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ABSTRACT. Recent structural and functional analysesxahtegrin subunit | domains implicate a region

in cation and ligand binding referred to as the metal ion-dependent adhesion site (MIDAS). Although the
molecular interactions between K and Mg" and the MIDAS region have been defined by
crystallographic analyses, the role of cation in | domain function is not well understood. Recombinant
o131 integrin | domain ¢1-1 domain) binds collagen in a cation-dependent manner. We have generated
and characterized a panel of antibodies directed againstitiedomain, and selected one (AJH10) that
blocks o151 integrin function for further study. The epitope of AJH10 was localized within the loop
between thex3 and a4 helices which contributes one of the metal coordination sites of the MIDAS
structure. Kinetic analyses of antibody binding to the | domain demonstrate that divalent cation is required
to stabilize the epitope. Denaturation experiments demonstrate that cation has a dramatic effect on the
stabilization of the | domain structure. ¥fnshifts the point at which the | domain denatures from 3.4 to
6.3 M urea in the presence of the denaturant, and from 49.5 to°&8f6llowing thermal denaturation.

The structural stability provided to thel-l domain by divalent cations may contribute to augmented
ligand binding that occurs in the presence of these cations.

Integrins are heterodimeric, cell surface proteins involved helices {, 18—21). A cation coordination sphere is located
in cell—cell and celt-matrix adhesion and signal transduction at the COOH-terminal end of th&sheet, and mutations in
(2). The integrin family is comprised of 8 subunits and 17  any of the metal-coordinating side chains of the | domain
o subunits. The integriel31 is expressed on a variety of  abolish ligand binding 22—25). This functional region is
cell types, including those of hematopoietic, neuronal, and referred to as thametal ion-dependentadhesion site or
mesenchymal origin, and can serve as a receptor for lamininMIDAS! (1). The five residues that coordinate the metal ion
and collagens3—>5). The interaction betweenlj1 integrin (DxSxS-T—D)? are completely conserved among | domains.
and collagen promotes cell survival and proliferatién), Typically, the two serines and the COOH-terminal aspartic
and regulates the expression of gene products involved inacid directly coordinate the metal ion, while the Ntgrminal
extracellular matrix remodelingB). a1l belongs to a subset aspartic acid and the threonine interact indirectly with the
of a integrin subunits which contain a 200 amino acid cation via hydrogen bonds to water molecules.
inserted (“1”) domain within their extracellular region. The Although the structural details of the interaction between
epitopes of the majority of mAbs that block | domain- Mn?t/Mg?" and the | domain have been elucidated, the role
containing integrin function, including those that black31 of divalent cation in ligand binding to the integrin | domain
integrin function, lie within the | domain, implicating this is not understood. One suggestion is that cation acts as a
region in ligand binding$—12). Furthermore, recombinant  bridge between the | domain and ligand. In the crystal
I domains recapitulate the activity of the native integrins structure of thexM | domain bound with Mg", a glutamate
(13—17). For example, thee151 | domain specifically binds ~ from a neighboring molecule completes the octahedral
collagen and laminin with &p similar to that measured for ~ coordination sphere of the bound cation, leading the authors
purified, intacta151 (9). The presence of divalent cation is to suggest that this residue is a ligand mimeti®)( An
required for both native integrin and recombinant | domain analogous interaction has not been observed in other | domain
binding to ligand. structures, and to date no group has successfully crystallized

Recent crystal structure analyses of integrin | domains an | domain with its ligand. Thus, whether there is a direct
demonstrate that they adopt a dinucleotide-binding fold, with

