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the Integrin b2 Subunit Reveals Regions that Become Exposed
Upon Receptor Activation1
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The cysteine-rich repeats in the stalk region of integrinb subunits appear to convey signals impinging on the cytoplasmic domains to
the ligand-binding headpiece of integrins. We have examined the functional properties of mAbs to the stalk region and mapped their
epitopes, providing a structure-function map. Among a panel of 14 mAbs to theb2 subunit, one, KIM127, preferentially bound to aLb2

that was activated by mutations in the cytoplasmic domains, and by Mn21. KIM127 also bound preferentially to the free b2 subunit
compared with restingaLb2. Activating b2 mutations also greatly enhanced binding of KIM127 to integrinsaMb2 and aXb2. Thus, the
KIM127 epitope is shielded by thea subunit, and becomes reexposed upon receptor activation. Three other mAbs, CBR LFA-1/2,
MEM48, and KIM185, activated aLb2 and bound equally well to resting and activatedaLb2, differentially recognized restingaMb2 and
aXb2, and bound fully to activated aMb2 and aXb2. The KIM127 epitope localizes within cysteine-rich repeat 2, to residues 504, 506,
and 508. By contrast, the two activating mAbs CBR LFA-1/2 and MEM48 bind to overlapping epitopes involving residues 534, 536, 541,
543, and 546 in cysteine-rich repeat 3, and the activating mAb KIM185 maps near the end of cysteine-rich repeat 4. The nonactivating
mAbs, 6.7 and CBR LFA-1/7, map more N-terminal, to subregions 344–432 and 432–487, respectively. We thus define five differentb2

stalk subregions, mAb binding to which correlates with effect on activation, and define regions in an interface that becomes exposed upon
integrin activation. The Journal of Immunology,2001, 166: 5629–5637.

L ymphocyte function-associated Ag-1 (LFA-1,aLb2,
CD11a/CD18) is one of four integrins that are restricted
in expression to leukocytes and have differenta subunits

associated with a common integrinb2 subunit inab heterodimers
(1–3). LFA-1 is expressed on all leukocytes, and is important in
essentially all cell-cell interactions by immune cells, including Ag-
specific interactions and binding of leukocytes in the circulation to
the endothelium. The counterreceptors for LFA-1 are ICAMs that
are members of the Ig superfamily. Other leukocyte integrins in-
cludeaMb2 andaXb2, which are primarily expressed on myeloid
lineage cells and bind ligands including ICAM-1, the complement
component iC3b, and fibrinogen. In common with many other in-
tegrins, the leukocyte orb2 integrins must be activated before they
bind ligands, through a process termed inside-out signaling. For
example, Ag recognition by receptors linked to tyrosine kinases, or
recognition of chemoattractants by G protein-coupled receptors,
activates intracellular signaling pathways that in turn activate ad-
hesiveness through LFA-1 on a timescale of less than 1 s. In this
way, LFA-1 acts as an adhesion servomotor under the control of
other cell surface receptors, enabling dynamic modulation of cel-
lular adhesion and migration.

A key question of current integrin research is how inside-out
signals are transduced from the cytoplasm to the ligand-binding

domains, despite the presence of longa andb subunit stalk regions
that intervene between the transmembrane domains and the ligand-
binding headpiece. Electron microscopy of integrins reveals an
overall structure with a globular headpiece connected to the
plasma membrane by two long stalks each;16 nm long (4). The
headpiece binds ligand and contains domains from the N-terminal
portions of both thea andb subunits. The N-terminal region of the
integrina subunits contains seven repeats of;60 aa each, and has
been predicted to fold into a seven-bladedb-propeller domain (5)
containing Ca21-bindingb-hairpin loop motifs (6). About one-half
of the integrina subunits, including theaL, aM, andaX subunits,
contain a domain of;200 aa that is inserted betweenb-sheets 2
and 3 of theb-propeller domain, and is termed the inserted (I)
domain. The I domain has a structure similar to small G proteins,
with a metal ion-dependent adhesion site (MIDAS)4 at the top of
the domain in which ligand is bound (7, 8). A conformational
change at the MIDAS that regulates ligand binding is linked struc-
turally to a large movement of the C-terminala-helix, which con-
nects the bottom of the I domain to theb-propeller domain (8–12).
Integrin b subunits contain an evolutionarily well-conserved do-
main of ;250 residues in their N-terminal portion that has been
predicted to have an I domain-like fold, and a MIDAS-like site (7,
13–16). Thisb subunit I-like domain associates with the side of the
a subunitb-propeller domain atb-sheets 2 and 3 (17, 18), and is
thus near to thea subunit I domain that links tob-sheets 2 and 3
at the top of theb-propeller domain.

The stalk regions provide the crucial link between signals im-
pinging on thea and b subunit transmembrane and cytoplasmic
domains and the conformational changes that occur in the ligand-
binding headpiece. In thea subunit, the stalk region appears to
consist of the region C-terminal to the predictedb-propeller do-
main, and contains;500 residues. Four subregions of theaM stalk
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region have been defined with mAb epitopes, three of which react
with mAb whether or not theb subunit is coexpressed. Thea stalk
region is predicted to consist of domains with a two-layerb-sand-
wich structure (19). In theb subunit, the stalk region appears to
consist of regions that precede and follow the I-like domain; i.e.,
residues 1–103 and 342–678 inb2. These regions include seg-
ments that are cysteine rich, and are linked by a long-range disul-
fide bond defined inb3 that is predicted to link Cys3 and Cys425 in
b2 (20). The N-terminal cysteine-rich region of about residues 1–50
shares sequence homology with membrane proteins including plexins,
semaphorins, and the c-met receptor (21). This region has two pre-
dicted a-helices, and has been termed the PSI domain for plexins,
semaphorins, and integrins. The region from residues 425 to 590 has
a high cysteine content (20%), and is composed of four repeats. The
first repeat is less similar to the others, and at its N-terminal end
contains the cysteine that disulfide bonds to the PSI domain.

