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FIGURE 4. Constitutive activation depends on the binding of N-glycan in
the Q595N/R597T mutant. Three amino acid residues starting from Gin-595
in the ailb chain were mutated to various sequences. Fbg binding to the cells
in the presence of 1 mum Ca?"/1 mm Mg” ™~ with a control antibody (sofid col-
umn) or with PT25-2 (hatched column) and in the presence of 1 mmMn?* with
a control antibody (gray column) was examined. MFI, mean fluorescent inten-
sity. Error bars indicate S.E.

comparable with that induced by NTT (Fig. 4). These results
suggest that the introduction of virtually any sequence other
than the NX(T/S) sequence fails to induce constitutive activa-
tion. Thus, these results indicate that the activating effect of
these mutations actually depends on the attachment of a bulky
N-glycan to these sites.

To confirm whether N-glycans are actually attached to the
intended sites in these mutants, we next compared their molec-
ular sizes using SDS-PAGE. If an extra N-glycan is indeed
attached to these mutants, their molecular size should be larger
than that of the wild-type. When surface-expressed «IlbB3 was
labeled with biotin and immunoprecipitated with anti-allb
mAb, the B3 chain was always co-precipitated from the cells
expressing wild-type or mutant odIbf3. However, the size of
the mutant alIlb chain that carries an extra N-glycan-binding
site (T478N, D589N/H591T, Q595N/R597T) was not remark-
ably different from that of the wild-type (supplemental Fig
53A). As the size of the N-glycan was relatively small when
compared with the entire alIb chain, it was difficult to discrim-
inate such small differences in molecular weight using SDS-
PAGE. To circumvent this problem, the allb leg region encom-
passing amino acid residues 4501008 was generated using a
FLAG tag sequence on its N terminus. This fragment was sur-
face-expressed and migrated as an 89-kDa band on SDS-PAGE
when immunoprecipitated with PL98DF6. In contrast, a similar
fragment carrying an extra N-glycan binding site migrated as a
91-kDa band, which is slightly larger than that of the wild type.
The fragment that was not supposed to attach N-glycan
(R597T) migrated as fast as the wild type (supplemental Fig.
S3£). Similar results were obtained when anti-FLAG M2 was
used instead of PL98DF6 (data not shown). This difference in
apparent molecular weight was completely lost when the frag-
ments were digested with peptide N-glycosidase F as all the
fragments migrated as 69-kDa bands (supplemental Fig. S30).
These results clearly indicate that the mutant allb that carries
an extra NX(T/S) motif indeed binds N-glycan to these sites.

allbB3 Activation Induced by Integrin Extension Depends on
the Swing-out of the Hybrid Domain—Takagi et al. (10) and Luo
et al. (23) have reported that the outward swing of the hybrid

BSPe\
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FIGURE 5. Swing-out of the hybrid domain is required for integrin activa-
tion. A, crystal structure of the aV83 head domains derived from the bent
conformation complexed with RGD peptide is overiaid on the aystal struc-
ture of the alibg3 head domains complexed with the ligand, which is shown
as a semitransparent ribbon. In both parts of this graphic, the B-propeller
domain in the a-chain is shown as a blue ribbon. The BA and the hybrid
domains in the 83 chain are shown as red and orange ribbons, respectively.
Note that Asp-319in alib {Asp-306 in oV}, shown as cyan spacefili, and Vai-359
in B3, shown as magenta spacefili, are close to each other in the closed head
{as in aVB3) but are separated in the open head (asin allb83). B, toinvestigate
the role of the swing movement of the hybrid domain in integrin activation,
Asp-319 in allb and/or Val-359 in 83 were mutated to Cys to facilitate disul-
fide bridge formation between the two residues. Fbg binding to ceiis in the
presence of T mm Ca’ /1 mm Mg” " is shown. The sofid column represents
binding in the presence of control antibody, and the hatched cofumn repre-
sents binding in the presence of PT25-2. The open column represents binding
to cells pretreated with DTT. MFI, mean fluorescent intensity. Error bars indi-
cate S.E.