a central paralle]3 sheet surrounded on both sides dy ! Abbreviations: MIDAS, metal ion-dependent adhesion site; CDR,
complementarity-determining region; PCR, polymerase chain reaction;
GST, glutathionestransferase; BSA, bovine serum albumin; FACS,
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interaction between cation and the integrin ligand remains 4B column. The flow-through and wash fractions were
controversial. Alternatively, divalent cations may induce local pooled and loaded omta Q Sepharose FF column (Phar-
changes in the tertiary structure of the MIDAS region, or macia). Thenxl-1 domain was eluted with 50 mM Tris-HCI,
change the surface charge on the face of the | domainpH 7.5, 10 mM 2-mercaptoethanol, 75 mM NaCl. The
resulting in ligand binding. Current data do not distinguish purified | domain displayed its predicted mass (24 871 Da)
between these models, nor are they mutually exclusive. by electrospray ionization-mass spectrometry (ESI-MS),
To further probe the structure of the | domain, we have migrated as a single band by SBBAGE, and the protein
generated a panel of mAbs directed againstthgl integrin ~ €luted as a single peak of appropriate size by size exclusion
| domain @1-1 domain). The mAbs derived from this screen chromotography on a Superose 6 FPLC column (Pharmacia).
fall into two classes: those that block and those that do not | Domain Functional Analysi€6 well plates were coated
block a131 function. Sequence analyses of the complemen- gvernight at 4°C with 1 ug/mL collagen IV (Sigma) or
tarity-determining regions (CDRs) demonstrate that those collagen Type | (Collaborative Biomedical), washed with
mADs that block function are clonally related, and we have Triton buffer (0.1% Triton X-100, 1 mM MnG) 25 mM
chosen one (AJH10) for further analysis. The epitope of Tris-HCI, 150 mM NaCl), and blocked with 3% bovine
AJH10 lies within the loop between helice8 anda4 which serum albumin (BSA) in 25 mM Tris-HCI, 150 mM NacCl
forms part of the MIDAS structure, and the affinity of AJH10 (TBS). Serial dilutions of thenl-I domain-GST fusion
for this epitope is effected by cation. Denaturation studies protein in TBS containing 1 mM MnGland 3% BSA were
demonstrate that cation is required not only for local stability incubated on the coated plates at room temperature for 1 h,
of the MIDAS region, but also for stabilization of | domain  and washed in Triton buffer. Boundl-l domain was
secondary and tertiary structure. Thus, in contrast to recentdetected with serial additions of 2@/mL biotinylated anti-
crystallographic studies showing little or no effect of divalent GST polyclonal antibody (Pharmacia), ExtrAvidihorse-
cations on | domain structure€), our data suggest that radish peroxidase (Sigma) diluted 1:3000 in TBS containing
divalent cations may provide structural stability to the I 1 mM MnCl, and 3% BSA, and 1-Step ABTS [2;8zinobis-
domain. (3-ethylbenzothiazoline sulfonate); Pierce]. Plates were read
at ODyos On @ microplate reader (Molecular Devices).

EXPERIMENTAL PROCEDURES Generation of Antill-1 Domain Monoclonal Antibodies

Cloning and Mutagenesis of tluel-| Domain Human and Female Robertsonian mice (Jackson Labs) were immunized
rat o131 integrin | domain sequences were amplified from intraperitoneally (i.p.) with 25.g of purified humano151
full-length cDNAs @4, 27) by the polymerase chain reaction ~ (4) emulsified with complete Fruend's adjuvant (LifeTech-
(PCR) (PCR CORE Kit; Boehringer Mannheim, GmbH nologies). They were boosted 3 times i.p. with.pof a151
Germany), using either human-specifié-fSAGGATCCG- emulsified with incomplete Freunds’s adjuvant (LifeTech-
TCAGCCCCACATTTCAA-3 (forward); B8-TCCTCGA- nologies). The mouse with the highest amfi-l domain titer
GGGCTTGCAGGGCAAATAT-3 (reverse)] or rat-specific ~ was boosted i.p. with 100g of a151 3 days prior to fusion,
[5'-CAGGATCCGTCAGTCCTACATTTCAA-3 (forward); and intravenously with 5ag of a151 1 day prior to fusion.
5-TCCTCGAGCGCTTCCAAAGCGAATAT-3 (reverse)] Spleen cells were fused with FL653 myeloma cells at a 1:6
primers. The resulting PCR-amplified products were purified, ratio and were plated at 100 000 and 33 000 per well into
ligated into pGEX4t-i (Pharmacia), and transformed into 96 well tissue culture plates.
competent DHG& cells (Life Technologies). Ampicillin- Supernatants were assessed for binding to digl
resistant colonies were screened for the expression of theintegrin by single-color FACS. Prior to FACS analysis,
~45 kDa glutathioneStransferase| domain fusion protein.  supernatants were incubated with untransfected K562 cells
The sequences from inserts of plasmid DNA of clones that to eliminate 1gG that bound solely to th@ subunit.
were selected for further characterization were confirmed by Subsequently, 35 x 10* K562 cells transfected with the
DNA sequencing. ol integrin subunit (K562x1) suspended in FACS buffer

A rat/human chimerici1-| domain (RAH) was generated ~ [1% fetal calf serum (FCS) in PBS containing 0.5% NAN
(MORPH Mutagenesis kit; 5 prime 3 prime), exchanging  were incubated with supernatant for 45 min &G} washed,
the rat residues G92, R93, Q94, and L97 (Figure 4) for the and incubated with anti-mouse IgG conjugated to phyco-
corresponding human residues, V, Q, R, and R, respectively.erythrin. After washing twice with FACS buffer, cells were
Clones harboring the 84 | domain were identified by the  analyzed in a Becton Dickinson flow cytometer.
loss of a diagnosticStu restriction enzyme site, and the  Supernantants from the resulting hybridomas were screened
inserts were confirmed by DNA sequencing. for binding to theo1-1 domain. Briefly, 5QuL of 30 ug/mL