Theb subunit stalk region appears to be important for regulating
ligand binding in the headpiece. Several Abs that activate integrins
or bind to activated forms of integrins have been mapped to these
regions. The mAb LIBS2, which increases the affinity of the plate-
let integrinaIIbb3 for fibrinogen, maps to an 89-aa region next to
the transmembrane region (22). The mAb TASC promotes cell
adhesion to laminin, and binds to the region from residues 493 to
602 in the chickenb1 subunit (23). Anotherb1 integrin-activating
mAb, QE.2E5, binds to theb1 cysteine-rich repeats (24). mAb
9EG7 recognizes ab1 subunit epitope between residues 495 and
602 that becomes exposed after activation ofb1 integrins, and
activates ligand binding by multipleb1 integrins (25). Similarly,
mAb AG89, which maps to residues 426–587 in theb1 subunit,
recognizes an epitope that becomes exposed after activation ofb1

integrins (26). Four activating mAbs to theb2 subunit, KIM127,
KIM185, CBR LFA-1/2, and MEM48 (27–30), bind to theb2 cys-
teine-rich region (18, 31). Thus, structural changes in the stalk
region that include exposing Ab epitopes on the integrinb subunit
are associated with integrin activation. However, the location of
theseb subunit epitopes has not been narrowed to specific cys-
teine-rich repeats, e.g., residues 406–570 to which KIM127 maps
include repeats 1, 2, 3, and 4 (31). In many cases, the epitopes have
been mapped not to the cysteine-rich repeats themselves, but to
regions that include the cysteine-rich repeats and adjacent N-ter-
minal or C-terminal segments.

In this study, we define specific amino acid residues and do-
mains in the integrinb2 stalk region that are exposed during ac-
tivation, and to which activating Abs bind. We demonstrate that
mAb KIM127 preferentially reacts with activatedb2 integrins and
the freeb2 subunit compared with restingb2 integrins. We also
demonstrate differences between restingaLb2, aMb2, andaXb2 in
the exposure of the CBR LFA-1/2, KIM185, and MEM48 epitopes
on the b2 stalk. We map the epitopes of these four activating
mAbs, and the epitopes of two mAbs that are not activating.
KIM127 recognizes residues 504, 506, and 508 in cysteine-rich
repeat 2, two activating mAbs recognize three to five residues in
cysteine-rich repeat 3, and another activating mAb binds near the
end of cysteine-rich repeat 4. By contrast, two nonactivating mAbs
bind to subregions between the I-like domain and the region to
which activating mAbs bind. We thus provide a structure-function
map for theb2 stalk region, and identify residues in interfaces that
become exposed upon integrin activation.

Materials and Methods
Monoclonal Abs

The murine mAbs TS1/18, CBR LFA-1/7, and CBR LFA-1/2 to humanb2

(CD18) were described previously (30, 32). The mAbs KIM127 (27) and
KIM185 (28) were kindly provided by M. Robinson (Celltech, Berkshire,

U.K.). MEM48 (33) was generously provided by V. Horejsi (Institute of
Molecular Genetics, Prague, Czechoslovakia). YFC51 and YFC118 (34)
were kindly donated by G. Hale (University of Oxford, Oxford, U.K.). The
mAbs 6.7 (35), GRF1 (36), CLB54 (37), and CLBLFA-1/1 (38) were ob-
tained from the Fifth International Leukocyte Workshop. The murine
mAbs TS1/22 and TS2/4 to humanaL, and the myeloma IgG1 X63 were
described previously (32).

Cell lines

Human embryonic kidney 293T cells were cultured in DMEM supple-
mented with 10% FBS, 2 mM glutamine, and 50mg/ml gentamicin. JY
cells (human B lymphoblastoid cell line) were cultured in RPMI 1640/10%
FBS, 50 mg/ml gentamicin. Jurkat-b2.7 (Jb2.7) transfectants and K562
transfectants that express wild-type or mutant LFA-1 were described pre-
viously (39), and cultured in RPMI 1640/10% FBS supplemented with 4
mg/ml puromycin.

Construction ofb2 mutants

The wild-type human and mouseb2 subunit cDNAs were contained in the
expression vector AprM8, a derivative of CDM8 (40). Chimeric human
and mouseb2 subunits were generated by overlap extension PCR (41, 42).
For making chimeras with mouse sequence at the N-terminal portion and
human sequence at the C-terminal portion, outer left and outer right prim-
ers for overlap PCR were used that were designated mEcoRV and hNOTI,
respectively. mEcoRV was 59 to theEcoRV site at nucleotide 310 in the
mouseb2 cDNA, and hNOT I was 39 to the stop codon of the humanb2

cDNA, and contained a stop codon, aNheI recognition sequence, and a
NotI site. The inner primers designed for each individual chimera contained
overlapping sequences. The first PCRs used the mouse and humanb2

cDNA to amplify the mouse and human sequences, respectively. The sec-
ond PCR product was digested withEcoRV and NotI, and the 2.1-kb
EcoRV-NotI fragment was swapped into the same sites in the wild-type mouse
b2 cDNA. The uniqueNheI site was used for mutant identification. A similar
approach was used to make chimeras with the N-terminal portion of human
sequence and C-terminal mouse sequence. Briefly, the outer left PCR primer,
hBsrG, was 59 to the BsrG I site at nucleotide 947 of the humanb2 cDNA, and
the outer right primer, mNot I, was complementary to the mouseb2 cDNA,
and contained a stop codon followed by aNheI site and aNotI site. The second
PCR product was cut with BsrG I andNotI, and the 1.4-kb BsrG I andNotI
fragment was swapped into the wild-type humanb2 cDNA at the same sites.
Overlap extension PCR was also used to make human to mouse amino acid
substitution mutants. The outer left and right PCR primers were hBsrG and
hNOT I, respectively. The inner PCR primers were designed to contain the
desired mutations. The second PCR product was cut with BsrG I andNotI, and
swapped into the wild-type humanb2 cDNA at the same sites. All mutations
were confirmed by DNA sequencing.

