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We find that monoclonal antibody YTA-1 recognizes
an epitope formed by a combination of the integrin oy,
and B, subunits of LFA-1. Using human/mouse chimeras
of the a;, and B, subunits, we determined that YTA-1
binds to the predicted inserted (I)-like domain of the B,
subunit and the predicted p-propeller domain of the ¢,
subunit. Substitution into mouse LFA-1 of human resi-
dues Ser?’? and Arg??? of the $, subunit and Pro’, Thr”®,
Asp®’, 11e®*%, and Asn®®7 of the o, subunit is sufficient to
completely reconstitute YTA-1 reactivity. Antibodies
that bind to epitopes that are nearby in models of the
I-like and B-propeller domains compete with YTA-1
monoclonal antibody for binding. The predicted p-pro-
peller domain of integrin « subunits contains seven
B-sheets arranged like blades of a propeller around a
pseudosymmetry axis. The antigenic residues cluster on
the bottom of this domain in the 1-2 loop of blade 2, and
on the side of the domain in B-strand 4 of blade 3. The I
domain is inserted between these blades on the top of
the B-propeller domain. The antigenic residues in the
subunit localize to the top of the I-like domain near the
putative Mg?* ion binding site. Thus, the I-like domain
contacts the bottom or side of the B-propeller domain
near f3-sheets 2 and 3. YTA-1 preferentially reacts with
activated LFA-1 and is a function-blocking antibody, sug-
gesting that conformational movements occur near the
interface it defines between the LFA-1 « and 8 subunits.

Lymphocyte function-associated antigen-1 (LFA-1)! is a
member of the leukocyte integrin family: LFA-1 (a; 85; CD11a/
CD18), Mac-1 (apBy; CD11b/CD18), p150,95 (axBs; CD11c/
CD18), and apBs (1, 2). The leukocyte integrins are het-
erodimers composed of a common B, subunit noncovalently
associated with different but structurally homologous a sub-
units (3). LFA-1 is expressed on the cell surface of all leuko-
cytes. Upon activation, LFA-1 binds to its ligands, ICAM-1, -2,

* This work was supported by Grant CA31798 from the National
Institutes of Health. The costs of publication of this article were de-
frayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

I Present address: Biogen, Inc., Cambridge, MA 02142.

§ Present address: Millennium Pharmaceuticals, Cambridge, MA
02142.

9 Present address: Pfizer Central Research, Groton, CT 06340.

| To whom correspondence should be addressed: Center For Blood
Research and Dept. of Pathology, Harvard Medical School, 200 Long-
wood Ave., Boston, MA 02115. Tel.: 617-278-3200; Fax: 617-278-3232.

! The abbreviations used are: LFA-1, lymphocyte function-associated
antigen-1; mAb, monoclonal antibody; ICAM-1, intercellular adhesion
molecule-1; I, inserted; MIDAS, metal ion-dependent adhesion site;
FBS, fetal bovine serum.

22202

and -3 (4—6), and mediates important immunological functions
including leukocyte adherence to endothelium, natural killing,
and antigen-dependent T and B cell responses (7, 8).

Structure-function studies of LFA-1 are important to under-
stand the molecular basis for cell adhesion through LFA-1.
Three extracellular subregions of LFA-1 are critical in ligand
binding. The first is a sequence of seven 60-amino acid repeats
located in the N-terminal half of the oy, subunit. These seven
repeats are a common structural feature of all integrin a sub-
units. These repeats have been predicted to fold into a B-pro-
peller domain with seven B-sheets (9). The B-propeller domain
is toroidal in shape, with the B-sheets arranged around a
pseudosymmetry axis like blades of a propeller. Each B-sheet
may be termed a “W” after the topology of the four anti-parallel
B-strands. Ligand binding has been localized to loops on the
“upper” surface of the propeller, in B-sheets 2, 3, and 4 for the
integrin « subunits oy, a4, and ay (10-14). In contrast to oy,
a4, and o, the leukocyte integrins contain an additional do-
main of about 200 amino acids. It is inserted into a loop at the
top of the B-propeller domain between B-sheets 2 and 3, and is
designated the inserted (I) domain. I domain structures for oy,
and ay; have been determined by crystallography (15, 16). The
I domain folds into a doubly twisted «/B structure with a ligand
binding site known as a metal ion-dependent adhesion site, or
MIDAS, in a crevice on its upper face. The third region impor-
tant for ligand binding by integrins is in the N-terminal half of
the B, subunit from residue 100 to 340, which is well conserved
among different integrin 8 subunits. This conserved region has
been predicted to fold like an I domain with a ligand-binding
MIDAS motif (15, 17-19, 57). These three domains also inter-
act with divalent cations, such as Mg?", Mn?*, and Ca2?",
which are required to regulate integrin-ligand interactions
(4, 21-25).