Purification of ac1-1 Domains The o1-1 domains were humanal-I domain-GST fusion in PBS was coated onto
expressed irE. coli as GST fusion proteins containing a wells of a 96 well plate (Nunc) overnight at€. The plates
thrombin cleavage site at the junction of the sequences. Thewere washed with PBS and blocked with 1% BSA in PBS,
clarified supernatant from cells lysed in PBS was loaded onto and the hybridoma supernatant was incubated with the |
a glutathione Sepharose 4B column (Pharmacia) which wasdomain at room temperature for 1 h. After extensive washing
washed extensively with PBS. Théd-I domain-GST fusion with PBS containing 0.03% Tween 20, alkaline phosphatase-
protein was eluted with 50 mM Tris-HCI, pH 8.0, 5 mM linked anti-mouse IgG (Jackson ImmunoResearch) was added
glutathione (reduced). For denaturation studies, the | domainfor an additional hour. After a final wash, 1 mg/mL
was cleaved with thrombin in 50 mM Tris, pH 7.5, and p-nitrophenyl phosphatepfPP) in 0.1 M glycine, 1 mM
purified from the GST fusion partner. DTT was added to 2 ZnCl, and 1 mM MgC} was added for 30 min at room
mM, and the sample was loaded on a glutathione Sepharoseemperature, and the plates were read atd@D
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Selected supernatants were tested for their ability to inhibit mAb (30 ug/mL) in HBS buffer (10 mM HEPES, 150 mM
K562-a1-dependent adhesion to collagen 1IV. KS@é2-cells NacCl, and 0.005% P20 surfactant, pH 7.4) was injected over
were labeled with 2 mM '27'-bis(2-carboxyethyl-5(and 6)-  the surface of the chip. The chip was washed, and 250
carboxyfluorescein) pentaacetoxy methyl ester (BCECF; of human | domain (3@«g/mL) in the presence of either 1
Molecular Probes) in DMEM containing 0.25% BSA at 37 mM MgCl,, 1 mM MnClh, or 3.4 mM EDTA was injected,
°C for 30 min. Labeled cells were washed with binding buffer followed by a second wash. The surface was regenerated
(10 mM Hepes, pH 7.4, 0.9% NacCl, and 2% glucose) and between experiments by injecting 3@ of 1 mM formic

resuspended in binding buffer plus 5 mM Mg@t a final acid. Data analyses were performed using BlAevaluation 2.1
concentration of 1x 10° cells/mL. Fifty microliters of software (BlAcore, Inc.).
supernatant was incubated with an equal volume ef &0 Denaturation StudiesThe denaturation of thel-I domain

K562-01 cells in wells of a 96 well plate. The plate was as a function of urea was measured by fluorescence
then centrifuged, and the supernatants were removed. Cell$pectroscopy in an Aminco-Bowman series 2 luminescence
were resuspended in binding buffer and transferred to wells spectrometer. Samples containing @/ al1-1 domain in

of a collagen-coated plate and incubated Toh at 37°C. 50 mM Tris-HCI, pH 7.0, 0.15 mM DTT with no addition,
Following incubation, the nonadherent cells were removed 1 mM CaC}, or 1 mM MnClk and with varying amounts of

by washing 3 times with binding buffer. Attached cells were urea were analyzed at 2& using an excitation wavelength
analyzed on a Cytofluor (Millipore). of 280 nm. Emission spectra from 300 to 400 nm were

Immunoblotting The smooth muscle cell layer dissected collected. Fluorescence data at 350 nm were plotted as a
from sheep aorta and K562t cells were extracted with 1%  function of urea and standardized using the change in
Triton X-100 in 50 mM Hepes, pH 7.5, 150 mM NaCl, 10 fluorescence from 0ot 9 M urea for each of the test
mM phenylmethylsulfonyl flouride (PMSF), 2@ug/mL conditions as a measure of the total fraction folded.
aprotinin, 10ug/mL leupeptin, and 10 mM ethylenediamine- Circular Dichroism Circular dichroism spectra were
tetraacetic acid (EDTA). Samples were subjected+@@% recorded using a J-710 spectropolarimeter (JASCO, Japan)
gradient SDSPAGE, and electroblotted onto nitrocellulose equipped with a programmable temperature water bath (CTC-
membranes. The blots were blocked with 5% dry milk in 345, JASCO). Far-UV (185250 nm) and temperature-
TBS, washed in TBS containing 0.03% Tween-20, and dependent measurements were performed using U-type cells
incubated with antibodies in blocking buffer containing of path length 0.0148 cm and volume 0.045 mL wath-|
0.05% NaN for 2 h. Blots were then washed as before, domain in 20 mM HEPES, 1 mM EDTA, 1 mM DTT, pH
incubated with horseradish peroxidase-conjugated anti-mouse’.5, in the absence of divalent cations, or the presence of
IgG for 1 h, washed again, and then treated with ECL reagenteither 2 mM Mg" or Mn?" at a protein concentration of 55
(Amersham). Blots were then exposed to film (Kodak) for «M. CD spectra were recorded using a scan speed of 20
30—-60 s, and developed. nm/min, a response time of 2 s, and a bandwidth of 2 nm.

