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ABSTRACT: Integrin 8 subunits contain a highly conserved I-like domain that is known to be important
for ligand binding. Unlike integrin | domains, the I-like domain requires integrand/ subunit association

for optimal folding. Pactolus is a novel gene product that is highly homologous to infggtibunits but
lacks associating. subunits [Chen, Y., Garrison, S., Weis, J. J., and Weis, J. H. (199Bjol. Chem.

273 8711-8718] and a~30 amino acid segment corresponding to the specificity-determining loop (SDL)
in the I-like domain. We find that the SDL is responsible for the defects in intgysmbunit expression
and folding in the absence ef subunits. When transfected in the absencexcfubunits into cells,
extracellular domains of mutaftsubunits lacking SDL, but not wild-typ& subunits, were well secreted
and contained immunoreactive I-like domains. The purified recombinant s@tldabunit with the SDL
deletion showed an elongated shape in electron microscopy, consistent with its struajfi@®mplexes.

The SDL segment is not required for formationaBfl, o451, aVE3, anda6f4 heterodimers, but is
essential for fomation ai641, aV51, andalL 52 heterodimers, suggesting that usage of subunit interface
residues is variable among integrins. TdeSDL is required for ligand binding and for the formation of
the epitope for the5 monoclonal antibody 16 that maps to loop segments connecting blades 2 and 3 of
p-propeller domain ofx5, but is not essential for nearlfiypropeller epitopes.

Integrins are ubiquitous cell adhesion receptors and bind adhesion site (MIDAS),containing a DXSXS motif. In the
ligands on the surface of other cells and in the extracellular I-like domain, there is an additional metal binding site called
matrix, connect the extracellular environment to the actin ADMIDAS, that is suggested to be involved in the regulation
and keratin cytoskeletons, regulate cell migration and growth, of ligand binding 8). The | domain is inserted between
and communicate signals bi-directionally across the plasmablades 2 and 3 of thg-propeller domain of thex chain,
membrane). Integrins contain 2 noncovalently associated and plays an important role in ligand binding in integrins in
glycoprotein subunits with extracellular domains 940 which it is present. The | domain can be expressed
(o) and >640 (B) residues. The N-terminal halves of both autonomously of other integrin domains. In contrast to the |
subunits comprise a ligand binding “head” region, which is domain, production of recombinant, isolated I-like domain
connected to the cell membrane by “stalks” provided by the has been difficult. One report claimed that the bacterially
C-terminal halves of both subunitg,(3. The headpiece  expresse@l I-like domain can be refolded into a native
contains g-propeller domain in the: subunit and an I-like  structure; however, that report lacked assessment of structural
domain in thes subunit. These two domains are correctly integrity such as monoclonal antibody (mAb) bindirg, (
folded only when they are associatet] b). The basis for and we have been unable to reproduce this work and find
this is revealed in the crystal structure of the extracellular that the reported I-like domain constructs cannot be refolded
domain of integrirVA33 (3). The most extensive interaction ~ With retention of immunological activity or solubility.
present between the and 5 subunits is in the headpiece, Pactolus is a novel protein highly homologous60%
between thes-propeller domain and the I-like domain. identical) to the integrig2 subunit 8). However, Pactolus

The I-like domain is structurally homologous to the is unlikely_ to be a n_o_vel integrirﬁ chqin because it is_
integrin | or A domain, which is present in a subsetoof secreted, it lacks a critical Asp residue in the MIDAS motif

subunits 6). Both domains have a metal-ion-dependent that_ IS conse_rveq in all mte_gryﬁ subunits and IS though_t to
be involved in ligand binding, and associatingsubunits
cannot be detecte®,(9). Interestingly, Pactolus lacks a short,
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subunit I-like domain, which also is missing in thesubunit in 6-well plates ¢-80% confluency after 24 h of transfection)

