicating that the springs were working as a
switch for molecular motions.

A comparison of the five lowest-frequency normal modes
for models A and B is shown in Table 1. It is clear that the
second-, fourth-, and fifth-lowest-frequency normal modes of
model B were similar to the first, second, and third modes of
model A, respectively. The normal-mode frequencies were
relatively close to each other. However, the first and the third
modes of model B were not so similar to any of the five
modes of model A. This result indicates that the new types of
motions emerged once the interactions of Arg®®* with other
residues were eliminated.

The motion described by the lowest-frequency mode of
model B is shown in Fig. 3 a. During this motion, the dis-
tance between the hybrid domain (Fig. 3, deep green; see
also Figs. 4 and 8 a) and EGF-3 and EGF-4 (Fig. 3, cyan; see
also Figs. 4 and 8 a) oscillated. Due to the springs from
Arg63 3, which connected the 8TD (cyan; see also Figs. 4 and
8 a) with the hybrid domain near the head region (drawn
beneath the hybrid domain in Fig. 3), the motions of the
hybrid domain of model A were restrained, whereas those in
model B were not. In this way, eliminating the interactions of
Arg®*? enhanced separation (opening motions) of the hybrid
domain from the EGF domains. This opening motion might
further induce elimination of the interactions between the
hybrid domain and the EGF domains, which is shown to be
important for the conformational change of integrin, as ex-
plained later.

Role of inside-out signaling to local
conformational change

Fig. 4 shows the local conformation around Arg®*? (cyan) in

the x-ray crystal structure. The residue Arg®** belongs to the
BTD, and its side chain interacts with residues in the hybrid
domain near the head region; the side chain of Arg633 is sand-
wiched by two leucine residues, Leu®”> and Leu®® (orange), in
the hybrid domain (see also Fig. 8 b). Our calculation suggests
that the interactions of Arg®* with nearby residues influences
the molecular motions. If the side chain of Arg®*® is moved
from the position in the x-ray crystal structure to a position

TABLE 1 Comparison of the lowest-frequency normal modes
of elastic network models A and B

Model B

Frequency 0.72 0.73 1.36 1.66 2.01

1.00 0.25 0.95 0.02 0.01 0.14
1.52 0.51 0.11 0.20 0.82 0.07
Model A 1.99 0.41 0.00 0.32 0.26 0.78
2.28 0.45 0.14 0.15 0.28 0.52
2.58 0.32 0.10 0.56 0.35 0.04

Numbers >0.75 are shown in bold. The normal-mode frequencies are shown
as relative values with respect to the lowest frequency of model A.
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FIGURE 3 Displacement vectors of C, atoms of integrin in the lowest- (a)
and third-lowest- (b) frequency normal modes of model B (see text) drawn in
stereo with the backbone. Leu’”, Leu®®, and Arg633 are shown by a space-
filling model. The images were generated with a VMD program (62).

where it is no longer sandwiched by the two residues, the
interactions of Arg®® with nearby residues will be eliminated.
Such a motion of the side chain of Arg®* was observed only in
the third-lowest-frequency mode of the network model-B, as is
shown in Fig. 3 b. This mode involved the motion of the BTD
as a whole. Some external forces should be applied to move
BTD and eliminate the interactions of Arg63 3 , to switch model
A into model B.

The x-ray crystal structure we used for NMA lacks the
cytoplasmic domains and the transmembrane (TM) domains.
Although the 3D structure of these domains is not so clear,
there are abundant data indicating that the cytoplasmic do-
mains can regulate integrin activation (45-53). These data
show that integrin is activated if the membrane-proximal re-
gions of the @ and B cytoplasmic tails are separated, and that
the interactions between these segments restrain the integrin
in an inactive state. These studies were mainly performed
on integrin aq,B3. The conformational rearrangement in the
cytoplasmic domains should be transmitted to the ectodomains
through the TM domains. However, little is known about the
role of the TM domains in this process. Similar to the case of
the cytoplasmic domains, modification of the membrane-
proximal regions of ectodomain to inhibit the separation of the
a- and B-chains restrains the activation, whereas enhancing
the separation promotes activation (6,7,54).
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FIGURE 4 Three-dimensional structure of integrin 33-chain. Arg””” and

Arg*™*, with their nearby residues, are shown by a space-filling model.

This experimental evidence is consistent with our results.
Separation of the membrane-proximal regions of the o and 3
cytoplasmic tails, caused by binding of proteins such as talin
(55-57), will cause rearrangement of the TM domains. This
rearrangement will cause the conformational rearrangement of
the BTD, which is close to the TM domain. If the rearrangement
is similar to that shown in Fig. 3 b, the interactions of Arg®*®
with nearby residues will be eliminated, and the conforma-
tional change of ectodomain will be promoted. It is interesting
to note that the motions shown in Fig. 3 b involve separation
of the membrane-proximal regions of the a- and B-chains of
the ectodomain, which has been shown to be important for
integrin activation (6,7,54).

In Fig. 4, most of the residues involved in the interactions
between the hybrid domain and the EGF domains are also
indicated by the space-filling model. The amino acid residues
that participate in the interactions are the same types as those
in the interactions between the STD and the hybrid domain,
and in a similar way; a leucine (orange) and a cysteine
(vellow) are adjacent to each other and in contact with the side
chain of an arginine (cyan), which connects the two different
domains. Compared to Arg®*, Arg*™ is relatively exposed,
and the area participating in the interactions is smaller.