Sequencing of the Complementarity-Determining Regions Temperature;dependent measurements were performeq in the
Two micrograms of mRNA, isolated from 1@ybridomas range 16-80 °C. The qontlnuous temperature scan at f'lxed
(FastTrack mRNA isolation kit, Invitrogen), was reverse- Wavelength (222 nmy in the far-UV range was done using a

transcribed (Ready-To-Go You Prime First Strand Kit, S¢an rate of 50C/h and a response time of 8 s. Data are
Pharmacia Biotech) using 25 pM each of the following Presented as molar ellipticity per residue.

primers: heavy chain, VH1IFOR-28); light chain, VK4FOR, Structural Modeling of thexl-I Domain A homology
which defines four separate oligd2dj. For each hybridoma, ~ model of the human1-1 domain was built using the X-ray
heavy and light chains were amplified in four separate PCR crystal structure of the humar2-1 domain (L9). The model
reactions using various combination of the following oli- Was built using the homology modeling module of Insight
gos: (1) heavy chain: VH1FR1K3(), VH1BACK, I (version 2.3.5; Biosym .Technologles). The program
VH1BACK (31), Vifrla, Vifrlb, Vifrle, Vifrlf, Vufrig CHARMM (33) was used with the all-hydrogen parameter
(32), or VH1FOR-2 28); (2) light chain: VK1BACK (1), set 22 with a dlstant-dependent dleleqtrlc constant of 2 times
VKAFOR, VK2BACK oligos @9), or Vkfrla, Vifrlc, the atom separation distance. We first did 1000 steps of
Vifrle, Vifrif (32). Products were amplified (5 min at 95  Steepest descent minimization with mass-weighted harmonic
°C, 50 cycles of 1 min at 99C, 2 min at 55°C, 2 min at 72 positional constraints of 1 kcal/(mdl?) on all atoms of the

°C, and a final cycle of 10 min at 72C), gel-purified ol-1 domain. This minimization was followed by another
(QlAquick, Qiagen), and sequenced directly using various 1000 steps of steepest descent and 5000 steps of Adopted-
listed oligos on an ABI 377 Sequencer. Basis Newton Raphson with constraints of 0.1 kcal/(mol
A?) on the Ce atoms of thex1-1 domain to avoid significant

BlACore AnalysisAll experiments were performed at 25 deviations from thex2-1 domain X-ray crystal structure.

°C with a 10uL/min flow rate on a BIAcore 2000 biosensor
system (BlAcore, Inc.). The CM5 chip surface was first pesyLTS

activated withN-hydroxysuccinimided-ethyl-N'-(3-diethyl-

aminopropyl)carbodiimide hydrochloride (BlAcore, Inc.), Binding of theal-l Domain to Collagen Is Dialent
coupled with goat anti-mouse IgG:Fc specific [@mL in Cation-DependentThe human and rat (95% identity to
10 mM acetic acid (pH 4); Jackson ImmunoResearch], and human)al-1 domains were expressed i coli as GST-
blocked with ethanolamine hydrochloride (pH 8.5). The chip fusion proteins and purified over glutathione Sepharose. Both
was regenerated 5 times with 20 of 1 mM formic acid to proteins were examined for binding to collagens | and IV
establish a base line (1500 resonance units). For eachusing a variation of an ELISA-based assay previously
experiment, 25@.L of function-blocking antiet1-1 domain described 9). The humanal-1 domain binds collagen IV
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Ficure 1: The al-l domain binds collagen. (A) Increasing concentrations of the husiahdomain were bound to plates previously
coated with 1ug/mL collagen | (squares) or collagen IV (circles). Values shown have been corrected for background binding to BSA. (B)
2 ug/mL humanal-I domain was mixed with increasing concentration of an anti-hunahrintegrin antibody 5E8D9 (squares) or an
anti-humano2 integrin antibody A2IIE10 (circles), and then bound to plates previously coated wigfimiL collagen IV. (C) Plates were
coated with Jug/mL collagen IV or 3% BSAol-I domain (2ug/mL) was subsequently bound to coated plates in the presence of 1 mM
Mnzt, 1 mM Mg?*, or 5 mM EDTA. Data shown are representative of three independent experiments.

with better efficiency than collagen | (Figure 1A). An
antibody specific to thex1- domain, but not an antibody
specific to theo2-1 domain (Figure 1B), abrogated binding
to both ligands (data for collagen | are not shown). Both human, rabbit, and sheep, but not ratl31 integrin,
Mn?t and Mg" stimulated binding, and EDTA reduced suggesting that the blocking mAbs bind to an evolutionarily
binding to background levels (Figure 1C). No measurable conserved, linear epitope. These mAbs should prove useful
differences in ligand binding were detected between the in deciphering al151 integrin function in a variety of
human and rat1-1 domains, suggesting that the sequence mammalian species. The nonblocking mAbs were neither
differences between species are not functionally relevant efficient at immunoblotting nor did they react with species
(data not shown). Thus, our data corroborate the publishedother than human.