domain is the most critical step in integrin activation. To exam-
ine whether this step is truly required for activation, the swing-
out of the hybrid domain was prevented by covalently ligating
the B-propeller and the hybrid domains with a disulfide bridge.
The amino acid residues Asp-319 of the allb B-propeller and
Val-359 of the B3 hybrid domain are physically close in the
closed head (swing-in) conformation, whereas they are sepa-
rated in the open head (swing-out) conformation (Fig. 54). If
these residues are simultaneously mutated to Cys, a disulfide
bridge will be formed between these domains, thereby fixing
the angle between the BA and hybrid regions in the closed head
conformation. The 2-3 loop in blade 5 of the allb propeller,
where Asp-319 is located, was previously shown not to partic-
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FIGURE 6. mAb binding to cells expressing ailbf3 constrained in the bent
conformation or in the closed head. The binding of the ligand-mimetic
mAb OP-G2 (A and B), anti-LIBS mAbs anti-LIBS2 (C and D}, and anti-LIBS6 (E
and F) to cells expressing allbB3 constrained in the bent conformation (4, C,
and E) or in the closed head (B, D, and F} was examined. Values in the y axis
represent normalized mAb binding. The ogen column represents mAb bind-
ing in the presence of 1 mmCa®" /1 mm Mg? *. The hatched column represents
binding in the presence of 1 mm GRGDS peptide under the same cation con-
ditions. Error bars indicate S.E.

ipate in ligand binding (24). As shown in Fig. 5B, single D319C
or V359C mutation did not significantly affect Fbg binding.
However, D319C/V359C double mutation completely abol-
ished the Fbg binding induced by PT25-2 unless the cells were
pretreated with DTT. The binding of PT25-2 was unaffected by
disulfide formation (supplemental Fig. S1). Next, we examined
the binding of an activation-independent ligand-mimetic mAb,
OP-G2. OP-G2 hasan RGD-related RYD sequence in the CDR3
and binds aIIbB3 in almost the same fashion as Fbg, although it
does not require integrin activation for binding (25). Unlike the
V332C/S674C mutation, which keeps integrin in a bent confor-
mation, the D319C/V359C mutation did not affect OP-G2
binding (Fig. 6, A and B). To examine the effect on the confor-
mational change induced by ligand binding, the binding of anti-
LIBS mAb was examined. The binding of anti-LIBS2 and anti-
LIBS6 increased significantly in the presence of RGD peptide in
cells expressing wild-type allbp3 as well as in cells expressing
the single Cys mutation V332C or S674C. However, cells
expressing V332C/S674C bound significantly less anti-LIBS
mAD than cells expressing wild-type aIIbB3, and these cells did
not respond to RGD peptide (Fig. 6, C and E). In contrast, cells
expressing D319C/V359C showed a basal binding comparable
with that of the wild type or single Cys mutants, although the
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FIGURE 7. Swing-out of the hybrid domain is required for activation
induced by integrin extension. The effect of the swing-out of the hybrid
domain on extension-induced integrin activation was examined. To con-
strain aflbB3 in the extended conformation with a closed head, the Q595N/
R597T and D319C/V359C mutations were combined (595-319/359). Fbg
binding to the cells in the presence of 1 m# Ca” /1 mum Mg” " and the control
antibody (sofid column) or P125-2 (hatched column} and Fbg binding to cells
pretreated with DTT {(open column) is shown. MFI, mean fluorescent intensity.
Error bars indicate S.E.
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response to RGD peptide was slightly attenuated (Fig. 6, D and
F). These results indicate that the swing-out of the hybrid
domain is only required for high affinity ligand binding and that
the prevention of the swing-out does not completely inhibit the
conformational change associated with ligand binding. To
examine whether the swing-out of the hybrid domain is
required for the activation induced by integrin extension, we
combined Q595N/R597T with D319C/V359C and examined
its effect on Fbg binding. The resulting 595-319/359 mutant
was expected to adopt an extended with a closed head confor-
mation. The activating effect of the Q595N/R597T mutation
was completely suppressed by the D319C/V359C mutation.
PT25-2 was ineffective, unless the cells were pretreated with
DTT (Fig. 7). These results suggest that integrin extension must
be accompanied by the swing-out of the hybrid domain for it to
induce activation.

DISCUSSION

By characterizing the recombinant allbfB3 integrin ex-
pressed in CHO cells, we established that alIbf3 constrained in
its bent conformation represents a low affinity form, whereas
allbB3 constrained in its extended conformation represents a
high affinity form. This constitutive activation depends on the
swing-out of the hybrid domain because the prevention of this
swing-out completely inhibited ligand binding regardless of the
bent/extended state.