I domain @, 10, 1). Moreover, this segment contains a small were incubated with 0.3 mCi ofJS]methionine and cysteine
disulfide-bonded loop between cysteine residues 187 and 193NEN Life Science Products, Inc., Boston, MA) in 1.5 mL
in 1 that is critical for determining ligand binding specific- of labeling medium (methionine- and cysteine-free RPMI
ity, and hence predicted to be located in the ligand binding 1640 containing 10% dialyzed FCS)rfd h and chased by
site close to ther—p interface (2). The fact that Pactolus  adding the same volume of labeling medium containing 500
is expressed as a monomer suggested to us that removal fronqpg/mL cysteine and 100g/mL methionine for an additional
I-like domains of the “specificity-determining loop”, to 16 h. The culture supernatants were harvested and centrifuged
mimic the deletion in Pactolus, might enable autonomous to remove cell debris, and subjected to immunoprecipitation
folding as seen with integrin | domains. To examine the using integrin mAbs and Protein G agarose. Materials eluted
function of this segment, we have examined the conse-from the beads in SDS sample buffer were resolved on-SDS
guences of Pactolus-like deletions in integfisubunits on polyacrylamide gel electrophoresis (SBBAGE) and vi-
expression, folding, association withsubunits, and ligand  sualized by fluorography.

binding. Production of Soluble Recombinant Monomesit Mu-
tant. DNA (10 ug, BLIASDL with a C-terminal hexahistidine
EXPERIMENTAL PROCEDURES tag) was transfected into CHO Lec 3.2.8.1 ceBg)(and

Monoclonal AntibodiesThe murine anti-humafil mAbs selected against 1 mg/mL Geneticin G418 (GIBCO). Stable
TS2/16 (L3), AG89 (14), 52 mAb TS1/18 15), oL mAbs clones were screened for secretion of mufiinby sandwich
TS2/4, CBR LFA-1/1 16), and rabbit anti-“velcro” (ACID/ ELISA using AG89 asa capturing antibody and biotinylated
BASE coiled-coil) polyclonal antiseruni{) were previously TS2/16 as a detection a}ntlbody. A clone with the highest
described. Anti-coiled-coil mAb 2H1116), 1 mAb SG19 expression was cultured in roller bottles, and L of culture
(19), and f2 mAbs KIM127 @0) and KIM185 Q1) were supernatant was collected. Soluble monomeric mygant
gifts from Drs. E. L. Reinherz, K. Miyake, and M. Robinson, (#1ASDL-His) was purified from the culture supernatant by

: . Ni—NTA agarose (QIAGEN) followed by gel filtration on
geif?p])creocrt;vglz. gfsl:_laar;g. wllefg :n?ESY;CAt?SlEDZ&V\S%SS%, a Superdex 200 column (1.6 60 cm) (Pharmacia) equili-
A1 mAb 12G10,54 mAb 3E1, and rat anti6 mAb GoH3 brated_ with 50 mM Tris, 150 mM NaCl, pH 7.5 (TBS).
were purchased from Chemicon International Inc. (Temecula, Analytical gel filtration was performed on a Superdex 200
CA). The hybridoma cell line for murine anti3 mAb AP3 HR column(1 x 3.0 cm) eqm“prated with TBS at a flow
was obtained from American Type Culture Collection. All 'ate of 0.5 mL/min. The purified sample was sedimented

other mAbs were obtained from the Fifth International through a 1540% (v/v) glycerol gradient in 0.2 M am-
Leukocyte Workshop23). monium acetate, 1 mM Tris, pH 7.5, and the position of

PLASDL-His was determined by running each fraction on
SDS-PAGE. The sedimentation coefficient was determined
using calibrated standard proteins with knoswalues 82)
sedimented in a separate gradient. Rotary shadowing and

mutated to Cys was PCR-amplified frg#-tev-BHCys and electron microscopy were performed as described previously

fused to the C-termini of the extracellular domains of wild- (33)_' ) ) . _ i .
type humanB2 [1-678, @5)], 3 [1—692, £6)], and 34 Binding ofa551 to Fl_bronectlnArecombmant fibronectin
[1—683, @7)]. The fusions were inserted in pEF1-putdy, fragment encompassing the_ seventh through tenth FNIII
For ASDL versions, SDL segments (17298 inf1, 154- repeat of human fibronectin (fFno was prepared as
181 in 2, 160-188 in 83, and 15+174 in B4) were described preV|oust3@) and coupled to CNBr-activated
eliminated by overlap extension PCR using primers that SePharose (Pharmacia) at 1.2 mg/mL of gés-labeled
contained at least a 19 bp overlap at the region to be deletedCUlture supermatants (1Q@) from o541 or a531ASDL

For large-scale expressioilASDL (residues +171 and trqnsfectants were added with 1 mM Ma@ind incubated
199-708) was also fused to a hexahistidine tag using the With 25uL of Fnr_i;—Sepharose beadsrfd h at 4°C. The
Agd site of the pEF1/V5-HisA vector (Invitrogen) with an beads were washed 3 times with TBS, and the eluate with
intervening short linker sequence (Ala-Thr-Gly). 10 mM EDTA was subjected to SDS.5% PAGE under
nonreducing condition. Sepharose that was blocked with
ethanolamine instead of -nowas used as a control matrix.