to originate from a single clone, we chose one (AJH10) to
characterize further. Immunoblotting (Figure 3A) and FACS
analysis (Figure 3B) demonstrate that AJH10 reacts with

literature that | domains, in general, and thatdtiel domain,
specifically, require cation for efficient ligand binding.
Generation of mAbs Specific to thé-1 Domain Mono-

A Cation-Dependent Epitope Resides Near the MIDAS
Motif. We exploited the observation that AJH10 recognizes
the human, but not the rat,1-I domain sequences to map

clonal antibodies have proved to be very useful probes in the epitope for thet151 function-blocking mAbs. The human
studying the relationship between structure and function of and rat sequences differ by only 12 amino acids, 4 of which
integrin subunits. For example, mAbs were used extensivelylie in a stretch of 6 amino acids (aa 997, Figure 4A)

to study regions of thesl subunit associated with an
activated conformation3d). Thus, to identify potential
probes for conformational changes of thé-1 domain, we
generated a panel of mAbs to the humelzl domain. We
initially identified 19 hybridomas, the supernatants of which
bound to human leukemia K562 cells expressingdfigl
integrin (K562a1) and to theal-I domain. The immuno-

adjacent to the critical threonine (Figure 4A, aa 98) within
the MIDAS motif. To test the hypothesis that these residues
comprise the epitope for the blocking mAbs, we constructed
a chimeric | domain (RH), exchanging the rat residues G92,
R93, Q94, and L97 for the corresponding human residues,
V, Q, R, and R, respectively. AJH10, along with all the
function-blocking mAbs, recognizes the chimeric | domain

globulins were purified from each of these hybridomas and (RAH; Figure 4B).

tested for the ability to block either K5621 or al-l domain
binding to collagen 1V. The mAbs fall into two classes: those
that block and those that do not bloald31 function. For

example, while the mAbs produced by clones AEF3, BGC5,

and AJH10 bind the'1-1 domain (Figure 2A, data not shown
for BGC5), only mAb AJH10 inhibitsx1-1 domain-depend-
ent (Figure 2B) or K562x1 (Figure 2C) adhesion to collagen
V.

To establish the clonal origin of this panel of mAbs, we

To orient these residues with respect to the MIDAS
domain in the tertiary structure of thel-l domain, we
modeled thex1-1 domain using the coordinates of the crystal
structure of thea2- domain. Theal and a2 integrin
sequences exhibit 51% identity with no insertions or dele-
tions, suggesting that the overall structure of the two |
domains will be similar. The metal coordination site is
predicted to be the same in tlhd-I domain as in thex2-I
domain, and the residues that comprise the epitope for the

amplified by PCR and sequenced the CDRs from 12 of the blocking mAbs lie on a loop between helitd and helixa4

19 antibodies (data not shown). Sequences from cloneswhich contains the threonine within the MIDAS moitif critical
producing function-blocking mAbs were nearly identical for cation binding (Figure 5). Thetl-l domain model
across all the complementarity-determining regions (CDRs) predicts that the amide nitrogen of Q92 (Figure 4A) hydrogen
and the intervening framework regions, suggesting that thesebonds with the carbonyl group of 133, the residue adjacent
hybridomas are clonally related. Sequences of the variableto S32 (Figure 5). Thus, the loop that contains the epitope
regions of the nonblocking antibodies were markedly dif- may play a functional role in stabilizing the MIDAS region.
ferent from the clonally related family of sequences found  The proximity to and the potential interaction of the loop
for the blocking antibodies. As the blocking antibodies appear containing the epitope with the MIDAS motif suggested that
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A, "7 Table 1: Biacore Analysis of Blocking mAb AJH10
07 3 ’ Ko (x107M)  ka(x1BPM-1s?)  kg(x103s7D)
06 3 — + - + - +
0 0.5 7 Mg?*+ 2.88 0.36 3.78 7.75 1.09 0.276
; 0.4 3 Mn2*+ 4.23 0.26 3.90 8.02 1.65 0.212
S 033 a(—): no cation, in the presence of EDTAt;: in the presence of
e 1 mM cation. TheKp of nonblocking, control mAb AEF3 was 15 nM,
02 4 ® AJHI0 in the presence of Mg, and 18 nM, in the absence of Ffy
3 A AEF3
0.1 3
0 e e from 400 to 20 nM (Table 1). The addition of cation had no
0 02 04 06 08 1 12 14 16 18 2 effect on theKp of nonblocking, control mAb AEF3 (Table
mAb (pg/ml)