Role of local interactions on the global
conformational change

We deformed the x-ray crystal structure of integrin by iter-
ative normal-mode calculations and studied the impact of
eliminating the interactions we found above on the global
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conformational change from the bent to the extended forms.
To clarify the set of interactions, we named the interactions
between Arg®®? and nearby residues “‘interaction A’’, and
those between the hybrid domain and the EGF domains
““interaction B’’. We performed four types of iterative nor-
mal-mode calculations, namely calculation with both A and
B, calculation with A and without B, calculation without A
and with B, and calculation without either A or B (Table 2).
In all calculations, the cutoff length was set to 3.4 A.

There are 25 disulfide bonds in the x-ray crystal structure
of integrin. These bonds should not have broken during the
iterative calculation. Thus, we kept the 25 springs between
the residues that were covalently connected by the S-S bond.

In the x-ray crystal structure, residues between Asp** and
Lys™? in the B-chain were missing. During the iterative cal-
culation, the distance between the two residues could become
unrealistically long due to the lack of these residues. To prevent
this happening, we added a spring between the C, atoms in
Asp** and Lys>** whose spring constant was 1/10 that of the
normal spring, assuming that the distance between the two resi-
dues was easier to change than those between nearby residues.

Two springs were eliminated in the four iterative calcula-
tions to enhance the conformational change. They were the
spring between Val**? and Ser®”* in the B-chain and that
between Ser’® in the a-chain and Arg®® in the B-chain.
These springs prevented the conformational changes when
they were maintained in the calculations. The prevention of
the conformational change by the former spring agrees with
an experimental result, where the bent conformation was
shown to be stabilized if the two residues (Val33 2 and Ser674)
were replaced by cysteines and a disulfide bond was formed
(7). Even if the two residues were mutated so that they did not
interact with each other, however, the ligand-binding affinity
of integrin was not perturbed (T. Kamata, M. Handa, Y.
Ikeda, and S. Aiso, unpublished data). Thus, the interactions
did not play an active role in conformational change. Fur-
thermore, even when the spring between Val**? and Ser®”*
was eliminated from the elastic network model for the x-ray
crystal structure, new types of global motions, such as those
observed when the springs of Arg®** were eliminated, did not
emerge in the lowest-frequency range. These experimental
and computational results suggest that the interactions be-

TABLE 2 Summary of four iterative normal-mode calculations

Calculation Interaction Interaction Final
No. A B conformation
1 _ — Extended
2 - + L-shaped
3 + - Bent
4 + + Bent

Interaction A refers to the interactions of Arg®** with Cys®*’*, Gly*®®, and
Leu389, and interaction B to those of Arg404 with Ser543, Leu548, Cys549,
and Asp>° plus the interactions between Glu*** and Ser®®'. The plus and
minus symbols mean that the springs representing these interactions exist or

do not exist, respectively.
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tween Val**? and Ser®”* need to be eliminated for the con-
formational change of integrin, but that the elimination does
not have the effect of enhancing the conformational change.
The spring between Ser’® in the a-chain and Arg®® in the
B-chain was eliminated for similar reasons. An experiment to
replace a loop region in the ayy,-chain, which corresponds to
the loop including Ser’® in the av-chain, with that in the
as-chain suggested that the interactions between Ser’*> and
Arg®® do not have an influence on the conformational
change (58). Iterative normal-mode calculations showed that
the spring needed to be eliminated for the conformational
change. However, eliminating the spring from the elastic
network model for the x-ray crystal structure had little effect
on the lowest-frequency normal modes.

Among the four iterative calculations, integrin fully ex-
tended in one case, when the springs for both interactions A
and B were eliminated (Fig. 5 a, and Table 2, calculation I).
In calculation 2 of Table 2, the conformational change ter-
minated when the molecule took on an L-shape, as shown in
Fig. 5 b. This result demonstrated the importance of elimi-
nating interaction B for the conformational change to the
fully extended form. The results of calculations 3 and 4 (Fig.
5, ¢ and d) were quite similar. The corresponding structures
(nth structures) during the iterative calculations were also
similar to each other (rmsd < 3 A). This result suggests that
eliminating interaction B has a small effect on the confor-
mational change if interaction A is maintained. The four it-
erative calculations clearly demonstrated that interaction A
(interactions involving Arg®?) works as a snap to keep in-
tegrin in the bent form.

Comparison with the conventional elastic
network model

Our elastic network model differs from the conventional
model in the definition of the distance between two residues.
We introduced this definition so that the network formation
would be more sensitive to the local conformation, as de-
scribed earlier. Here, to observe the effect of the difference in
definition, we carried out the same calculations as those
performed to obtain Fig. 2 using the conventional elastic