Transient transfection of 293T cells

The 293T cells were transfected using the calcium phosphate precipitate
method (43, 44). Briefly, 7.5mg wild-type or mutantb2 cDNA and 7.5mg aL

cDNA were used to cotransfect one 6-cm plate of 70–80% confluent cells.
Two days after transfection, cells were detached from the plate with HBSS
containing 5 mM EDTA and washed twice for flow cytometric analysis.

Flow cytometry

Cells were harvested and washed twice with L15 medium (Sigma, St.
Louis, MO) containing 2.5% FBS (L15/FBS). Cells (105) were incubated
with primary Ab in 100ml L15/FBS on ice for 30 min, except for KIM127.
Incubation with mAb KIM127 was conducted at 37°C for 30 min (27). The
mAbs TS1/18, CBR LFA-1/7, CBR LFA-1/2, KIM127, KIM185, MEM48,
YFC51, YFC118, TS1/22, and TS2/4 were used as purified IgG at 15
mg/ml, and the International Leukocyte Workshops mAbs 6.7, GRF,
CLBLFA-1/1, and CLB54 were used at 1/100 dilution. The control IgG
X63 was used as 1/5 dilution of hybridoma supernatant. Cells were then
washed twice with L15/FBS and incubated with FITC-conjugated goat
anti-mouse IgG (heavy and light chain; Zymed Laboratories, San Fran-
cisco, CA) for 30 min on ice. After washing, cells were resuspended in cold
PBS and analyzed on a FACScan (BD Biosciences, San Jose, CA).

Cell adhesion

Cell adhesion to purified ICAM-1 was described previously (39). Briefly,
cells were labeled with 29,79-bis-(carboxyethyl)-5 (and -6)-carboxyfluores-
cein, acetoxymethyl ester, and resuspended to 106/ml in L15/FBS. Cell
suspensions (50ml) were mixed in ICAM-1-coated wells with an equal
volume of L15/FBS containing activating or control mAb. After incubation
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at 37°C for 30 min, unbound cells were washed off on a Microplate Au-
towasher (Biotek Instruments, Winooski, VT). The fluorescence content of
total input cells and the bound cells in each well was quantitated on a
Fluorescent Concentration Analyzer (Idexx, Westbrook, ME). The bound
cells were expressed as a percentage of total input cells.

Results
The mAb KIM127 preferentially binds to constitutively active
LFA-1 mutants and the unassociatedb2 subunit

The mAbs were tested for differential reactivity with mutationally
activated and wild-type LFA-1.aL subunit mutations with a com-
plete truncation of the cytoplasmic domain,aL1090*, and an in-
ternal deletion of the conserved GFFKR motif in the cytoplasmic
domain,aLDGFFKR, activated binding to ICAM-1 ofaLb2 het-
erodimers expressed in several cell types, including K562 cells and
Jb2.7 cells (39). These mutants also express the activation-depen-
dent m24 epitope (45). Of a panel of 14 mAbs to theb2 subunit,
one mAb, KIM127, stained transfectants expressing wild-type
aLb2 much more weakly than the other mAbs (Fig. 1). By contrast,
KIM127 bound almost as well to the constitutively activeaLb2

mutants as the other mAbs (Fig. 1). KIM127 mAb bound 7.5- and
5.3-fold better toaL1090* b2 andaLDGFFKR b2 complexes, re-
spectively, than to wild-typeaLb2 (Table I). By contrast, the other
13 mAbs tob2 bound equally well to wild-typeaLb2 and the
constitutively active mutants (Table I and Fig. 1). These included
five other mAbs to the C-terminal region ofb2, mAbs 6.7,
MEM48, CBR LFA-1/7, CBR LFA-1/2, and KIM185.

aLb2 can also be activated by truncation of theb2 cytoplasmic
domain, i.e., by mutationb2702* (46) (our unpublished data). Al-
though KIM127 bound less well than other mAbs to 293T trans-
fectants expressing wild-typeaLb2, it bound toaLb2 containing
theb2702* mutation as well as other mAbs (Table II). In all cells
examined that constitutively expressed LFA-1, including JY lym-
phocytes (see below), KIM127 mAb bound markedly less well
than other Abs toaLb2. Furthermore, in all transfectants exam-
ined, including Jb2.7 cells and K562 cells (see below), KIM127
bound less well than other Abs to wild-typeaLb2, and bound

markedly better toaLb2 containing activating mutations in theaL

or b2 cytoplasmic domains. These results demonstrate that the
KIM127 epitope is more exposed in mutationally activatedaLb2

than in the resting, wild-typeaLb2 molecule.
The b2 subunit can be expressed in the absence of integrina

subunits in transfected cells, although with less efficiency than as
anab complex (47). Therefore, we examined binding of KIM127
mAb to the b2 subunit expressed alone on the surface of 293T
transfectants. KIM127 bound tob2 expressed in isolation fromaL

as well as the other mAbs to theb2 C-terminal region, 6.7,
MEM48, CBR LFA-1/7, CBR LFA-1/2, and KIM185 (Table II).
Thus, in resting, wild-typeaLb2, the KIM127 epitope is shielded
by theaL subunit.

Induction of KIM127 epitope exposure by Mn21 and PMA

Mg21 in the absence of Ca21, and Mn21 have previously been
reported to activate adhesiveness of LFA-1 (45, 48). Mn21 greatly

FIGURE 1. The mAb KIM127 preferentially binds to the constitutively
active aLb2 mutant aL1090*. Jb2.7 transfectants that express wild-type
aLb2 or theaLb2 mutantaL1090* were stained with the control myeloma
X63 or the indicated mAb to theb2 subunit, then with FITC-conjugated
anti-IgG, and subjected to immunofluorescent flow cytometry.