1, legend). Analysis of thk, andky associated with binding
reveals that the increase in affinity is primarily attributable
to a decrease in the rate of dissociation (Table 1). For
example, in the absence of cation, AJH10 has a dissociation
rate constant of 1.65% 10~%s. Addition of Mr?* decreases
the dissociation rate constant by a factor of 8 to 2120~/

s (Table 1) while increasing the association rate by only a
factor of 2 (3.9x 1M 1s1t08.0x 10 M~1s1). Thus,

the addition of divalent cation appears to stabilize the epitope
rather than unmask a cryptic site, consistent with the
03 06 125 25 s 10 proximity of the gpitope to the MIDAS _r.egion._

Cation Is Required for | Domain Stabilitpne interpreta-
tion of the effect MA"™ and M@ " have on epitope expression
is that divalent cations are required to stabilize the MIDAS
region, or the entirex1- domain. Thus, we looked at the
stability of theal-l1 domain in the presence or absence of
cations under denaturing conditions.

The presence of divalent cations had a stabilizing effect
on theal-I domain structure readily detected by measuring
the susceptibility of the protein to denaturation by urea
(Figure 7). Denaturation of thel-I domain was assessed
® AJHI0 by monitoring the change in intrinsic fluorescence that results
4 AEF3 from the exposure of buried tryptophan and tyrosine residues
A to the aqueous environment as the protein unfolds. Dena-

0 02 04 06 08 1 12 14 turation produced both an increase in fluorescence intensity

mAb (ug/ml) and a red shift in the emission spectrum. The maximal effect

Ficure 2: ldentification of a blocking mAb to thell-I domain. was seen.at 360 nm where denaturat!on ofdid QOmaln .
(A) Increasing concentrations of mAbs AEF3 (triangles) or AJH10 resulted in a. gre"’.‘ter than 4-fold mcre_ase n |n.tr|nS|C
(circles) were bound to plates coated with&JmL o1-1 domain. fluorescence intensity. In the absence of divalent cation, the
(B) The al-1 domain was treated with increasing concentrations al-1 domain was sensitive to the presence of low concentra-
of mAb AJH10 (diamonds) or mAb BGC5 (squares) and bound to tions of urea, and the amount needed to produce a half-
e o o A AL anton bt MaXimal chang in florescence intensiy was 3.4 M urea
(circles) and b%und to collagen IV fg/mL) coated p?ates. A total In the presencel of ,Mzﬁ,' half-maximal _denatur_atlon shifted
of 45-50% of the cells added to each well adhered to collagen t0 6.3 M urea, indicating a substantial stabilization of the
IV. Data shown are representative of three independent experimentso1-1 domain.

The output of the spectrophotometric data discussed above
the epitope, itself, might be sensitive to the presence of is determined primarily by the fluorescence of a single buried
divalent cation. Initial ELISA-based experiments confirmed tryptophan, which lies within the MIDAS region of thel-|
that binding of AJH10, but not AEF3 (Figure 6A), to purified domain (W36, Figure 4A). Thus, the spectrophotometric data
o151 integrin increases in the presence of cations. Binding only provide a view of the MIDAS region and not of the
of AJH10 to cell surface-expressedfl is also enhanced entire | domain.
by the addition of cation (Figure 6B). To further analyze  To distinguish between local and possible wide-range
this observation, we measured the relative binding affinities effects on structure, we determined, by measuring circular
of the blocking mAbs, in the presence or absence of divalent dichroism spectra in the presence or absence of"Nmd
cations, using a surface plasmon resonance (SPR) biosensoMg?", the temperature at which the | domain denatured, and
Monitoring the reversible binding of the mAbs to the the effect of denaturation on the secondary structure of the
recombinanti1-I domain in real time allows the derivation protein. Near- and far-UV CD spectra for thé-1 domain,
of the associationkf) and dissociation rate&d), as well as in the presence and absence of cation at room temperature
the corresponding apparent dissociation constéis The were indistinguishable (data not shown). In contrast, large,
addition of cation decreased tKg of blocking mAb AJH10 cation-dependent differences were seen in the susceptibility
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Ficure 3: Species cross-reactivity of AJH10. (A) Detergent lysates from (1) sheep vascular smooth muscle, (2) human leukemla K562-
cells, (3) purified RAH GST-I domain, (4) rat GSTtl-l domain; and (5) human GSd1-l1 domain were separated by 120% SDS-

PAGE under nonreducing conditions, and immunoblotted with function-blocking mAb AJH10. Molecular weight markers are shown on the
left; nonreducedr1/31 integrin migrates at- 180 kDa; GST-I domain migrates a5 kDa. (B) Rabbit vascular smooth muscle cells were
incubated with either mAb AJH10 (bottom) or murine IgG control (top) and analyzed by FACS.

of the | domain to thermal denaturation. In the absence of cation and ligand binding is not well understood for any of

divalent cations, the | domain denaturedTat= 49.5°C.
Both Mr?* (T, = 58.6 °C) and Mg" (T, = 54.6 °C)
stabilized the | domain as indicated by increasegi(Figure

the integrins.