FIGURE 5 (a—d) Backbone structures of integrin at the end of iterative
normal-mode calculations 14, respectively (Table 2).
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network model. Decreasing the cutoff length tends to desta-
bilize the elastic network model. To avoid this, we modified
the conventional elastic network model by introducing
springs, irrespective of the cutoff length, along the amino
acid chain between C,, atoms in the nth and (n + 2)th residues
and between those in nth and (n + 3)th residues, which is the
same procedure as in our elastic network model. The calcu-
lated correlation coefficients are plotted against cutoff length
R. in Fig. 6. The coefficients were relatively large and
roughly constant when the cutoff length, R., was >7.8 A,
indicating that the molecular motions derived from the cal-
culations were similar to those in the crystal structure. In our
elastic network model, the coefficient took similar values
when the cutoff length, r., was >3.3 A, as shown in Fig. 2.
There were 8332 springs in the conventional model with R, =
7.8 A, and 5512 springs in our elastic network model with
re = 3.3 A. The two network models had 5342 springs in
common. Thus, the conventional model had 2990 additional
springs and our model had 170 additional springs. The former
springs correspond to the case shown in Fig. 1 a, but the latter
do not correspond to any cases in Fig. 1. In the interactions
represented by the latter case, amino acid residues with long
side chains, such as Tyr or Arg, were often involved. The
correlation coefficient between the thermal atomic fluctua-
tions from the B-factors and those from the elastic network
model, which was made from the common 5342 springs, was
low (0.28). Thus, these additional springs were necessary in
both models to reproduce the molecular motions in the crystal
structure. However, there were obviously many more addi-
tional springs in the conventional model, suggesting that
there were many springs in the conventional model that were
not critically important for reproducing the molecular mo-
tions in the crystal structure.

Fig. 6 shows that the coefficient decreased noticeably as
the cutoff length became shorter than 7.8 A. However, the
decrease was gradual compared to Fig. 2. In Fig. 2, the co-
efficient decreased by ~0.2 when the cutoff length was
changed from 3.3 to 3.2 A, whereas in this case, the same

Correlation coefficient

0.2

Cutoff length R, (A)

FIGURE 6 Correlation coefficient of the thermal atomic fluctuations de-
rived from NMA and x-ray crystal structural data (B-factor) plotted against
the cutoff length, R.. Conventional elastic network models were used.
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amount of decrease was observed only when the cutoff length
was changed from 7.8 A to 6.6 A. Corresponding to the larger
change in cutoff length to achieve the same amount of de-
crease of the coefficient, the number of the springs eliminated
by the change in cutoff length was larger (1495 vs. 231). This
result further supports the idea that there were more springs in
the conventional elastic network model than in our model that
did not critically influence the molecular motions.

The results presented here suggest that the short-distance
interactions between two residues in our elastic network
model have a potentially greater influence on the molecular
motions than those in the conventional elastic network
model, and thus that our definition of the distance between
two residues is more effective than that in the conventional
elastic network model in extracting or sorting such influential
interactions, which is the major aim of this study.

Identifying key interactions for conformational
change by NMA

Tama et al. (59) performed NMAs of the (conventional)
elastic network models of proteins whose open and closed
forms were solved by x-ray crystallography. They compared
the atomic displacements in the conformational change from
open to closed and closed to open forms with those in the
normal modes. They found that the elastic network model for
the open form generally had a normal mode in which the
atomic displacements were close to those in the conforma-
tional change, whereas that for the closed form did not. In the
case of integrin, there are two forms, that is, the bent form and
the extended form. The former corresponds to the closed
form, and the latter to the open form. The x-ray crystal struc-
ture was solved only for the bent form. Thus, if we consider the
study by Tama et al. (59), what we did corresponds to the study
to find the normal modes of the closed form of a protein that
directed the molecule toward the open form. We found that the
normal modes involved in the conformational change were
newly generated by reducing the cutoff length until the cor-
relation coefficients dropped drastically. Thus, our approach
may be regarded as a possible solution for finding the normal
modes of the closed form of a protein that direct the molecular
structure toward the open form.

Instead of reducing the cutoff length, we can ‘‘manually”’
eliminate the interactions between domains of the elastic net-
work model so that the extension of the molecule becomes
easier. Assuming the cutoff length r. = 5 A, we performed
NMA of the elastic network model. When all springs between
the hybrid domain and the EGF/BTD domains were eliminated
from this model, the correlation coefficient dropped from 0.54
(Fig. 2, open circles) to 0.34, and the lowest-frequency normal
mode was similar to that shown in Fig. 3 a (with similarity of
0.75). This suggests that the ‘‘manual’’ elimination of inter-
actions has an effect similar to the reduction of the cutoff
length. However, without prior knowledge, it is difficult to
decide which interactions should be eliminated.
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Mutation experiments

Our calculations suggested that the interactions between
Arg®? and the nonbonded nearby residues had to be elimi-
nated for the structural rearrangement of integrin from the
bent to the extended form to occur. Our calculations also
suggested that the extension of integrin would be enhanced
once the interactions were eliminated. To examine our pre-
dictions, specific interactions involving Arg®>® were dis-
rupted by mutating amino acid residues involved in the
interactions.