DNA Construction for Subunits.The design for all
constructs was essentially the same as for the solible
reported previously A1-tev-BHCys) (7). A C-terminal
segment coding for BASE-p1 peptid24j with one residue

DNA Construction foro. Subunits. Again the design for
all a subunit constructs was essentially the same as for the
soluble a5 reported previously o5-AHCys) @7). A C-
terminal segment coding for ACID-p1 peptid&y with one
mutation to Cys was PCR-amplified froos-AHCys and Alignment of the Pactolus I-like Domaifi Integrin I-like
fused to the C-termini of the extracellular domains of wild- Domains, andx Integrin | Domains We aligned the I-like
type humaru4 [1-942, @8)], a6 [1-988, @7)], av [1—-960, domains of Pactolus and integrijfi subunits, and the |
(29)], andal [1-1063, @5)]. The fusions were inserted i domains of integrinx subunits by structure and sequence
the pEF1/V5-HisA vector (Invitrogen). All segments ampli-  (Figure 1A). There are two inserts in the I-like domains that
fied by PCR were confirmed by DNA sequencing. distinguish them from the | domains, and, importantly, these

Transfection and ImmunoprecipitatiorDNAs (2 ug/ are in loops. Insert 1 is betweg@rstrands 2 and 3, and insert
subunit/well) were transiently transfected into 293T cells 2 is betweens strand 4 andx helix 5 (Figure 1). Each
using calcium phosphate precipitat86)( Metabolic labeling insertion is about 30 residues long. Insertion 1 corresponds
and immunoprecipitation were as follows. Transfected cells to the specificity-determining loop (SDLLQ).

RESULTS
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Ficure 1: Structural features of integrifi subunit I-like domain. (A) Alignment of the I-like domains and Pactolus with | domains of
integrin o subunits. Structurally defined integrim subunit I-domains (1JLM footM, 1ZON for aL, and 1AOX for a2) and 33 I-like
domain (1JV2) were superimposed with 3DMALIGN of MODELLER?] to obtain a structure-based sequence alignnEn{32, 54, and
Pactolus I-like domain sequences are added to the alignment using their high homg#8gg &trand andx helix segments are highlighted

in pink and yellow, respectively, as defined by crystal structures. Each segment is denoted according to the numberifi@ (abdva)

or oM (below). Residues shown in | domains or suggested in the I-like domain to coordinate the metal in the MIDAS are colored red; those
that coordinate the Cain the ADMIDAS of the I-like domain are colored green, and are also denoted by dots above the alignment. Two
regions that are present in I-like domains but not in | domains are denoted by gray bars at the bottom. (B) Strp&umeegfin I-like

domain. Secondary structure elements are color-coded as in (A) and labeled. SDL is shown in cyan with the location of truncation boundary

residues (Lys159 and Gly189) as small balls. Also shown afé Baund to ADMIDAS (red sphere) and hypothetical Mdound to
MIDAS (blue sphere)J). The figure was prepared with SwissPdbViewgs)(

The Pactolus sequence completely lacks insertion 1, efficiently (Figure 2C, lane 12, and Figure 2D, lane 8).
despite its very high overall sequence homology to integrin Immunoprecipitation from the cell lysate revealed that there

f subunits. In the structures of the | domainsodfl, al,
and a2 integrin subunits, the loop betwegrstrands 2 and
3 is only three residues long and makes a tight t@é;n36,
36). Pactolus contains four residues in this loop, indicating
a local structure around this position similar to theubunit
| domain. In contrast, the SDL loop in this position in integrin
f subunit I-like domains is 2330 residues.