A number of possibilities exist for which there is limited
experimental data, of which two have received some atten-

8). Heat denaturation in the apo state was accompanied bytion. Integrin 8 subunits contain a MIDAS-like motif

a 20-25% decrease in ordered secondary structure &€65
Decreases of 45% were observed for the?Mstate at 70
°C and of 34% for the Mg state at 80°C. For the apo
state, CD spectra at 65 and 80 have minima which are

imbedded within a structure that has features reminiscent of
an | domain and is associated with cation and ligand binding
(36—38). Studies examining ligand and cation binding to a
peptide derived from this MIDAS-like region from within

characteristic of a high content of helical structure, whereas the 3 subunit suggest that cation and ligand binding are

in the presence of divalent cations CD spectra atg0°C
have shapes that are characteristic for “aggregatiofial”

mutually exclusive. These studies have led to the hypothesis
that cation, ligand, and receptor form a ternary complex from

structure. These data suggest that, in addition to the localwhich the cation is displaced during ligand bindigg) Data

stabilizing effect cations have on the MIDAS region, the

from a recent study examining the role of metal ion in ligand

presence of cations has a wide-ranging effect on the binding to thea2-I domain are consistent with this model.

secondary structure of thel-1 domain. It is interesting to
note that MA" is more stabilizing than MY as evidenced
by a greater shift inl,,. Since Mri#™ is more effective at
promoting ligand binding to thex131 integrin @5), the
stabilizing effects of MA™ may be related to the increased
affinity of the | domain for ligand.

DISCUSSION

As observed with the33 subunit peptide, initial ligand
binding is cation-dependent, but the cation is subsequently
displaced as a function of ligand binding0j.

Another explanation which has received attention is that
the cation affects the local structure of the | domain to
generate an “active” conformation. This hypothesis is based,
in part, on considerable literature demonstrating that many
native integrins require activation by some stimuli (of which

The molecular details of the interaction between conservedMn?* is one) to bind ligand 41). For example, LFA-1

residues within the MIDAS motif (DxSxST—D) and Mg*
or Mn?" have recently been elucidated. Crystal structure
analyses of three different | domainsL( oM, a2) bound

(integrin aLB2) on resting leukocytes does not bind its
ligands ICAM-1, -2, and -3, but can be activated to bind by
a number of agents, including a monoclonal antibody that

in the presence or absence of metal ion demonstrate thatmaps to theal-1 domain @2). This activating mAb may

typically the two serine residues and the COOH-terminal
aspartic acid directly coordinate the metal ion, while the
threonine and the Npterminal aspartic acid indirectly
coordinate via hydrogen bonds to water moleculesl8—

21, 26). The structural motif of all three crystals is conserved,
and the addition of the metal ions had minimal effect on the

overall structure of the motif. Despite the extensive structural

data for metal binding, the functional relationship between

affect the structure of the | domain to permit ligand binding.
There is, however, no structural data to suggest that metal
ions directly affect the conformation of the MIDAS region.
A comparison of thexL (21) and theaM | domains @6)
crystallized in the presence of different metal ions revealed
no major changes in the binding face of the | domain.

Our data, while they cannot exclude the former possibili-
ties, suggest that cation is required for the maintenance of
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0.2 3 —®— Human FicUrRe 5: Structural model of thexl-l domain. Residues that
i —— Rat comprise the MIDAS motif (DxSxST—D) are shown in magenta.
0.1 For clarity, the COOH-terminal aspartic acid is omitted. The region
_ of the epitope to which thell-I domain function-blocking mAbs
0 ok AT T T AT T T T T T AT T T T T T e map is shown in red, and the residue Q92 which interacts with the
0 02 04 06 08 1 12 14 16 18 2 MIDAS region is designated. The hydrogen bonding distance
AJHI10 (ug/ml) between Q92 and 133 is 2.8 A. Note that the epitope lies on the

same loop as T98. The yellow sphere represents th&" hm.
Ficure 4: Location of the epitope for the antit-1 domain-blocking
mAbs. (A) Amino acid sequences of the rat (top) and human A. B.
(bottom) a1-I domains. The residues that comprise the MIDAS 4 o

motif are shown in boldface type. The human amino acids that 123 ] .
replaced the corresponding rat residuedKR are shown below ] 525 4

the rat sequence in the boxed region. For clarity, residue numbering 450 9
in the text refers to this figure. (B) Increasing concentrations of
mAb AJH10 were bound to plates coated with 8mL human 06
(circles), rat (triangles), or BH (squaresp1-1 domain. Data shown 0.4
are representative of three experiments.
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the overall structural integrity of thel integrin | domain. ’ ATHI0