Table I. Reactivity of Abs with the constitutively activeaLb2 mutants
aL1090* andaLDGFFKRa

mAb

Binding (% of wild type)

aL1090* aLDGFFKR

b2 I-like domain
GRF1 986 5 816 0
YFC51 956 4 966 2
YFC118.3 966 3 936 2
TS1/18 1036 5 886 8
CLB54 1066 7 1046 6
CLBLFA1/1 1206 13 1076 7
6.5E 996 3 946 2
May.017 1066 7 946 2

b2 C-terminal region
6.7 1076 4 1056 0
CBR LFA-1/7 946 7 996 3
KIM127 7456 56 5266 5
CBR LFA-1/2 1056 6 1096 7
MEM48 1076 11 1086 1
KIM185 1146 5 1176 3

a Reactivity of Abs with stable Jb2.7 transfectants that express wild-type or mu-
tant aLb2 was determined by flow cytometry. Mean fluorescence of each Ab after
subtraction of background binding was normalized to the mean fluorescence of mAb
TS2/4. The mAb TS2/4 recognizes theaL subunit in aLb2 complex. Because of
differences between transfectants in level of expression, the mean fluorescence of
TS2/4 mAb after subtraction of background was 976 11, 726 5 and 1376 14 for
wild type, aL1090*, andaLDGFFKR, respectively. Data shown are mean6 SD of
three independent experiments.

Table II. Reactivity of Abs withaLb2, aLb2 activated with theb2702*
mutation, or theb2 subunit expressed alone in 293T cellsa

mAb

Binding (% of CBR LFA-1/7)

aL 1 b2 aL 1 b2702* b2 alone

aL subunit
TS1/22 1156 3 996 1 06 0

b2 C-terminal region
6.7 1066 5 916 1 1096 12
KIM127 146 4 1016 8 1076 2
CBR LFA-1/2 906 4 856 3 916 3
MEM48 906 4 866 5 926 0
KIM185 856 7 816 3 916 5

a The 293T cells were transiently transfected with wild-typeaL andb2, wild-type
aL and b2702*, or b2 alone. Reactivity of Abs with the 293T transfectants was
determined by immunofluorescence flow cytometry. Mean fluorescence of each Ab
after subtraction of background binding was normalized to the mean fluorescence of
mAb CBR LFA-1/7. The mAb CBR LFA-1/7 maps to theb2 C-terminal region and
bindsaLb2, aLb2702*, andb2 alone equally well. Data are presented as the mean6
difference from the mean of two independent experiments.
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increased KIM127 binding to wild-type LFA-1 expressed on the
surface of K562 transfectants, whereas binding of otherb2 mAbs
was not affected (Fig. 2). KIM127 binding was increased 8.3-fold
in the presence of Mn21. Mg21 in the absence of Ca21 also in-
creased KIM127 binding, but to a lesser degree than Mn21 (data
not shown). Similar results were obtained with JY cells (data not
shown). Therefore, activation of LFA-1 ligand binding by Mn21,
and Mg21 in the absence of Ca21, correlates with increased ex-
pression of the KIM127 epitope.

Increased binding of LFA-1 to its ligand ICAM-1 can be in-
duced by treatment of LFA-1-expressing cells with PMA (49, 50),
although this may be a result of increased clustering on the cell
surface rather than of a change in affinity for ICAM-1 (51). PMA
treatment of JY cells increased KIM127 binding by;2-fold,
whereas binding of other mAbs was unchanged (Fig. 3). Although
this increase was consistently less than that seen with Mn21, it was
significant and reproducible.

KIM127 activates ligand binding by LFA-1 to a level similar to
three other activating mAbs

The mAbs KIM127, KIM185, CBR LFA-1/2, and MEM48 have
all previously been reported to increaseaLb2-mediated cell adhe-
sion and cell aggregation (27–30), but have not been compared
with one another. We compared these mAbs for their ability to
activate LFA-1-dependent binding to ICAM-1. K562 transfectants
expressing wild-typeaLb2 did not bind to ICAM-1 in the presence
of the nonbinding control IgG X63 or mAbs 6.7 or CBR LFA-1/7
to the C-terminal region ofb2 (Fig. 4). By contrast, KIM127, CBR
LFA-1/2, MEM48, and KIM185 greatly increased binding of cells
to ICAM-1. Furthermore, the four mAbs activatedaLb2 binding to
ICAM-1 to a similar level (Fig. 4). The four mAbs also activated
aLb2 binding to ICAM-1 to a similar level in Jb2.7 transfectants
(data not shown).

KIM127 reacts weakly with restingaLb2, aMb2, and aXb2,
whereas three other activatingb2 mAbs bind differentially to
these integrins

We compared the reactivity of KIM127 and the three otherb2-
activating mAbs foraLb2, aMb2, andaXb2 (Table III). KIM127
reacted weakly with restingaLb2, aMb2, and aXb2, compared
with mAb CBR LFA-1/7. By contrast, the activatingb2702* trun-
cation induced KIM127 reactivity to the same level as mAb CBR
LFA-1/7 for all threeab complexes (Table III). The mAbs CBR
LFA-1/2, MEM48, and KIM185 reacted with the three restingab
complexes differentially. As described above, all three mAbs
bound toaLb2 as well as CBR LFA-1/7. However, CBR LFA-1/2
showed markedly reduced binding toaMb2 andaXb2 (Table III).
MEM48 showed weak binding toaXb2 and moderate binding to
aMb2, whereas KIM185 bound toaMb2 weakly. By contrast, bind-
ing of CBR LFA-1/2, MEM48, and KIM185 toaLb2702*,
aMb2702*, andaXb2702* was comparable with mAb CBR LFA-
1/7. The results demonstrate that the KIM127 epitope is shielded
in all threeb2 integrins in the resting state, and that epitopes of
CBR LFA-1/2, MEM48, and KIM185 are differentially exposed in
restingaLb2, aMb2, andaXb2. Differences in shielding may re-
flect differences in the structures of theaL, aM, andaX subunits.