Effect of SDL Deletion on the Expression of SoluBle
Subunit MonomerThe ability of Pactolus to fold on its own

was no accumulation ¢f subunit precursors within the cells
(data not shown), suggesting that wild-typesubunits are
susceptible to degradation, rather than blocked in transport
along the secretion pathway. The expression levels of the
ASDL mutants were high and were comparable to those
obtained when appropriate wild-typeandf subunits were
cotransfected (data not shown). Mutghtsubunits were
recognized by mAbs to different domains, including the I-like
domain. Thusp1ASDL was recognized by mAbs TS2/16,

led us to speculate that the presence of the SDL segment inl3, and 12G10 to the I-like domain (Figure 2A, lanesld),
the3 subunit might prevent it from being properly expressed as well as mAbs to the stalk region (K20 and AG89, lanes
in the absence of am subunit. Therefore, the SDL segment 12 and 13) and to the N-terminal region (SG19, lane 8). One
exactly corresponding to that missing in Pactolus was deletedanti-1-like domain mAb (TS1/18, Figure 2B, lane 5) recog-
from the1, 52, A3, andB4 integrin subunits (Figure 1A,B).  nized32ASDL. The amount of material precipitated by this
Furthermore, the transmembrane and cytoplasmic domaind-like domian mAb is comparable to that precipitated by
were deleted, and a soluble BASE-p1 helical peptide was mAbs mapped more C-terminally (CLB LFA-1/1 to residues
fused to the C-terminus. This allowed immunoprecipitation 332—339, and 6.7 to residues 34432, respectively, Figure
with “velcro” antiserum independently of appropriate folding 2B, lanes 6 and 7). Although mAbs definitely mapped to
of the 8 subunit. Material secreted by 293T cell transfectants the 43 and$4 subunit I-like domains were not available for
was compared using anti-velcro polyclonal antibody (Figure these studies, th83 mAb 23C6 and thgg4 mAb UM-A9

2). The secretion of wild-typ$1l and 2 monomers was

both block ligand binding and thus are likely to bind to the

barely detectable, but upon SDL deletion, secretion was I-like domain. These mAbs immunoprecipitated th8DL

dramatically increased by 12-fold f@d.(Figure 2A, lanes 7
and 14) and by 25-fold fgf2 (Figure 2B, lanes 4 and 8). In
the case 0ff3 andpj4, the secretion of wild-type monomer

mutants of33 (Figure 2C, lane 7) an@4 (Figure 2D, lane
5). Folding of portions of the I-like domain of wild-typ&2
is dependent on association withsubunit @). For example,

was completely undetectable (Figure 2C, lane 6, and Figurea mAb directed to combinatorial epitopes involving residues

2D, lane 4), while theASDL mutants were produced

in the adjacenir-1' and o-7 helices (TS1/18) requires
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Ficure 2: Effect of SDL deletion on the expression of monomgrisubunits. 293T cells were transiently transfected with cDNAs coding
for wild-type or ASDL mutants of31 (A), 82 (B, E), 83 (C), andj4 (D). After metabolic labeling with3fS]cysteine and -methionine,
culture supernatants were immunoprecipitated with the indicated mABstibunits or anti-“velcro” antiserum to the C-terminal tag)(
and subjected to SDSL0% PAGE followed by fluorography. Positions of molecular weight markers are shown on the righ2XEPDL
was immunoprecipitated with anfi2 I-like domain mAb TS1/18 in the presence of 2 mM?Céane 1), 2 mM Mg" + 1 mM EGTA (lane

2), or 3 mM EDTA (lane 3).

subunit association for reactivity, whereas a mAb todhé protein was purified from culture supernatant using Ni-
helix alone (CLB LFA-1/1) does not4}. Although wild- chelate chromatography. SBRAGE of purified protein
type 52 was not well expressed, mAb CLB LFA-1/1 and showed single bands of 86 and 87 kDa under nonreducing
6.7 to the C-terminal region were as reactive as anti-velcro and reducing conditions, respectively (Figure 3A). Analytical
(Figure 2B, lanes 2 and 3) to this minimally expressed gel filtration on Superdex 200 showed a single symmetrical
material, while mAb TS1/18 to the I-like domair-1' and peak at an elution position &,, = 0.22 (Figure 3B). This
o-7 helices was unreactive (Figure 2B, lane 1). By contrast, corresponded to a Stoke’s radiugs) of 4.75 nm (Figure

the f2ASDL mutant reacted equally well with TS1/18, 6.7, 3B, inset). Analytical ultracentrifugation in a glycerol gradi-