First, .anaIyS|S of the I_<|net|cs of mADb b'ndmg to tkﬂ_—l . FiIcure 6: Cation stabilizes the expression of the epitope. (A) 0.5
domain suggests that in the presence of cation, the dissociazg of blocking mAb AJH10 or nonblocking mAb AEF3 in the
tion rate, and not the association rate, is preferentially presence of 5 mM EDTA (open bars) or 1 mM Ma@olid bars)
effected, resulting in an increase in affinity. Thus, mAbs Was bound to plates previously coated withu@/mL affinity-
associated with the1-1 domain in the presence or absence Purified, humam1j1 integrin. (B) 5ug/mL AJH10 or AEF3 was

) . . . . incubated with K562x1 cells in the presence of 2 mM MnGbolid
of divalent cation, suggesting that the epitope is not masked. pays) or following a wash with 5 mM EDTA (open bars). Bound

Rather, cation stabilizes the epitope, effectively lowering the antibody was measured by FACS and is reported as the mean
dissociation rate. Second, the thermal and urea denaturatiorfluorescence intensity (MFI).

studies show that the presence of cation stabilizestihé
domain structure. In particular, data from circular dichroism of the propeller. The implication of this model is that the
spectra demonstrate that the increase in temperature requiredtructural integrity of the | domain does not necessarily
to unfold theal-I domain in the presence of cations is depend on adjacent regions of the integuirsubunit @3).
accompanied by cation-dependent changes in the secondar{pur binding data with mAb AJH10 are consistent with this
structure. notion. Metal ions increased the binding of AJH10 not only
It is possible that in the native integrin, the role of the to theoal-l1 domain but also to purified1/41 integrin, and
cation is less critical to the structural integrity of the | domain. to al1p1 integrin expressed on the surface of cells.
Regions of the integrin which contact the | domain could  Structural data suggesting that the | domain is, in fact,
provide structural support. A recent structure prediction conformationally flexible come from an analysis of thil-I
suggests that the intact integrrsubunit forms g-propeller domain which has recently been crystallized in the presence
domain, and that the | domain exists as an associated, bubf Mn?t or Mg?" (18). Comparison of the two structures
structurally independent domain hinged between two folds reveals a change in the metal coordination, significantly

0
AEF3 AJH10 AEF3
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the octahedral coordination site for the metal ion. The
structural change may be due to a fortuitous crystal formation
representing the “ligand-bound” state, rather than a direct
effect of the species of metal ion. Other recent data also
suggest that the | domain is flexible. Mutations in sites within
the M-I domain, but distinct from the MIDAS region, affect
the activation state of the intaadM 52 integrin, suggesting
that events at one site within the | domain can be transmitted
to and have an effect at a topologically distinct locatiéf)

In summary, we have generated a panel of mAbs to the
ol-I domain. Those mAbs that bloekl51 integrin function
map to a divalent cation-sensitive epitope within the MIDAS
motif of the al-I domain, and exhibit cation-dependent

oll-I domain in the presence of no cation (squares) or with 1 mM binding. Denaturation studies demonstrate that cation stabi-

MnClI;, (circles) and increasing concentrations of urea was analyzed

at 25°C using an excitation wavelength of 280 nm. Fluorescence

lizes the MIDAS region and that W36 is a useful probe for

data from the emission spectra at 350 nm are plotted as a functionthese_ effects. '(;lrcular dichroism mgasur.em'ents, under de-
of urea concentration and standardized using the change innaturing conditions, reveal that cation binding affects not
fluorescence for each of the test conditions as a measure of thejust the local expression of the epitope, but stabilizes the

total fraction unfolded.
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Ficure 8: Circular dichroism spectra of thermally denatuceld|

domain. Temperature-dependent circular dichroism measurements

at a fixed wavelength (222 nm) were performed usingbba1-I
domain in the absence (solid line) or presence of 2 mMMdot—

dash line) or 2 mM M#A" (dotted line). Data are expressed as (a)
continuous temperature dependence of molar ellipticity per residue
and (b) first-derivative curves after smoothing the corresponding
data curves shown in panel a.

altering the ligand binding surface of the | domain, and
reducing the ability of the M&t-boundoiM-I domain to bind

ligand-associated acidic residues. For example, one of the =
structural changes between these two crystal forms is a shift 14.

in the SA—al loop, which includes the DxSxS sequence,
resulting in the threonine on the3—a4 loop no longer
directly coordinating the metal ion. The interpretation of these
data is that in the Mgy -bound structure, a glutamic acid from

a neighboring molecule acts as a ligand mimetic to complete

secondary structure of thel-1 domain. The ability of
divalent cations to reduce the intrinsically flexible structure
of theal-1 domain provides a possible explanation for how
cations augment ligand binding.
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