Epitope mapping of mAb KIM127 and five other mAbs to the
C-terminal region of theb2 subunit

To understand the molecular basis ofaLb2 activation, we mapped
the epitopes of KIM127, MEM48, CBR LFA-1/2, and KIM185.
For comparison, we also mapped two nonactivating mAbs, 6.7 and
CBR LFA-1/7. These mAbs had previously been shown to bind
within a segment in theb2 subunit lying between the I-like domain
and the transmembrane domain (15, 16, 31). A series of human and
mouse chimericb2 subunits were constructed. In theseb2 chime-
ras, a segment of the human sequence in the region from residues

FIGURE 2. Mn21 increases mAb KIM127 binding. K562 cells transfected withaLb2 were harvested and washed twice with 20 mM Tris (pH 7.5), 150
mM NaCl (TBS) containing 5 mM EDTA. After two washes with TBS without EDTA, cells were resuspended in TBS supplemented with 1 mM each of
Mg21 and Ca21, or with 1 mM Mn21, and incubated with myeloma X63 IgG or the indicatedb2 mAbs. Cells were incubated with FITC-conjugated
anti-IgG and subjected to immunofluorescent flow cytometry. Mean fluorescence intensity of mAb staining after subtraction of the mean fluorescence
intensity of X63 staining is shown in theright corner of each histogram, except that the fluorescence intensity of X63 is shown before subtraction.

FIGURE 3. Effect of PMA on mAb KIM127 bind-
ing. JY cells were incubated with the indicated Abs in
the absence (control) or presence of 100 ng/ml PMA
for 30 min at 37°C. After two washes, cells were
stained with FITC-conjugated anti-IgG and subjected
to immunofluorescent flow cytometry. X63, control
myeloma IgG; TS2/4, mAb toaL in complex withb2.
Mean fluorescence intensity of mAb staining after
subtraction of the mean fluorescence intensity of X63
staining is shown in theright corner of each histo-
gram, except that the fluorescence intensity of X63 is
shown before subtraction.
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344–621 was progressively replaced by the corresponding mouse
sequence (Fig. 5). Reciprocal exchanges were also made in which
mouse sequence was progressively replaced with human sequence.
The chimericb2 subunits were coexpressed with the humanaL

subunit in 293T cells, and mAb reactivity with theaLb2 complex
was determined by immunofluorescence flow cytometry. Allb2

chimeras were expressed on the cell surface at levels comparable
with that of humanb2. The overall results are summarized in Table
IV, and raw immunofluorescence flow cytometry data are shown
for the mutants that were key for mapping KIM127 (Fig. 6). Al-
though KIM127 bound less well toaLb2 in 293T transfectants than
other mAbs, such as the positive control mAb TS1/18 tob2, the
reactivity of KIM127 was far above background, allowing muta-
tions that abolished its binding to be easily identified (Fig. 6). The
epitopes of the six mAbs localized to five different subregions,
residues 344–432 (mAb 6.7), residues 432–487 (mAb CBR LFA-
1/7), residues 487–538 (mAbs KIM127 and CBR LFA-1/2), resi-
dues 487–581 (mAb MEM48), and residues 581–621 (mAb
KIM185) (Table IV).

Individual mouse-human amino acid substitutions were made in
the region from residues 478–581 to define the epitopes of mAbs
KIM127, CBR LFA-1/2, and MEM48. This region contains 23 aa
that differ between the human and mouseb2 sequences (Fig. 7).
First, this region was divided into 10 subregions that contained
either one amino acid substitution, or two or three nearby amino
acid substitutions. These 10 mutants were tested for effect on Ab

binding. Subsequently, single amino acid substitutions were made
within any region containing two or three substitutions that was
found to affect mAb binding.

Results from the two rounds of mutagenesis are summarized in
Table V. mAb KIM127 binding localized to residues 504, 506, and
508. The mutation G504N/L506E/Y508F completely abolished
binding, while substitutions in the other subregions had no effect.
The three individual amino acid substitutions G504N, L506E, and
Y508F each partially reduced binding of mAb KIM127, with
G504N (Gly3Asn) having the largest effect.

Binding of mAb MEM48 was completely eliminated by the sub-
stitutions L534S/F536N and R541S/H543K/F536Y, and unaf-
fected by substitutions in other subregions. The single substitutions
L534S and F536N both reduced MEM48 binding to 25% of wild
type. Substitution H543K completely abolished MEM48 binding,
whereas substitutions R541S and F536Y had no effect. Thus,
MEM48 binding requires residues Leu534, Phe536, and His543.

The mAb CBR LFA-1/2 mapped to a set of residues overlapping
with the MEM48 epitope. Binding of mAb CBR LFA-1/2 was
abolished by mutation L534S/F536N and reduced to 40% of wild
type by mutation R541S/H543K/F546Y. The single substitution
F536N reduced CBR LFA-1/2 binding to 40% of wild type,
whereas the single substitution L534S had no effect. Although the

FIGURE 4. The mAbs KIM127, CBR LFA-1/2, MEM48, and KIM185
activate binding ofaLb2-expressing K562 cells to ICAM-1. ICAM-1 was
coated at 250 ng/well overnight at 4°C. Binding of K562 transfectants that
express wild-typeaLb2 to immobilized ICAM-1 was performed in the
presence of the control myeloma IgG X63 or the indicated mAb to theb2

subunit at 10mg/ml. Results are mean6 SD of triplicate samples and are
representative of two independent experiments. FIGURE 5. Schematic diagram of the human-mouse chimericb2 sub-

units. Amino acid residues at the boundaries between human and mouse
sequences are indicated above the humanb2 subunit. Abbreviations used:
hb2, humanb2; mb2, mouseb2; TM, transmembrane domain.