CLB LFA-1/1, and anti-velcro (Figure 2B, lanes—B). ent gave a sedimentation coefficient of 5.08 S. Combining
Therefore, SDL deletion enables folding of the TS1/18 these numbers by the Siegdllonte approach gives a
epitope in the absence of subunit association. molecular weight of 94 000, which is close to the calculated

Binding of TS1/18 mAb toalL 32 is enhanced by Ca, molecular weight ofB1ASDL of 93 540 (78 734 for the
leading to the suggestion of a €abinding site in the I-like  protein portiond- 14 806 for 11 MagGIcNAc, sugar chains).
domain @7) as recently confirmed by the presence of &'Ca A high frictional coefficient {/fo = R/Rmin = 4.75/3.04=
bound to the ADMIDAS 8). Remarkably, maximum reac- 1.56) shows thgB1ASDL has an elongated shape.
tivity of S2ASDL with TS1/18 was only observed when’Ca The overall molecular shape @f1ASDL was further
was present, while in 2 mM Mg/l mM EGTA or 3 mM examined by electron microscopy (Figure 3C). Rotary-
EDTA binding was reduced by 67 or 64%, respectively shadowed images @#1ASDL show rods with a bend or
(Figure 2E, lanes 2 and 3). This strongly suggests that theexpansion at one end. They measure about 17 nm in length,
Cat binding at the ADMIDAS @) is intact in 52ASDL, or about 21 nm when followed along the contour around
again showing the I-like domain can assume a nativelike the bend. This shape is consistent with the high frictional
structure when the SDL is deleted. coefficient and, more importantly, corresponds very well to

Production of Soluble Monomerigl Integrin with the half of the structure of the intact551 heterodimerX7, 38.
SDL Deletion.To extend these studies, large quantities of Thus, all immunochemical, physicochemical, and morpho-
recombinant solubl@1ASDL were produced in CHO Lec logical analyses ofs1ASDL strongly suggest that it main-
3.2.8.1 cells. The extracellular domaingif with the ASDL tains structural integrity despite the lack of association with
mutation was fused to a C-terminal hexahistidine tag, and the a subunit at the head region.
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Ficure 3: Characterization of purified solubl81ASDL. (A)
Purified S1ASDL-His (0.8 ug per lane) was subjected to SBS
10% PAGE under reducing (R) or nonreducing (NR) conditions
and Coomassie Blue staining. (B) Analytical gel filtration. Purified
BLASDL-His (30ug) was analyzed on a Superdex 200 HR 10/30
column {/; = 24 mL). The Stoke’s radius was calculated from the
elution positions of standard proteins with knoRgvalues (inset).
Rs values were 8.5 nm for thyroglobulin, 6.1 nm for apoferritin,
3.55 nm for bovine serum albumin, and 1.70 nm for cytochrome
c. (C) Electron micrographs. A field of rotary-shadow#thASDL-
His (bar= 100 nm) and selected examples of the particles with
interpretive drawings of the micrographs are shown.

Effect of SDL Deletion on Heterodimer Formation and
Ligand Binding.To explore the role of the SDL in het-
erodimer formation, mutanitl was coexpressed with tlog
subunit. The extracellular domain of wild-typ& was fused
with the ACID-p1 peptide, a short acidichelix that forms
a coiled-colil in association with the BASE-p1 peptide of the
A1 subunit 24). The pairing of subunits was further stabilized
by a disulfide formed by cysteines introduced at the
beginning of eacho helix. In cotransfected 293T cells,
soluble o531 heterodimer was formed and secreted into
medium, and was readily immunoprecipitated with anti-
ACID/BASE mAb 2H11 (Figure 4A, lane 1). This het-
erodimer appears as a single band in nonreducing-SDS
PAGE because of the intersubunit disulfide in the coiled-
coil (compare reducing SDSPAGE in Figure 4B below).
Secretion ofa5 or A1 monomers was not detectable, as
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FiGUReE 4: Pairing of B1ASDL with a5 subunit. (A) Heterodimer

formation and ligand binding activity. Wild-type amdiSDL 1
extracellular domains were cotransfected with dt3eextracellular
domain as described under Experimental Procedures. Secreted
materials fron?>S-labeled cells were subjected to immunoprecipi-
tation with anti-ACID/BASE coiled-coil mAb 2H11 (IP) or mixed
with Fn;—;0-coupled Sepharose (Fn) or control Sepharose (C) in
the presence of 1 mM Mnglfollowed by elution with EDTA.
Amounts equivalent to 100L of the secreted material from each
experiment were subjected to nonreducing ST%% PAGE and
fluorography. (B) Contribution of thggl SDL segment to the
folding of thea5 3-propeller domain. 293T cells were transfected
with extracellular domains o&5 alone,a5 plus wild-typeS1, or

o5 plusB1ASDL. 35S-labeled culture supernatants were subjected
to immunoprecipitation with mAbs to the5 S-propeller domain.
Immunoprecipitates were subjected to reducing SD5% PAGE
and fluorography. Positions for the5 andf1 chains are shown
on the right.