Extensive studies including mutagenesis and mapping
epitopes of function- blocking or activating antibodies have
demonstrated that the I domain and the B-propeller domain of
the ap, subunit and the I-like domain of the B, subunit cooper-
atively contribute to ligand binding for LFA-1 (26-30). Fur-
thermore, although conformational change in I domains is now
well documented (31-34), little is known about conformational
change in the B-propeller or I-like domains of leukocyte inte-
grins. Moreover, the structural basis for interactions between
these domains remains unknown. Previously, there has been
no direct evidence for structural association between the «
subunit B-propeller domain and the B subunit I-like domain,
despite their joint role in regulating ligand binding. mAb have
been used to show that folding of epitopes in the I-like domain
is dependent on association with the « subunit, and that folding
of epitopes in the B-propeller domain is dependent on associa-
tion with the 8 subunit (35, 36). This mutual dependence raised
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the possibility of an intimate structural association between
the B-propeller and I-like domains. The mAb used in the above
studies were demonstrated to be completely dependent for
binding on species-specific residues in either the LFA-1 « or S,
but not both subunits (35, 36). For example, mAb used to study
folding of the B-propeller domain of the human «;, subunit were
reactive with o; B, complexes whether the B, subunit was of
human, mouse, or chicken origin (36).

Mapping an antibody with an epitope combined from both
integrin « and B subunits would elucidate structural informa-
tion on intersubunit association. We describe here such a mAb,
YTA-1. YTA-1 is specific for the human LFA-1 integrin but has
properties that distinguish it from other antibodies to LFA-1
(37, 38). It reacts strongly with CD37/CD16" large granular
lymphocytes that function as natural killer cells, but not with
other peripheral blood lymphocytes that express LFA-1. Fur-
thermore, YTA-1 is mitogenic for natural killer cells and can
activate natural Kkiller cytotoxicity. The antibody was estab-
lished to be specific for LFA-1 based on its ability to bind to
transfectants expressing LFA-1 but not the related 3, integrins
Mac-1 or p150,95. In distinction to other described antibodies
to LFA-1, binding of YTA-1 to LFA-1 could be competed away
by certain mAbs against both the o, and B, subunits (37). In
thisreport, we demonstrate that YTA-1recognizes an activation-
dependent epitope on LFA-1 consisting of residues from both
the B, subunit and the «;, subunit. We identify these specific
amino acid residues and their positions in models of the «;,
B-propeller domain and the B, I-like domain. Direct association
between these subunits is thus demonstrated and localized.

MATERIALS AND METHODS

Cell Lines and Monoclonal Antibodies—293T cells (a human renal
epithelial transformed cell line) were grown in Dulbecco’s modified
Eagle’s medium (Life Technologies, Inc.) supplemented with 10% fetal
bovine serum (FBS), nonessential amino acids (Life Technologies, Inc.),
2 mM glutamine, and 50 pg/ml gentamicin. Jurkat (human T lymphoma
cells) and SKW3 (human T lymphoma cells) were grown in RPMI 1640
medium with 10% FBS and 50 pug/ml gentamicin.

The mouse anti-human «; mAbs T'S1/22, CBR LFA-1/10, CBR LFA-
1/1, G25.2, TS2/4, S6F1, TS2/6, May.035, TS2/14, and 25-3-1; the anti-
human B, mAbs TS1/18, YFC118.3, YFC51, 1C11, GRF-1, CLB LFA-
1/1, May.017, L.L130, CBR LFA-1/7, and CBR LFA-1/2; the anti-human
LFA-1 mAb YTA-1; and the rat anti-mouse «a;, mAb M17/5.2 have been
described previously (35-37, 39, 40).

Human/Mouse Chimeric o; and B, Constructs—Human and mouse
ap, and B, ¢cDNA were inserted in vector AprM8 (29). As described
previously (29), chimeras were named according to the species origin of
their segments. For example, h401m442h indicates residues 1-401 are
from human, 402—442 are from mouse and 443 to the C terminus are
from human. Chimeras and substitution mutants were generated by
polymerase chain reaction overlap extension (41). Briefly, 5 and 3’
primers were designed to include unique restriction sites. Mutations
were introduced with a pair of inner complementary primers. After
second round polymerase chain reaction, the products were digested
and ligated with the corresponding predigested plasmids. All constructs
were verified by DNA sequencing.