Integrin domains make large interdomain interfaces be-
tween the a-head and the B-head, the a-tail and the $-tail, and
the B-head and the B-tail. Among these interfaces, the -head/
B-tail interface is presumed to play a central role in keeping
integrin in its bent conformation because this is the only inter-
action that directly connects the head with the tail region in the
bent conformer but not in the extended conformer. This inter-
face is maintained by multiple interdomain interactions. The
BA and the hybrid domains in the B-head make contact with
the C-terminal BT domain. The hybrid domain also makes con-

VOLUME 285-NUMBER 45-DECEMBER 3, 2010

110Z ‘gl AN UO “JB1UL) BIPB) IydBWOURUIYS ANSIBAIUN O18Y 1B fi10 ol mmm WO Papeojumoq



tact with the EGF-3 and EGF-4 domains. We attempted to sta-
bilize this interface by introducing artificial disulfide bridges
between these domains. As previously reported, stabilizing the
BA/BT interface (V332C/S674C) completely blocked Fbg
binding (9). Likewise, stabilizing the hybrid/EGF-3 (S367C/
$551C) or hybrid/EGF-4 (G382C/T564C) interface completely
abolished Fbg binding. Regardless of the positions of the disul-
fide bridges that were introduced, stabilizing these interfaces
prevented integrin from adopting the extended conformation.
However, the $367C/S551C and G382C/T564C mutations not
only prevented integrin extension but also restricted the rela-
tive movements of the hybrid and -tail domains. For this rea-
son, it might be premature to conclude that integrin extension
is essential for activation. However, the fact that ligating the
a-head with the S-tail or limiting alIb extension using intra-
chain disulfide bridges that do not directly restrict hybrid/B-tail
movement also prevented activation (9, 26) suggests that the
completely bent conformer observed in the crystal structure
represents the low affinity form rather than the high affinity
form. These results also indicate that the B-head/B-tail inter-
face must be disrupted all the way up to the linker region for the
integrin to be activated.

The fact that the ligand-mimetic non-activation-dependent
mAb OP-G2 did not bind to cells expressing the V332C/S674C
mutant suggests that this mutant does not support low affinity
ligand binding. In addition, anti-LIBS mAb binding to this par-
ticular mutant indicates that V332C/S674C is unable to
undergo structural rearrangement in the presence of the RGD
peptide. Taken together, these results suggest that the V332C/
S674C mutant is not capable of binding either macromolecular
ligands or ligands as small as the RGD peptide. Because the
V332C/S674C mutation ligates the «7 helix in BA with the CD
loop in BT, the possible downward movement of the a7 helix
required for ligand binding in the integrin A domains would be
inhibited. Thus, the effect of the V332C/S674C mutation is a
combination of both B-head/B-tail stabilization and the inhibi-
tion of a7 helix movement. In agreement with these findings,
the $367C/S551C mutation, which does not restrict o7 helix
movement, only partially blocked OP-G2 binding (data not
shown).

The contribution of each interface interaction in maintain-
ing integrin in the bent conformation has not been clarified. It
has been reported that replacing the 82 CD loop sequence with
the homologous 3 sequence or inserting a N-glycan-binding
site in the CD loop in aM2 integrin induced robust ligand
binding (27). However, the fact that the deletion of the CD loop
of the BT domain failed to activate alIbB3 in our experiment
strongly argues against the deadbolt theory, in which an endog-
enous BA/BT interface interaction plays a critical role in main-
taining integrin in its low affinity state. In addition, the inser-
tion of a bulky N-glycan at the interface only slightly activated
allbB3 in the presence of Ca’"/Mg**. These results suggest
that hybrid/EGF-3, hybrid/EGF-4, and hybrid/BT interface
interactions, rather than the BA/BT interface alone, play
important roles in maintaining integrin in a low affinity state. In
agreement with these conclusions, a computer-assisted
approach has identified key interactions in the hybrid/B-tail
interface in B3 integrin (28). Although the disruption of the
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hybrid/BT or the hybrid/EGF-3 interaction alone only pro-
duced weak activation, disrupting multiple interactions at the
same time induced significant activation. Thus, the hybrid/g-
tail interface seems to be maintained by a group of several key
interactions that individually are not sufficiently strong to do
so. The apparently distinct role of the BA/BT interface interac-
tion in regulating activation in 2 and B3 integrins suggests that
the contributions of each interdomain interaction to maintain-
ing integrin in a low affinity state may differ among different
integrin subfamilies.