Mutant aq,B3 was transiently expressed on the mamma-
lian CHO cell surface and FITC-labeled fibrinogen-binding
to these cells was examined. As shown in Fig. 7 a, wild-type
aypB3 expressed on the CHO cell surface was in a low-af-
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FIGURE 7 Average amount of FITC-labeled Fbg bound to CHO cells
expressing wild-type or mutated ay,3; obtained from six separate exper-
iments. The amount of Fbg in the presence of control antibody (hatched
bars) and PT25-2 (shaded bars) is shown separately in arbitrary units with
error bars. (a) Results for mutations at the residues involved in the Arg633-
mediated interactions are compared with those for the wild-type. Amino acid
residues Leu®”®, Leu’, and Arg°33 in the B3-chain were either mutated to
Ala (L375A, L389A, and R633A) or deleted (R633del). The amount of Fbg in
the presence of the control antibody and PT25-2 is shown in the left and right
axes, respectively. Mutants that showed a statistically significant increase in
binding from the wild-type are indicated by asterisks: *p < 0.05; **p <
0.01. (b) Results for single mutation of Arg404 in the B3-chain (R404A) and
double mutations of Arg** in combination with either Arg®*® (R404A/
R633A, R404A/R633del) or Ser®™* (R404A/S674A) are shown and compared
with those for the wild-type. Mutants that showed significant increase in
binding from the wild-type are indicated by asterisks: **p < 0.01.
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finity state and did not bind to fibrinogen significantly unless
activated by mAb PT25-2, which brought up the binding by
~33-fold. It has previously been shown that the mAb PT25-2
binds to the B-propeller domain of ayp,-chain of integrin in
platelets and induces the binding of integrin to fibrinogen
(43,60). In contrast to the independent mutation of Leu®” or
Leu®® to Ala, where the binding to fibrinogen was not af-
fected so much, mutation of Arg633 to Ala, or its complete
deletion, significantly increased the binding (p < 0.01). Acti-
vation with PT25-2 gave similar results, except that the L389A
mutation showed a significant increase in binding (p < 0.05).
These results indicate that the interactions involving the side
chain of Arg®® are indeed important for constraining a,B3
in a low-affinity state, as we predicted.

The mutations L375A and L389A did not activate aqp,B3
(actually L375A with PT25-2 deactivated it, with p < 0.01).
Because the degree of expression of integrin on the cell surface
was not affected by these mutations, it is not probable that the
mutations caused global conformational change. To find the
reason for the low activation, we checked the thermal fluctu-
ations of side-chain atoms in the arginine residues derived
from the B-factor of the x-ray crystal structure. There are 62
arginines in the x-ray crystal structure. In most of the residues,
the thermal fluctuations of the side-chain atoms farther away
from the C, atom are larger (Cg<C,< Cs<...), sug-
gesting the inherent flexibility of the side chain. Due to this
flexibility, the side-chain atoms of Arg®** might be able to find
new interaction sites in the mutated residue or in the nearby
residues when Leu®” or Leu®® were mutated. In the case of
L375A, the newly generated interactions might turn out to be
stronger than the original and, as a result, o83 might be
further deactivated.

Our experimental results showed that complete elimina-
tion of the interactions involving Arg®*® by deletion was not
sufficient to fully activate aqp,33. According to our calcula-
tion, the elimination of Arg633-mediated interactions alone
would allow only halfway extension of integrin (Fig. 5 b); in
other words, Arg®* is the key residue to initiate the exten-
sion, but not the key residue to complete the extension. Thus,
the results from the mutational studies are consistent with our
calculations. The calculation further showed that complete
extension would be achieved if the interactions between the
hybrid domain and EGF domains involving Arg404 were also
eliminated (Fig. 5 a). To verify this calculation result, we
introduced mutations on both Arg*** and Arg®** at the same
time. Arg*** was mutated to Ala and Arg®*® was either mu-
tated to Ala or deleted. As a reference, we performed a double
mutation on Arg404 and Ser674, both of which were mutated
to Ala, as well as a single mutation of Alrg404 to Ala. The
mutation of Ser®”* is already known to have little effect on
the activation, as discussed above. The results of the double
mutations are almost exactly as we expected based on our
calculations, as shown in Fig. 7 b. Compared to the single
mutation R404A, the double mutations R404A/R633X
(where X is A or del) clearly had larger effects (p < 0.01),
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which is in contrast to the effect of R404A/S674A, where the
activity of integrin was not significantly different from the
single mutations. The comparison between R404A/R633X
and R404A/S674A demonstrates the importance of Arg®?
again. These experimental and computational results suggest
that the interactions at multiple interfaces have to be dis-
rupted to achieve full activation as well as full extension.

It was demonstrated that ayB; and ayp,33 integrins are
different in their signaling mechanisms (40). This difference
may be partially explained by the different interactions be-
tween the cytoplasmic « and 3 tails, in addition to the dif-
ference between the molecules that may associate with the
specific a cytoplasmic tails. Another report showed that ex-
tracellular calf-2/(EGF-4 and BTD) interface interactions
affect manganese-induced activation differently in two (3
integrins (61). These reports suggest that the /83 interface
interactions have a significant impact on integrin activation
and are responsible for the differential regulation in two 33
integrins. Thus, the Arg®*® mutations may not necessarily
have the same effect on the ary33-ligand interaction as on the

a Leu Leu Arg
1 375 389 33 788
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3-4