Table III. Differential reactivity of activating anti-b2 mAb withaLb2, aMb2, and aXb2
a

Binding (% CBR LFA-1/7)

aLb2 aLb2702* aMb2 aMb2702* aXb2 aXb2702*

mAb
KIM127 146 4 1016 8 106 7 916 3 166 2 996 2
CBR LFA-1/2 906 4 856 3 186 5 876 7 76 2 806 2
MEM48 906 4 856 3 616 9 876 7 136 1 916 3
KIM185 856 7 816 3 96 7 926 10 746 0 866 2
CBRM1/5 (toaM) ND ND 20 6 1 1126 5 ND ND

a The 293T cells were transiently transfected with wild-typeaL, aM, or aX together with either wild-typeb2 or theb2 mutant
b2702*. aMb2 andaMb2702* were also stably expressed in K562 cells. Reactivity of Abs with the 293T and K562 transfectants
was determined by immunofluorescence flow cytometry. Mean fluorescence of each Ab after subtraction of background binding
was normalized to the mean fluorescence of mAb CBR LFA-1/7. The mAb CBR LFA-1/7 binds the wild-typeaLb2 and mutant
aLb2702* heterodimers equally well. CBRM1/5 binds to an activation epitope in theaM I domain (10). Data are presented as
the mean6 difference from the mean of two independent experiments with 293T transfectants foraLb2, aLb2702*, aXb2, and
aXb2702*. ForaMb2 andaMb2702*, data are presented as the mean6 SD from two experiments with K562 transfectants and
one experiment with 293T transfectants.
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L534S substitution had no effect on its own, it synergized with
F536N, because the L534S/F536N mutation had a more severe
effect on CBR LFA-1/2 binding than the F536N mutation. Al-
though the mutation R541S/H543K/F546Y reduced CBR LFA-1/2
binding, individual substitutions at residues 541, 543, and 546 had
no effect. Therefore, the CBR LFA-1/2 epitope includes residues
Phe536 and to a lesser extent Leu534, and some combination of
residues Arg541, His543, and Phe546.

Discussion
The stalk region of integrinb subunits appears to have an impor-
tant function in inside-out signaling. The stalk region conveys sig-
nals that impinge on integrin cytoplasmic domains to the ligand-
binding integrin headpiece. For the first time, we have mapped Abs

to specific amino acid residues and specific cysteine-rich repeats in
this region of integrinb subunits. Previously, certain Abs to inte-
grin b subunits have been reported to either activate ligand binding
by integrins, or to bind in a manner that is dependent on integrin
activation or binding to ligand. We have directly compared four
such Abs to the integrinb2 subunit.

The original report on mAb KIM127 showed that it bound to the
integrin b2 subunit and promoted LFA-1- and Mac-1-mediated
cell-adhesive events (27). We found that KIM127 bound weakly to
wild-type aLb2 on the surface of JY cells, and a number ofaLb2-
transfected cell lines, including Jb2.7 cells, 293T, and K562 cells.
The level of KIM127 binding to wild-typeaLb2 was only 10–15%
of that found with otherb2 mAbs. However, KIM127 binding to
the same cells transfected with constitutively activeaLb2 bearing
aL1090*, aLDGFFKR, or b2702* mutations was greatly in-
creased, to the same level as seen for typical mAb to theb2 andaL

subunits. TheseaLb2 mutants constitutively bind to ICAM-1, and
express the activation epitope defined by the m24 mAb (39 and our
unpublished data). Although increased exposure of the KIM127
epitope correlates with the expression of the m24 epitope, KIM127
differs from m24 in its ability to activateb2 integrins. Furthermore,
mAb m24 differs from the mAbs investigated in this study, be-
cause it maps to the I-like domain ofb2 (58). Binding of mAb
KIM127 to wild-type aLb2 was greatly increased in the presence
of Mn21, and to a lesser degree in the combined presence of Mg21

and absence of Ca21. PMA consistently increased KIM127 ex-
pression by a significant, but markedly lesser amount than Mn21.
The greater effect of Mn21 than PMA is consistent with induction
of the m24 epitope by Mn21, but not PMA (51); however, results
with the KIM127 epitope differ in that PMA induces a small, but
consistent increase in expression. We compared KIM127 with
three other mAbs that were previously reported to activate cell
adhesion mediated byb2 integrins (27–30). We found that mAbs
KIM185, CBR LFA-1/2, and MEM48 bound equally well to wild-
type and mutationally activatedaLb2, and activated ligand binding
by wild-typeaLb2 to a similar extent. By contrast, KIM127 bound
to a much lower extent to wild-typeaLb2, yet activated ligand
binding by wild-typeaLb2 to the same extent. It is likely that
KIM127 activates adhesion by binding to and stabilizing a com-
plex betweenaLb2 and an ICAM. It is well known that many
mAbs that appear specific for activated integrins bind to ligand-
induced binding sites or LIBS (52).

Interesting differences were noted among the four activating mAbs
in their ability to bind toaLb2, aMb2, andaXb2. For all three wild-
type integrins, there was little expression of the KIM127 epitope, and
the activating truncation of theb2 cytoplasmic domain induced full

FIGURE 6. Mapping of KIM127 with immunofluorescent flow cytom-
etry of 293T transfectants. The 293T cells were transiently cotransfected
with aL in combination with wild-typeb2 or human/mouse chimericb2, as
indicated. As a control, the cells were transfected with vector alone (mock).
The transfectants were stained with mAb TS1/18 to the I-like domain of the
b2 subunit or mAb KIM127, then with FITC-conjugated anti-IgG, and
subjected to immunofluorescent flow cytometry.