A high resolution electron microscopic analysis of recombi-
nant VB3 extracellular domains revealed that ligand-bound
aV B3 preferentially adopts an extended, rather than a bent,
conformation (9). Based on these observations, it has been ten-
tatively concluded that the extended conformer represents a
high affinity form. The current study provides direct evidence
that the highly extended conformer indeed has a higher ligand
affinity than the completely bent conformer. Among the three
mutants that showed constitutive Fbg binding in this study,
B3S674N/K676T showed the lowest, alIbQ595N/R597T
showed the highest, and alIbD589N/H591T showed an inter-
mediate binding affinity. These results suggest that the degree
of extension may be correlated with the extent of activation.
These results also indicate that integrins are capable of assum-
ing a wide range of affinity states depending on the degree of
extension. Recently, it has been shown that integrin extension
may not necessarily be accompanied by activation based on
discrepancies between the expression of an extension-report-
ing epitope for KIM127 and an activation-reporting epitope for
mAb24 on al. 82 under flow conditions {29). It is possible that
«A domain-containing integrin may require an additional step
to achieve activation, unlike integrins without «A domains. It
would be interesting to examine whether the introduction of a
neoglycan that induces al. extension activates aL.§2.

Our results apparently contradict a report that « VB3 is capa-
ble of binding fibronectin while in a bent conformation (14).
However, it is not possible to tell to what degree integrin must
extend to enable substantial ligand binding based on our exper-
iments. The fact that alIbB3 can exist in a wide range of affinity
states depending on the degree of the extension implies that as
fong as it is not completely bent, ligand binding could be
observed to a varying extent. In other words, relaxation of the
B-head/p-tail interface interaction, but not complete exten-
sion, may be sufficient for ligand binding to occur, especially in
the presence of Mn’". As shown in Fig. 3B, Mn’ " seems to
lessen the requirement for integrin extension for Fbg binding.
Mn?" activation alone has consistently been reported not to be
accompanied by integrin extension (30). A recent report by
Blue et al. (26) has provided a plausible explanation for the
discrepancies in ligand binding observed under different cation
conditions. Limiting alIb extension using intrachain disulfides
did not block Fbg binding in the presence of Mn>", although
binding was blocked in the presence of Ca® /Mg~ . In contrast,
limiting B-head/B-tail movement using S367C/S551C, G382C/
T564C, and V332C/S674C double mutations blocked Fbg bind-
ing significantly in the presence of Mn*" as well as in the pres-
ence of Ca®>"/Mg>" (data not shown). Taken together, these
results may imply that it is not integrin extension per se, but
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the relative B-head/B-tail movement (e.g. the swing-out of the
hybrid domain), that is essential for activation in the presence
of Mn*". These results may explain why ligand binding was
observed for the bent conformer in some studies in which
Mn?" was utilized to induce ligand binding (13, 14). Further
study is required to determine the differences in the structural
requirements for activation under different cation conditions.

Springer and co-workers (10, 23) have shown that ligand
binding induces swing-out of the hybrid domain and that this
change induces strong activation by itself, regardless of the
bent/extend conformation. Our results show that the swing-
out of the hybrid domain is essential for activation and that
extension-induced activation absolutely depends on this
change. These results indicate that the affinity state of the
extended conformer is controlled by the swing-out of the
hybrid domain and that to down-regulate activation, integrin
does not necessarily need to go back to its original bent confor-
mation but that this can rather be accomplished by the swing-in
of the hybrid domain. Interestingly, constraining the integrin
head in a closed state did not prevent OP-G2 binding at all (Fig.
6B). Unlike PAC-1, which binds aIIb3 in an activation-depen-
dent fashion, OP-G2 is less dependent on integrin activation
(18). This difference indicates that the swing-out of the hybrid
domain is required only for high affinity ligand binding but not
for low affinity ligand binding. However, we are not sure at this
point whether the swing-out of the hybrid domain alone is suf-
ficient for high affinity ligand binding, as reported by Springer
and co-workers (23). Our experiments using recombinant
allbB3 expressed on the CHO cell surface have shown that the
swing-out of the hybrid domain only induced moderate activa-
tion. To induce full activation, integrin extension was
required.” It is possible that the proximity of the integrin head
domains to the plasma membrane in the bent conformation
may limit the access of macromolecular ligands. Experiments
utilizing cell-free binding studies should help to clarify these
discrepancies. Interestingly, anti-LIBS mAb binding was still
observed in the closed head mutant (D319C/V359C) in the
presence of RGD peptide. Because ligand binding induces the
outward swing of the hybrid domain and this movement would
probably disrupt the B-head/B-tail interface, it is reasonable to
assume that this swing-out triggers the structural transition
from a bent to an extended conformation in outside-in signal-
ing. However, our result suggests the possibility that a struc-
tural change in addition to the swing-out may trigger the con-
formational change upon ligand binding. A recent report also
suggests that integrin affinity may be regulated independently
from the swing-out of the hybrid domain based on the expres-
sion of anti-LIBS epitope located in the hybrid domain (31).
Because we do not know the specific conformation to which
each of the anti-LIBS mAbs binds, further analysis is needed to
address this issue.