c 375 389 633
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FIGURE 8 Conservation patterns of amino acid residues among different
integrin B-chains at positions corresponding to positions 375, 389, and 633
of H. sapiens integrin B-chain. (a) A diagram of integrin 8-chain to show
domain organization and the location of residues 375, 389, and 633. Black bars
below the diagram indicate regions observed with x-ray crystal structure. (b)
Stereo figure of local structure around the three residues, showing that Arg®*
is sandwiched by Leu®” and Leu®®. (¢) Conservation pattern of residues in
the three positions of mammalian integrin S-chain extracted from the multiple
sequence alignment in Fig. 9. A slash in the column indicates that the position
is occupied by one of the two or three amino acid residues, and x indicates that
the position is not conserved in the group.
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AF468058_1 + 383 ILENSKLPEG-VTIN K IGDEVQ] . - ECSHFNITKVENRDK ... Bos taurus (cattle)
ITB1_BOVIN 383 ILENSKLBEG-VTIN KSYQ LSIGDEVQ ... ECSHFNITKVENRDK... Bos taurus (cattle)
DE871214 1 383 ILENSKLBEG-VTIN| KSYCKNGVNGTGEN- - - GRECSN[T IGDEVGI: - QIECSHFNITKVENRDK... Bos taurus (cattle]
BC114107_1 383 ILENSKLBEG-VTIN KSYCKINGVNGTGEN- - -GRKCSNISIGDEVQ, . . . ECSHFNITEKVENRDK... Bos taurus (cattle)
ITB1 PIG 383 ILENSKLEEG-VTIN (KSYCKNGVNGTGEN- MSIGDEVQ[ ... ECSHFNITKVENRDK... Sus scrofa (pig)
ITB1 FELCA 383 ILENSKLEEG-VTIS| KEYCKNGVNGTGEN- MSIGDEVQL ... ECSHFNITKVENRDK... Felis silvestris catus (cat)
BX537407 1 408 ILENGELSEG-VTIS| KSYCKNGVNGTGEN - ISIGDEVQ ... [ECSYFNITKVESRDK... FHomo sapiens (human)
ITB1_HUMAN 383 ILENGKLSEG-VTIS| KSYCKNGVNGTGEN- MSIGDEVQ ... [ECSYFNITKVESRDK... FHomo sapiens (human)
ITB1_PONPY 383 ILENSKLSEG-VTIS, (KEYCKNGVNGTGEN- T“IGDBVQE e QIECSYFNITKVESRDK. .. Pongo pygmaeus (Orangutan)
AK0BB729 1 383 ILENSKLBDG-VTIN KSYCKNGUNGTGEN- MSIGDEVQY ... CSHFNLTKVESREK... Mus musculus (house mouse)
ITB1_MOUSE 383 ILENSKLBDG-VTIN YCRINGVNGTGEN - MSIGDEVQL .« . CSHFNLTKVESREK... Mus musculus (mouse)
X15202_1 382 ILPNSKLBDA-VTIN KSYCKNGVNGTGEN- MSIGDEVQL, ... ECSHFNLTKVESREK... Mus musculus (mouse}
BC131845 1 gg; ILENSKLPDG-VTIN KSYCKNGVNGTGEN- MSIGDEVQY ... n;;gg:g:;;z:::::. Rattus norvegicus Erat}
ITB1_RAT ILENSKLEDG-VTIN KSYCKNGVNGTGEN- IS IGDEVQ ... ++.  Rattus norvegicus (rat
BC073688_1 382 ILENSKLPEG-VTIS, RSFCKNGVKGTGED - i IGDQV!: e HOCMHFNISLVDSREE. .. Xenopus laevis (African clawed frog)
ITB1B_XENLA 382 ILENSKLPEG-VTIS (REFCKNGVKGTGED- S IGDQVE, ... QCMHFNISLVDSREE.. Xenopus laevis (African clawed frog)
BCO72136 1 382 ILENSKLBEG-VTIS! REFCKNGVKGTGED - TS IGDQVE | . .- . 4- --- --. Xenopus laevis (African clawed frog)
ITB1A_XENLA +++ 382 ILENSKL} sa-v’r:sﬁx FOKNGVKGTGED - MSIGDQVEL ... CMHFNISLVDSREE. Xenopus laevis (African clawed frog)
BC063214 1 382 ILENSKL K| LSIGDQVE, . .. (QCMHFNISLVESRED . Xenopus tropicalis
B HICK KS IGDEVR. . Gallus gallus {(chicken)
AF224337_1 353 ILENSKLPEG-VSIS VB i - (HCKERDANDCWFFFI . Ictalurus punctatus (channel catfish)
DQ149102 1 379 ILENSKLBEG-VSIS |V ISIGDEVAL ... HCKERDANDCWFFFT . Danio rerio (zebrafish)
BCD67552 1 367 IVENSKLEDG- vsrsgv HOKINGVNGRGED - SIGDEVL, ... 1 Danic reric (zebrafish)
DQ440589_1 367 IVEHSKLEDG-VSIS,‘ RGED - SIGDEVL ... l:: Danio rerio (zebrafish)