Table IV. Monoclonal Ab reactivity with chimeric human-mouseb2 subunits expressed with humanaL
a

b2 chimera 6.7 CBR LFA-1/7 KIM127 CBR LFA-1/2 MEM48 KIM185

m344h 1 1 1 1 1 1
m432h 2 1 1 1 1 1
h432m 1 2 2 2 2 2
m487h 2 2 1 1 1 1
h487m 1 1 2 2 2 2
m538h 2 2 2 2 2 1
h538m 1 1 1 1 2 2
h581m 1 1 1 1 1 2
m621h 2 2 2 2 2 2
h621m 1 1 1 1 1 1
epitope 344–432 432–487 487–538 487–538 487–581 581–621

a Human-mouse chimericb2 was expressed in 293T cells in association with humanaL. The mAb reactivity was determined
by flow cytometry of the transfected cells.1, Positive staining with mean fluorescence intensity comparable to wild-type human
b2; 2, staining was not significantly different from mock-transfected 293T cells stained with the same mAb.
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expression. However, wild-typeaLb2, aMb2, andaXb2 differed in
expression of the MEM48, CBR LFA-1/2, and KIM185 epitopes.
These three epitopes were all well expressed on wild-typeaLb2, but
not onaMb2 andaXb2. The KIM185 epitope was not well expressed
on restingaMb2, but was on restingaXb2. CBR LFA-1/2 and
MEM48 were more similar to one another in reactivity than to

KIM127 or KIM185, correlating with binding to overlapping
epitopes. Both CBR LFA-1/2 and MEM48 mAbs bound to resting
aLb2, bound little to restingaXb2, and showed intermediate reactivity
with restingaMb2, with MEM48 reacting better than CBR LFA-1/2.
The activating truncation of theb2 cytoplasmic domain induced full
expression of all four of these epitopes onaLb2, aMb2, andaXb2.

FIGURE 7. Epitope localization.A, Domain orga-
nization of theb2 subunit and localization of epitopes
in the C-terminal region of the extracellular domain.
Numbers shown above the lower stick diagram are
residue numbers at putative domain boundaries. Be-
low the sticks are shown the positions of cysteines
and confidently defined disulfide bonds inb3 (20). At
the bottom are shown the segments to which mAbs
localize (horizontal lines), mAb names, and ability of
mAb to activate ligand binding byaLb2. B, The spe-
cific mouse/human amino acid substitutions to which
KIM127, MEM48, and CBR-LFA-1/2 map (under-
lined residues).

Table V. Fine mapping of mAb KIM127, MEM48, and CBR LFA-1/2 epitopesa

Human to mouse substitution KIM127 MEM48 CBR LFA-1/2

V491I/L496V 11111 11111 11111
G504N/L506E/Y508F 2 11111 11111
G504N 1 ND ND
L506E 1111 ND ND
Y508F 111 ND ND
T516N/I517V 11111 11111 11111
G424S 11111 11111 11111
P530S/G531D 11111 11111 11111
L534S/F536N 11111 2 2
L534S ND 1 11111
F536N ND 1 11
R541S/H543K/F546Y 11111 2 11
R541S ND 11111 11111
H543K ND 2 11111
F546Y ND 11111 11111
E554Q/T556S/E558T 11111 11111 11111
P563A/R565L 11111 11111 11111
R573H/R575Q/V578R 11111 11111 11111
epitope G504, L506,

Y508
L534,

F536, H543
L534, F536, R541,

H543, F546

a Wild-type b2 or mutantb2 containing multiple or single human to mouse amino acid substitutions was coexpressed with
theaL subunit in 293T cells, and mAb reactivity with the transfected cells was determined by flow cytometry.11111, .90%
of wild type; 1111, 70–90%;111, 50–70%;11, 30–50%;1, ,30%; 2, no binding.
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The differences betweenaLb2, aMb2, andaXb2 in constitutive ex-
pression of the epitopes are interesting. Differences are consistent with
our finding that the KIM127 epitope is shielded by theaL subunit in
b2, because thea subunits differ in sequence and thus would be ex-
pected to differ in shielding. Differences in shielding could result both
from subtle differences in conformation of the stalk regions of thea
subunits, and differences between thea subunits in the way their stalk
regions interact with the three different cysteine-rich repeats, to which
these mAbs differentially map, repeats 2, 3, and 4.

Our studies provide a structure-function map for the C-terminal
portion of the extracellular domain of theb2 subunit. Previously, little
has been known about this segment, which appears to correspond to
a stalk structure seen in electron micrographs of integrins. This region
from residues 344 to 678 is often referred to as cysteine rich; however,
the cysteine-rich repeats themselves correspond only to residues 425–
591, and the regions from 344 to 425 and 591 to 678 have a lower
cysteine content (Fig. 7). The segment from residues 344–678 con-
tains 20 predictedb-strands and no predicteda-helices, suggesting
that it containsb-sandwich domains (16).