Then, what triggers the structural transition from the bent to
the extended conformation during inside-out signaling?
Numerous studies have suggested the importance of integrin
cytoplasmic tails in regulating integrin activation. It has been

7. Kamata, M. Handa, S. Ito, Y. Sato, T. Ohtani, Y. Kawai, Y. Ikeda, and S. Aiso,
unpublished data.
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shown that integrin cytoplasmic tails undergo structural rear-
rangement upon ligand binding (32). It was subsequently
shown that the two cytoplasmic tails separate from each other
upon ligand binding (3). On the other hand, the deletion of the
entire « or B cytoplasmic tail at the membrane-proximal sites
induced significant activation (33). NMR studies on recombi-
nant allbp3 cytoplasmic tails have shown that talin binding to
the B3 cytoplasmic tail disrupts the endogenous interaction
between the a and 3 cytoplasmic tails (2). Because talin binding
to the B3 cytoplasmic tail activates «lIbg3, it was concluded
that the separation of the two cytoplasmic tails somehow
induces structural rearrangement of the integrin extracellular
domains (1). We have previously shown that stabilizing the
a-tail/B-tail interface with artificial disulfide bridges com-
pletely abolished the activation induced by cytoplasmic tail
deletion (22). Based on these observations, we hypothesized
that the separation of the two extracellular tails following the
cytoplasmic tail dissociation induces structural rearrangement
from the bent to the extended conformation. Indeed, the sepa-
ration of the a-tail/B-tail interface induced robust activation.®
The «a-tail/B-tail interface and the $-head/B-tail interface are
located next to each other, flanking the B-tail. Because the
B-head/B-tail interface, and not the a-tail/B-tail interface,
maintains integrin in its bent conformation, it is reasonable to
assume that the separation of one interface destabilizes the
other. Further elucidation of the role of these interface interac-
tions in integrin affinity regulation will facilitate understanding
of integrin-mediated bidirectional signaling.
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Evaluation of lyophilized fixed platelets (Stasix) as an infusible hemostatic
agent in experimental non-compressible hemorrhage* in swine

1V 15 min after injury/6 hr observation in hospital phase**

1.0 Stasix
Survival P=0.007
08 -
0.6 *liver injury
**RBC transfusion was allowed

1 Control
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O  Control
0.0 -
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Hawksworth JS, et al: ] Thromb Haemost 7:1663-71, 2009
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RESEARCH ARTICLE

BLOOD CLOTTING
Intravenous Hemostat: Nanotechnology to Halt Bleeding

James P. Bertram,' Cicely A. Williams,” Rebecca Robinson,’
Steven S. Segal,™* Nolan T. Flynn,* Erin B. Lavik®*
Publied 16 December 200% Volume 1 ssue 11 11a22]

Blood loss is the major cause of death in both civilian and battlefield traumas. Methods to staunch bleeding
include pressure dressings and absorbent materials. For example, QuikClot effectively halts bleeding by ab-
sorbing large quantities of fluid and concentrating platelets to augment clotting, but these treatments are

Science Translational Medicine 1:11-22, 2009
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Expanded Phase Il Cyplex Platelet Alternative Trial Launched
April 13th, 1998

Cypress Bioscience Inc., San Diego, California, announced
that j jti -] ini (|
Cyplex™ (Infusible Platelet Membranes), as an alternative to
traditional platelet transfusions.

nama LU, PROBEOMRM
suggeste ﬁﬂﬂ?é‘fzﬂ\at wvhen given
intravenously to patients with low levels of circulating
platelets (thrombocytopenia) to control bleeding. In addition,
the trial demonstrated the efficacy of Cyplex (Infusible Platelet
Membranes) even in patients who were resistant to platelet

transfusions
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