DQ440588 1 +++ 367 IVENSKLPDG-VSIS |V VNGRGED - ISIGDEVL, ... Q Danio reric (zebrafish)
DQ440580_1 +++ 367 IVENSKLPDG- VSIS \VEHCKNGVNGRGED - IGDEVLY ... o Danio rerio (zebrafish)
DQ440587 1 367 IVENSKLEDG-VSIS, VEHC IGDEVL[ ... Danio reric (zebrafish)
DQ149103 1 376 ILENSKLEDG- VSISl Vi ISIGDEVL, ... Danio reric (zebrafish)
DQ178647 1 .- 79 ELELLNVPDE-LSLSVT, v o E Danio reric (zebrafish)
DQ]."Ilesil -+ 384 ELELLNVPEE-LSLT[ N| NGEVI-PG- LKRGDTVE: - ICRDE-IRLVDDLV- . Danio reric (zebrafish)
AY959064_1 378 ELEVRDLPEE-LSLS NATCLNNEVI-PG- MKIGDTVS ... YCRDE-IESVKELM-... Equus caballus (horse)
AF116270 1 378 ELEVRDLBEE-LSL LNNEVI-PG- LKIGDTVS) ... YCRDE-IESVRKELK-... Canis familiaris (dog)
HUMGP3A_1 382 ELEVRDLPEE-LSLS NATCLNNEVI-PG- IGDTVS) - - . YCRDE-IESVKELK-... Homo sapiens (human)
BC127666 1 382 ELEVRDLBEE-LSLS NATCUNNEVI-PG- IGDTVS ... YCRDE-IESVKELK-... Homo sapiens (human}
1JV2B 356 ELEVRDLEEE-LSLS| NATCLNNEVI-PG- KIGDTVS ... YCRDE-IESVKELK- ... Homo sapiens (human}
AF170529_1 382 ELEVRDLREE-LSLS| NATQ wnwsﬁ .- YCRDE-MESVKELR-... Oryctolagus cuniculus (rabbit)
AF282890 1 378 ELEVRDLREE - LSLSNATQ LKIGDTVS ... YCRDE-IESVKELQ-... Sus scrofa (pig)
AJ440952 1 381 st.xvnm.%ss LSLS_NATC LEIGDTVS | ... RIFCRDD- IELVKELT- . Rattus norvegicus (rat)
ITB3 MOUSE +++ 381 ELEVRDLPGE-LSL q IGDTVS); ... YCRDD- IEQVKELT- . Mus musculus (mouse)
X72378_1 374 ELEVRDLEEE -LSLS| /NATCL auenrvs-j S VCRDE-IETVQELG- . Gallus gallus (chicken)
XELINTEGRA 1 380 ELEVRDLBEE-LSLS[ S IepTVsl ... ICRDE-IESVTELV- . Xenopus laevis (African clawed frog)
BCO76844 1 387 ELMVSDSPED - LGLST) TIGDTVSY . .. DQIIT-VEELN- . Xenopus laevis (African clawed frog)
AL974314_5 409 ELSVWDHEED-LSLA ;8 KIGDTVS, « - . MCKDE-ITTVETLE- . Danio rerio (zebrafish)
ITBS PAPCY 239 ELSVWDQ zn—mﬂ.r:'r YGDThS: B SILCRDEVITWVDTIV- . Papio cynocephalus (yellow baboon)
ITBS5_HUMAN 383 ELSVWDQPED - LNLF T LKIGDTAS) . .. Tg::RVITWVDTIV‘ . Homo sapiens (human)
DQ871216 1 383 ELSVWDQPED - LNLF[/T IGDTAS ... I EVITRVDTIV-. Bos taurus (cattle}
AF317198 1 374 ELSVWDQRED - LNLF//T KIGDTASL ... LCKDEVITRVDTIV- . Bos taurus (cattle)
BC046280_1 383 ELSVWDQRED-LNLF|. T IGDTAS] ... |QCKDEVITWVDTIV-. Mus musculus (mouse)
ITBS MOUSE 383 ELSVWDQRED - LNLF[/T, KIGDTAS| . . . HQCKDEVITWVDTIV- . Mus musculus (mouse)
AF043257_1 383 ELSVWDQBED - LNLF{ T| KIGDTAS, ... CKDEVITWVDTIV-. Mus musculus (mouse)
AY434090" 1 397 ELTVWDSEED-IGLT/ TA ®IGDTVS 5 H <+ Gallus gallus ((('hu:ken] .
CRB57885 1 3 ELEVLGDTEG-LNLS VGDTAS), ... ~--  Pongo pygmaeus lorangutan
ITB6 HUMAN 376 ELEVLGD Ba-mu,s‘?‘ vuuras: » KCKLAGATISEEED- ... Homg Egplens ['human)g
ITB6 SHEEP 376 ELEVLGDTEG-LNLS|/ VGDTAS | ... (KCKLAGATINEEED- ... Ovis aries (sheep)
Trepic 37¢ sLavicpEEG. ENLS e vaDTAS o KCRLAGATISEERD. ... Sur serefa (pig)
ITB6_CAVFO 235 ELEVLGDTEG - LNLS, VGETAS - - KCKLAGVTISKEAD- . Cavia porcellus (guinea pig)
ITB6 RAT 376 ELEVLGDTEG-LNLS KVGDTAS], . .. KCKATGATISEE-E- . Rattus norvegicus (rat)
ITB6 MOUSE ! d [KVGDTAS, . . . ADIKCKAIGATISEE-D- . Mus musculus (mouse)
BC125343 1 B9 KVQLENQVHG - VHFNIT] o VME . Mus musculus (mousel
ITBS HUMAN 389 KVQVENQVQG-IYFNIT - -ALMEQQH- . Homo sapiens (human}
ITBB:RABIT 389 KVQVESKVPG-VYFNVT, --ASME-QP-. Oryctolagus cuniculus (rabbit)