domains of both subunits, because incompatible combinations
of a andg (i.e.,allb + 51, a5 + 4, etc.; data not shown)
did not form heterodimers even though they contained the
same disulfide-forming ACID/BASE coiled-coil. These
results show that the presence of SDL is not essential for
o5—pF1 association; however, it is indispensable for the
function of the heterodimer, becausg31ASDL did not bind

to fibronectin (Figure 4A, lane 6). This result is in agreement
with the critical involvement of the SDL segment in ligand
binding (12), and also strongly argues against the ability of
the o5 subunit to bind ligand independently g1 (39).

shown by the lack of any extra bands even when anti-velcro  Although SDL was not required for associationa®1,

antiserum was used (data not shown). Wild-tgf$1 was
recognized by all antix5 and/51 mAbs tested (Figure 4B
below and data not shown), and specifically bound to-fn

in the presence of Mii (Figure 4A, lane 3), indicating an
active, native structure. Remarkably, the SDL deletion from

A1 did not affect heterodimer formation, because a compa-

rable amount of solublen531ASDL was secreted and
immunoprecipitated by mAb 2H11 (Figure 4A, lane 4). This

it may be important for othea—/ pairs. Therefore, using
similar constructs, the ability g#1ASDL to associate with
other oo subunits was determined. Formation of folded
heterodimers was assessed by immunoprecipitation with a
panel of antiec mAbs (Figure 5A). Some of the mAbs are
mapped to thg-propeller domain (antix4 mAbs, 8F2 and
HP2/1), and some are suggested to bind togmropeller
because they are function-blocking (an8-GoH3 and anti-

dimerization was specific and dependent on the extracellularaV AMF7 and 13C2). When cells were transfected witd,



4344 Biochemistry, Vol. 41, No. 13, 2002

A

Takagi et al.

o4p1 o631 ovpBi
wit ASDL wit ASDL wt ASDL
3 3 o o
— o o by Y 9_) (3] - '(g [s] M~ ey 3 B: o~ ‘v_
838838 8g5838 3835853
Ty B —— o e o & kDa
o/ == == o= o o o= - - —182
) - - —115
Oy J-..‘. - - —n_"' - —84
- - —62
B olLp2 ovp3 06p4
wt ASDL wit ASDL wt ASDL
Z, .5 2 3
< ) o w0 o o 2o o 2w o
q o o I U . | P A
288288 £8:z:8:z 8335833
e L T L E T & & __ B
- - S e . — — —182
- = - - - 115
T T - -84
- = - - - 62"

Ficure 5: Effect of SDL deletion on heterodimer formation. The extracellular domains of wild-typA8mi versions of31 (A) or other
B subunits (B) were cotransfected with the indicategubunit extracellular domains as described under Experimental Procedures. Culture
supernatants frorfPS-labeled transfectants were subjected to immunoprecipitationondtibunit mAbs, nonreducing SBS.5% PAGE,

and fluorography. Because of the intersubunit disulfide linkage introduced at the C-terminal coiled-coil peptide, intact heterodimers appeared

as a single band of 200 kDa. In the case af431, partial proteolytic processing of thet subunit at Arg55854) resulted in a mixture
of uncleaved, full-lengttw451 (o /3, ~250 kDa), the C-terminal-70 kDa fragment ofx4 disulfide linked tof1 (ac/f, ~180 kDa), and

the N-terminal fragment ofi4 (o, 80 kDa).