We have divided theb2 C-terminal region into five different
mAb-defined segments, and show that the segment to which a
mAb binds correlates with its ability to activate integrin adhesive-
ness (Fig. 7). The epitope of mAb 6.7 maps to residues 350–432,
which correspond largely to the regions between the I-like domain
and cysteine-rich repeat 1. mAb CBR LFA-1/7 maps largely to
cysteine-rich repeat 1, and to a portion of cysteine-rich repeat 2
(residues 432–487). Neither of these Abs activates integrin adhe-
siveness. By contrast, all four mAbs that map to three more C-
terminal segments that include cysteine-rich repeats 2, 3, and 4
activateb2 integrin adhesiveness. The binding sites for three of
these mouse anti-human mAbs were narrowed down with individ-
ual human3mouse amino acid substitutions. KIM127 recognizes
three residues, Gly504, Leu506, and Tyr508. These residues are lo-
cated wholly within cysteine-rich repeat 2 (Fig. 7). mAbs MEM48
and CBR LFA-1/2 recognize overlapping epitopes located wholly
within cysteine-rich repeat 3. mAb MEM48 recognizes residues
Leu534, Phe536, and His543. mAb CBR LFA-1/2 recognizes residue
Phe536, to a lesser extent residue Leu534, and a combination of two
or more of the residues Arg541, His543, and Phe546. mAb KIM185
was mapped to residues 581–621. Together with a previous report
localizing the C-terminal boundary of the KIM185 epitope to res-
idue 604 (16), this shows that it recognizes a segment of 23 aa
corresponding to the end of cysteine-rich repeat 4 and the begin-
ning of the next region (Fig. 7). These results suggest that in par-
ticular cysteine-rich repeats 2 and 3, and possibly cysteine-rich
repeat 4, are important inb2 integrin activation, whereas the more
N-terminal regions of residues 344–432 and 432–487 have less or
little function in b2 integrin activation.

For several reasons, we favor the interpretation that in resting
integrins, there is an interaction of thea subunit with cysteine-rich
repeats 2 and 3 (and possibly 4) of theb2 subunit, and that upon
activation this interface opens and becomes more exposed. Four
disulfide bonds are present in each of these cysteine-rich repeats
(20), and this suggests that these domains are rigid and unlikely to
undergo any significant conformational change independently of
interactions with thea subunit. We found that all of the epitopes
are present on the isolatedb2 subunit, whereas exposure of the
KIM127 epitope is greatly reduced in theaLb2, aMb2, andaXb2

complexes. Furthermore, exposure of the CBR LFA-1/2, MEM48,
and KIM185 epitopes is greatly reduced in either or both ofaMb2

and aXb2. Other studies suggest that interactions in integrinb
subunit stalk regions restrain integrins in an inactive state, and that
there is a loosening in this region upon activation. Species-specific
substitutions in theb2 subunit activate ligand binding byaXb2,

and appear to define an interaction interface between theaX andb2

subunits that restrainsaXb2 in an inactive conformation (53).
These substitutions map to the PSI domain and cysteine-rich re-
peats 2 and 3, and the most activating substitutions were
Gln5253Ser and Val5263Leu, in cysteine-rich repeat 3. These
substitutions exposed the CBR LFA-1/2 epitope (53), which we
also map within cysteine-rich repeat 3, to residues 534–546. In
other studies, activation ofaLb2 expressed on COS cells was in-
duced if the C-terminal cysteine-rich-repeat region of theb2 sub-
unit was replaced by that ofb1 (54). A point mutation that intro-
duces aN-glycosylation site into the beginning of cysteine-rich
repeat 4 of theb3 subunit activates integrinsaIIbb3 andaVb3 (55).

Several lines of evidence suggest that the epitopes in theb2 cys-
teine-rich repeats are shielded by thea subunit and not some other
associating molecule. First, theaL, aM, andaX subunits differed in
shielding of the CBR LFA-1/2, MEM48, and KIM185 epitopes. Sec-
ond, in cell transfection experiments, these epitopes and the KIM127
epitope only became shielded when ana subunit was cotransfected
with theb2 subunit. Furthermore, no other associating molecules were
seen in immunoprecipitation experiments, in which KIM127 mAb
was found to immunoprecipitate the unassociatedb2 subunit precur-
sor well, but theaLb2 complex poorly (15).

Association between thea andb subunit stalk regions and thea
and b subunit cytoplasmic/transmembrane domains may be linked.
Previous work has suggested interactions between thea andb subunit
cytoplasmic/transmembrane domains that include complementary
negatively and positively charged residues, and restrain integrins in an
inactive state (56, 57). Consistent with this, mutations that activateb2

integrins, such as truncation of theaL or b2 cytoplasmic domains and
removal of the GFFKR sequence, would disrupta and b subunit
cytoplasmic/transmembrane interactions. We now show that these
mutations also expose epitopes in cysteine-rich repeats 2 and 3, and
near the end of cysteine-rich repeat 4. Our data suggest that these are
important regulatory sites in theb2 subunit foraLb2 activation. We
propose that in the resting integrin state (closed conformation), the
C-terminal stalk-like regions of thea andb2 subunits are kept close
together by the transmembrane and cytoplasmic domains, and
epitopes in cysteine-rich repeats 2, 3, and 4 are shielded by thea
subunit. We further propose that in the active state (open conforma-
tion), the release of the interactions between thea and b subunit
cytoplasmic/transmembrane domains results in a movement apart of
the stalk-like regions of thea andb subunits, thus exposing epitopes
in cysteine-rich repeats 2, 3, and 4. The Abs to these epitopes may
activate by acting like a wedge to keep thea andb subunit stalk-like
regions apart. The KIM127 epitope appears to be the most resistant to
exposure, because it is shielded in all three restingab2 complexes that
we examined. Interestingly, binding of the KIM185 mAb to a site that
we map near the end of cysteine-rich repeat 4 can expose the KIM127
epitope, which we map to cysteine-rich repeat 2 (28). The opening of
the stalk region may in turn alter the relative orientations of thea and
b subunits in the ligand-binding integrin headpiece. Conformational
shifts around the MIDAS in I domains regulate ligand binding, and
are linked to a large movement of the C-terminala-helix of the I
domain that connects to other integrin domains (8–12). It appears that
an alteration in contacts in the stalk region between the cysteine-rich
repeats in theb subunit and thea subunit is linked to conformational
rearrangements in the ligand-binding domains in the headpiece of
integrins. Our data provide new insights into the molecular mecha-
nisms for integrin activation.
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