AC004130 - - 389 KVQVENG
AF011375 1 :
HUMAN

ITB4 371 DIRALDSPRG-LRTEVT

CNFK-VKMVDELK- .

Homo sapiens (human)
Homo sapiens juman)
Homo sapiens (human)

AL645647 14 372 DIRALDSBRG-LRTEVTSDTLOKTET -GS - VGTYNVHL , . . DCPFK-VEKMVDELK- ., Mus musculus (mouse)

ITB4 RAT 371 DIRALDSBRG-LRTEVTSDTQKTET - GS - GTYNVHL . .. B4 . Rattus norvegicus (rat)

BC059152_1 249 nnaws!au LRTEVTED VGTYNVHL . . Mus musculus (mouse)
369 SIRAEDR ----------- Danio rerio (zebrafish)

Yl

Els

&
LQI!RVAEII‘

GKFKVRM .

berites domuncula

As‘uoszs'] 1 v 379 Irnozpvﬁcv SVVINET . .AESNBNLPBBS“VSFDSENHJ\ . Ophlitaspongia tenuis
¥18168_1 382 AFSPVNIBGI-SITTTIENG QIVT[ ... «ALRNGULPENSTLTTVSYGDQ,,, Geodia cydonium
AF005356 1 360 SLVYKEP - ER-VSVTVK ‘tl:.aoxvsu T KQSGKCEENVLEVQIVDDI, Acropora millepora
AF492464 1 383 SFIDNSP-DY-HQL:‘EJ DC HMEIGKEYK, ... (KCR-EKIGLYKVQLV, Anopheles gambiae (African malaria mosquitc)
ITEN_DROME 377 QFADNSP-DF - IDMAYTDC) TLGKQID ... m {ICSSLDRQETYPYNF | Drosophila melancgaster (fruit fly)
DQ289584 1 367 QIKYKAP-SF-VNVTIDQDC -KKSLSI ... VSNIIVEFANKSEI, Spodoptera frugiperda (fall armyworm)
AY630342_1 357 KLDYDIP-SF-VRLEKLNQS(Q ¥[E-NPVVTI , ., TENNVVIKMVNKTEI, Manduca sexta (tobacco hornworm)
X98852 1 385 RLTDNSTNSA -VSVREPESQ ENDTID ... NCS------ INSNEI, Pacifastacus leniusculus (signal crayfish)
AJ292755 1 412 EMKDNRTDNV - IDVELIY VGDVVT, ... TNCTLFVPIPVEK--- , Anopheles gambiae (African malaria mosquito)
ITBX_DROME 424 EulDNATgDV--KA¢-r EEGQQVS | |, INCTQFVPVGVEK--- | Drosophila melancgaster (fruit f£ly)
EF202843 1 404 EMEDTSSDAV--QISLY VGDVVEY ... E GNCASHPIIVEGK---. Ostrinia furnacalis (Asian corn borer)
AY237588_1 412 EMKDSSS. AV - - QIVEY VGDVVE( ... 1 GDCALFPIVEEGK--- . Pseudoplusia includens (soybean looper)
CEU19744 1 394 IMVDNANASEGLKLT{ R VGDEVQ) ... o DIQCEFKVIPVEEL---,.. Caenorhabditis elegans
AF060203_1 375 TLKADGLGEN - ITVD[ F IGQSVEY ... ECKMEIFFHD-----... Biomphalaria glabrata
AB066348 1 389 EMIVEN- DN-LEVK:D recsvn: ... 0 JECSHTTAV- - =% ne (_‘raszostrea g?gﬂs (Pacific oyster)
AB154832_1 385 VLTPPTVESN-VQLTLR [EIGDEVR ... e FCGNEFLTTQFVTTF . . . Halocynthia roretzi
AB154831 1 401 EMNYNNK ?N-VDLK.{R 2 MTIGSEVV)| ... TCGN- -LQYLAVAEF ... Halocynthia roretzi

368 VSIKADASDG-IDVE QAKC TOIGEEVT, ECARWNITSHIVVD- ... Podocoryne carnea

373 EVVDDAPENV - —TID“G] HC d DIKCPFPVIMVDNL---. .. Strong'y)lqt;cencrotus purpuratus

392 v CPHPIYVVKEL---... Strongylocentrotus purpuratus
AF078802 1 R CTYNIINVTSI---... Strongylocentrotus purpuraty
AYB42449 1 368 FLDHSTL D ... Bubalus bubalis (water buffalo)
ITB2 BOVIN 368 FLDHSTLEDT - LKVT{.DSF VIQINVPIT, ... --... Bos taurus (cattle)
ITB2_SHEEP 32: FLDHNTLEDT-LKVA{DSFC --... Ovis aries (sheep)
ITB2 CAPHI 368 FLDHNTLEDT - LKVA! DSFCSNGVSQVDQP - --... Capra hircus (goat)
ITB2 OVICA 368 FLDHNTL DT-LKVA.:» FOSNRVSQVDQP - AACGQTKL-LSS----,, ., ovie ganadensis {bighorn sheep)
ITB2_PIG 368 FLDHNALBDT - LKVT, DSFCSNGVSQVNQP - [ECGTTKL-LP8----... Sus scrofa (pig)
BCOO5861 1 368 FLDHNALEDT-LKVT, DEFCSNGVTHRNQP - --... Homo sapiens (human)
ITB2_HUMAN 365 FLDHNALBDT - LKVT{:DSFCSNGVTHRNQP - -=++: Homo sapiens (human)
BEOORLIEY X  enis disSnibpestemesecsemsse ras st seiiode snbe e Somio o 2:3.8 --... Rattus norvegicus (rat)
AF445415_1 353 FLDHTTLEDT - LKVT{{DEFCSNGASSIGKS - - - RGDCDGVIRINVEVTL . . . Bz Sigmodon hispidus (hispid cotton rat)
AK0B8435 1 368 FLDHSTLEDT - LKVT, DEFCISNGASSIGKS - - -RGDCD INNPVT ... Mus musculus (mouse)
ITB2_MOUSE 369 FLDHSTLEDT - LKVT|DSF SIGKS- VIQINNPVT ... Mus musculus (mouse)
ITB2L_MOUSE 340 VLNRSTI. SI-LEVT, DEYCISNGTSNPGKP - INDQVT ... . Mus musculus (mouse)
BCO59319 1 + 372 ILDHGTTRDF-LEIL DSICS- GDKTENQL---KGMCSNVKIGEEIK .. LCPGVRA-QRVE--- . Xenopus laevis (African clawed frog)
X71786_1 - 370 ILDHSTLPDV - LDVK DSICNNNTGAKNEA - - -RGQCD INDEVT] .. ACTSIQL-ADE----... Gallus gallus (chicken)
AB031070 1 371 IMAHEALBEF - ISVRIT -RGKCD. IGTEVV] .. INCKHLRH-VMVE---... Cyprinus carpio (common carp)
AB013074_1 372 ILAHEALPDF - ISVK} TED . ACNHLEQ-ETVE---... Cyprinus carpm {common carp)
AF141656 1 375 IvTﬁDGL ED-ISVT TSN Ictalurn u 3
AF003588 1 P « Rattus norveg.xcus {rat)
ITB7_MOUSE PPG- VSISjB . Mus musculus (mouse)
HUMINT7B15 1 394 TLEHSSLEPG-VHIS . _Homo sapiens (human)