a6, oroV subunit alone, no immunoreactive materials were a664 were produced and secreted upon cotransfection with
secreted into medium, even with anti-velcro antiserum (datathe correspondingr and  subunits. Deletion of SDL

not shown). Therefore, thesesubunits cannot be secreted
from cells in the absence of approprigtsubunit even as a
misfolded protein. Cotransfection of wild-tygd. with o4,
a6, or aV subunits resulted in the secretion of disulfide-
linked o8 heterodimers that could be immunoprecipitated
by a panel of antx subunit mAbs (Figure 5A). As in the
case ofa541, noa or f monomer production was detected
with anti-velcro (data not shown), indicating 100% efficiency
in heterodimer formation. In contrast, when teSDL

impaired formation of thexL 52 heterodimer, as judged by
the lack of immunoprecipitation by three mAbs directed
against thgg-propeller domain oéiL (Figure 5B, left panel)
and by anti-velcro antiserum (data not shown). In contrast,
oV and a6 subunits could associate wifSDL mutants of
the 53 andf4 subunits, respectively, and were recognized
well by anti-a6 and antieV mAbs (Figure 5B, center and
right panels). This is in remarkable contrast with the inability
of thesea. subunits to associate with theSDL mutant of

version of1 was used, heterodimer formation was observed the 51 chain.

with a4, but not witha6 oraV (Figure 5A). Thus, the SDL
segment ingl is critical for oV—p1 as well aso6—p1
interaction, but other region(s) fiil can support association
with o4 andab.

The differential involvement of SDL im—/ association
was further demonstrated with other combinationstefs
pairs (Figure 5B). Soluble heterodimersodf32, aV 3, and

Effect of SDL on the Folding of thee Subunits-Propeller
Domain.Among five differento. subunits tested in this study,
four (04, a6, aV, al) could not be expressed and secreted
when singly transfected into cells, as judged by the lack of
immunoprecipitation using polyclonal antibody against the
C-terminal tag (anti-velcro, data not shown). Although
was expressed in the absence @fsubunit, this solublel5
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chemical and immunological properties of the mutaSDL
S subunits suggest their native overall structure. The greatly
improved expression upon deletion of the SDL segment was
observed with all four differenf chains tested, suggesting
that this is a general feature of integginsubunits.

Folding to a native conformation of th@SDL mutants
? : reported here was assessed by reactivity with mAb to
front right different 8 subunit domains. Particularly important was the

Ficure 6: Location of the epitopes for function-blocking mAbs successful recognition ohSDL mutants by mAbs against
The structure of the ligand binding head regionuff3 integrin the I-like domain, which is known to be difficult to fold in

(13v2) @) composed of th@ subunit I-like domain (pink) and the  the absence of the subunit. Recognition by multiple mAbs
o subunit’sf-propeller domain (cyan) is shown in a space-filing  to the I-like domain off1 and2 strongly suggests the native
model. The SDL of33 (Pro166-Phe188) is shown in yellow. The  structure of31- andB2ASDL mutants. The Cd-sensitivity

mAb 16, JBS5, and P1D6 epitopes are colored green, red, and blue PR
respectively. These residues are Lys119, Glul2l, lle147, and .Df TS1/18 binding tg2ASDL suggests that the ADMIDAS

Asp148 corresponding to mAb 16 epitope residues Glu126, Leul28, IS intaCt'_ and proyid_es further support for the !’lative fo_lding
Ser156, and Trp157 in5; Lys82 corresponding to JBS5 epitope  Of the I-like domain in32ASDL. Moreover, physicochemical
residue Ser85 im5; and Lys203 corresponding to P1D6 epitope characterization of purifie1ASDL protein revealed that

residue Leu212 i5. The figure was prepared with SwissPdb- it exists as a homogeneous monomer with an extended shape
Viewer (53). similar to half of a native heterodimer; by contrast, misfolded
protein almost invariably gives rise to aggregation. Although
none of thef3 andp4 mAbs used in this study have been
precisely mapped to the I-like domain, 23CH)to 43 and
UM-A9 (47) to 4 are function-blocking, suggesting that they

_(F|gur_e 4B, lanes 5). This is consistent with dgta b2 recognize the I-like domain. The only mAb we tested that
integrins that thg-propeller domain of thet subunit cannot failed to react with aASDL mutant, 7E3 tg83, maps to a

fold correctly on its own %). Folding of thep-propeller se ; -
. . . ) gment in the SDL itseli4@).
domain was achieved when complexed with wild-tyje Despite the partial folding of thg-propeller domain in

as shown by the reactivity of 16, P1D6, and JBS5 mAbs to the a581ASDL heterodimer, as judged by the recognition

thigf’ﬂ'f].mﬁe”er ‘forg.a‘t'." (figur.e 48, '.f‘r:!efh’g- Al threle by mAbs P1D6 and JBSS5, it did not bind fibronectin. Thus,
MADS, which map to distinct regions within toéb f3-propel- the o5 chain is insufficient for binding of fibronectin, even

ler domain (Figure 6)41), are function-blocking antibodies, when its folding is largelv supported association. In
suggesting that they bind near the ligand binding pocket. contrast, anoth?ar grou?:) h)gs rggorte I gg&rr agment encém-
When a5 was complexed witif1ASDL, thg heterodimer assing only a portion of the predict@epropeller domain
expressed epitopes for P1D6 and_JBSS (Figure 4B, lanes 1 hat bound to fibronectin39). No mAb reactivities were
and 14). The P1D6 and JBSS epitopes were expressed to fested. Since the ligand binding assays are similar in

lower e'xtent ina5 + BIASDL than inaS + 51, but were methodology and hence in sensitivity, we are unable to
absent ir5 alone. These results demonstrate that assomatlonexIolain this discrepancy. However, we note that fHero-
with S1ASDL is sufficient for at least partial folding of the peller fragment studied by Baneres et al. lacks the region
o5 p-propeller domain. However, mAb 16 did not react with from blades 3 which has been found .by others to be
o581ASDL at all (Figure 4B, lane 12). This strongly suggests important in ligand binding by integria. subunits 40, 49

that the SDL off31 either constitutes a part of the epitope 50) T
for mAb 16 or sits very close to it and maintains its local X

structure.

was recognized by mAb 11 directed against the C-terminal
stalk region ofa5 (40) and by anti-velcro, but not by mAbs
16, P1D6, and JBS5 directed to tifiepropeller domain

During the preparation of this paper, a crystal structure of
the integrinolV 3 extracellular domain was reporteg).(In
DISCUSSION the 3.1A resolution.structure, tbﬂasubun!t's I-like domain

sits atop thex subunit’sg-propeller domain, offset from the

The f integrin-like protein Pactolus gave us a hint to center of the propeller, mainly above blades53 The
designg integrin subunits capable of folding in the absence structure is remarkably consistent with what we found using
of an a subunit. Mutant3 subunits with a deletion of the  SDL mutants. Lys159 and Gly189 are very close to one
24—29 amino acid segment corresponding to the specificity- another with a @ atom distance of 4.85 A (Figure 1B),
determining loop that is missing in Pactolus were produced enabling their connection after deletion of residues-160
using a mammalian expression system. This enabled phys-188 with very minor main chain readjustment. In contrast,
icochemical characterization of an integArsubunit mono- the first deletion we tested, residues $@B9, leaves residues
mer for the first time. Several groups have reported expres- 160 and 190 9.36 A apart, which would require major main
sion of 3 subunit extracellular fragments containing the I-like chain readjustment, and was not expressed (data not shown).
domain in the absence of associatimgsubunits 42—45). The SDL residues comprise a bulge on the surface of the
However, the amounts secreted have been modest, none of-like domain (Figure 6), consistent with our finding that it
the mAbs used for detection were specific for the I-like is not essential for folding of thg subunit.
domain, and protein was not shown to be a single, mono- Our data on the function of SDL im3 subunit association
meric species by physicochemical techniques or electronand ligand binding allow interpretation of the structure of
microscopy as described here. Deletion of the SDL segmentthe interface between th#propeller domain and the I-like
of the I-like domain greatly improved (at least 1200%) domain in thexV33 crystal structure. This interface is large,
expression of th@ chain monomer, and all of the physico- with a burial of more than 1600 Pof solvent-accessible



4346 Biochemistry, Vol. 41, No. 13, 2002 Takagi et al.

surface on each subunit. The SDLAS buries 290 Rin its the a—p interface, and the implication that SDL conforma-
interface with the5-propeller domain o&V. However, this tion is dependent on the associatimgubunit adds further
interface is not particularly hydrophobic, and the surface complexity to the joint contribution of the integrin andj
complementality is low. By contrag$3 segment in insertion  subunits in ligand recognition.

2 (residues 256268) snugly nests in the dimple of tlog/

ﬂ-propeller,ﬁ\making a mainly hydrophobic interface that ACKNOWLEDGMENT
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