B 7

DQ149101 1 sae

Danio reric (zebrafish)

375

389

633

FIGURE 9 Multiple-sequence alignment of integrin 8-chains. Regions around the residues concerned are shown. The key residues found in the 83-chain by
NMA on H. sapiens integrin a3 and residues at homologous sites are boxed in red. Well conserved residues and cysteine residues in all the chains are
highlighted. Identifications of each sequence in Genbank/UniProt/PDB are described on the left and the name of the species that the sequence is derived from is
described on the right. The order of amino acid sequences is based on the sequence identity, and a horizontal bar separates groups in 3-chains. The alignment
around position 633 of 84- and nonmammal chains was manually adjusted after automatic multiple-sequence alignment.

Biophysical Journal 95(6) 2895-2908



2906

ayp,B3-fibrinogen interaction observed in this study. How-
ever, the primary interdomain interactions that directly con-
strain ayf33 integrin to the bent form in the crystal structure
will be those of the hybrid domain with EGF and STD do-
mains, in which the interactions of Arg633 are included, and
not those at the a/3 interface. Thus, it is reasonable to assume
that disrupting the Arg®**-mediated interactions has similar
effects on the activation of ay35 as well.

Conservation patterns of residues in key
interactions in the integrin g-chain

NMAs and mutation experiments on integrin suggested that
the interactions of Arg®? in the B5-chain with nearby non-
bonded residues work as a snap to keep integrin in the bent
form. Among the nearby residues, two leucine residues in-
teract with Arg®™> in an interesting manner, that is, they
sandwich the side chain of Arg633 (Fig. 8 b). We checked the
conservation pattern of these residues in homologous integrin
B-chain sequences.

From the amino acid sequence databases, 113 sequences
homologous to the H. sapiens integrin 33-chain were re-
trieved and were clustered into 10 groups by a phylogenetic
tree built on a multiple-sequence alignment (Fig. 9). Mam-
malian integrin 3-chains are known to be classified into eight
groups based on sequence similarity, ligand specificity, and
expressed cells (1). Our results included two clusters of
nonmammalian integrin 3-chains, and eight other groups
were consistent with the previous study. The set of key res-
idues was conserved as Leu/Leu/Arg only in the integrin
Bs-chain, and in other B-chains, the evolutionarily corre-
sponding positions were either conserved with different
amino acid residues or not conserved (Fig. 8 ¢).

Arginine has one of the longest aliphatic side chains in 20
amino acids, and hence, possible interactions between Leu
and Arg are hydrophobic ones using aliphatic side chains
(Fig. 8 b). The conservation patterns of other 3-chains are
dissimilar to those of the 33-chain, which suggests that other
B-chains may have different molecular mechanisms for the
conformational transition or do not undergo a conformational
change at all. 8- and S,-chains are known to undergo a
similar type of bent-to-extended conformational transition,
and we surmise that the molecular detail of the mechanism is
different from that in 33-chain.

CONCLUSION

The conformational change of integrin from the bent to the
extended forms was studied by NMA of the elastic network
model. The calculations revealed the key residues for the
conformational change, and their importance was confirmed
by the experiment. Multiple sequence alignment showed that
the characteristic pattern of residues (Leu/Leu/Arg) was
conserved only in the integrin B3-chain, suggesting that the
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mechanism of the conformational change from the bent to the
extended forms studied here is unique to the chain.

A pathway for the conformational change was speculated
from the calculations, which is summarized as follows. The
first step is the motion of the B8TD as a whole (shown in Fig.
3 b), which is perhaps brought up by a signal from inside the
cell (inside-out signaling). This motion involves the dis-
placement of Arg®” in the B;-chain, whose side chain is
sandwiched by two leucine residues in the x-ray crystal struc-
ture. By this motion, the interactions of Arg®** with nearby
nonbonded residues will be eliminated. Once the interactions
of Arg®** are eliminated, the molecular motions change quite
drastically. Specifically, the motions of the hybrid domain in
the B;-chain become dominant (Fig. 3 @). The motions will
enhance the separation of the hybrid domain from the EGF
domains and will contribute to the elimination of the interac-
tions between these domains. If the interactions are eliminated,
further drastic conformational change becomes easier, and the
molecule will extend (Fig. 5 a).
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