Transfection—Plasmids for transfection were purified by QIAprep
Spin Kit or Maxi Kit (Qiagen, Valencia, CA). 293T cells were transiently
transfected with wild type, mutant or chimeric o;, and B, constructs (5
ug each) using calcium phosphate precipitates (42, 43). Medium was
changed after 7-11 h. Cells were harvested for analysis 48 h after
transfection. Jurkat cell lines stably expressing wild type or mutant
LFA-1 have been described previously (44).

Flow Cytometry—Cells were washed twice with 115 medium supple-
mented with 2.5% FBS (L15/FBS). 10° cells were incubated with pri-
mary antibody (50 ul of 20 ug/ml purified mAb or 1:100 dilution of
ascites) on ice for 30 min. Cells were then washed three times with
L15/FBS, followed by incubation with 50 ul of a 1:20 dilution of fluo-
rescein isothiocyanate-conjugated goat anti-mouse (anti-rat for primary
mAb M17/5.2) IgG (Zymed Laboratories Inc., San Francisco, CA) for 30
min on ice. After washing three times with L15/FBS, cells were resus-
pended in 200 ul of cold phosphate-buffered saline and analyzed on a
FACScan (Becton Dickinson, San Jose, CA). Surface LFA-1 expression
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Fic. 1. mAb YTA-1 is specific for both subunits of human
LFA-1. A, 293T cells were co-transfected with ¢cDNA for human or
mouse o, and B, subunits, as indicated. B, Jurkat-B, , cells were stably
transfected with the wild type human «;, subunit or mutated human oy,
subunit in which the GFFKR sequence at the junction of the transmem-
brane and cytoplasmic domains was deleted (44). Transfectants were
stained with TS1/18 mAb to B,, TS1/22 mAb to «;, YTA-1 mAb, or X63
myeloma IgG1 as control. Cells were then stained with fluorescein iso-
thiocyanate anti-Ig and subjected to immunofluorescence flow cytometry.

is presented as the mean fluorescence intensity of the scatter-gated cell
population.

Competition Assay—YTA-1 antibody was biotinylated according to
vender’s instructions (Zymed Laboratories Inc.). Briefly, the antibody
was dialyzed against 0.1 M NaHCO, buffer (pH 8.3) overnight, incu-
bated with aminohexanoyl-biotin-N-hydroxysuccinimide ester for 1 h at
room temperature and then dialyzed against phosphate-buffered saline.
For competition experiments, cells were preincubated with saturating
concentrations of anti-human LFA-1 antibodies on ice for 30 min,
washed with phosphate-buffered saline, and further incubated with
either control antibody X63 or biotinylated YTA-1 (100 wg/ml) for 30
min. Then, the cells were washed, incubated with 1:100 dilution of
phycoerythrin-conjugated streptavidin (Zymed Laboratories Inc.),
washed, and analyzed by flow cytometry.

Adhesion Assay—Binding of cells to human soluble ICAM-1 was
examined as described (44). Briefly, purified human soluble ICAM-1
was absorbed to each well of flat-bottom 96-well plates by incubation
overnight at 4 °C. Nonspecific binding sites were blocked with 1%
bovine serum albumin at room temperature for 1 h. Cells were labeled
with  2',7'-bis-(carboxyethyl)-5(and-6)-carboxyfluorescein, acetoxy-
methyl ester and mixed in ICAM-1-coated wells with 50 pug/ml mAb
YTA-1, TS1/22, or as control the X63 myeloma IgGl. After incubation at
37 °C for 15 min, the unbound cells were removed on a Microplate
Autowasher (Bio-Tek Instruments, Winooski, VT). The fluorescence
content of total input cells (before washing) and the bound cells (after
washing) in each well was quantified with a fluorescence concentration
analyzer (IDEXX, Westbrook, ME).

a;, Subunit B-Propeller Model—Modeling was with SegMod (45) of
LOOK, version 2.0.5 (Molecular Applications Group, Palo Alto, CA) and
MODELLER release 4. (46). The B-propeller domain template was the
transducin 8 subunit (Protein Data Bank code 1tbg). A LOOK model
was made using the alignment shown below in Fig. 4 between the
LFA-1 o;, subunit and the G protein transducin g subunit (47); addi-
tionally, three 3—4 loop templates of W5 of 1gof (galactose oxidase) were
used as templates for the 3—4 loops of W5, W6, and W7 as described
previously (48). The 1-2 loops were then excised from W5-W7 of this
model, and Ca®"-binding loops from 1lalk (alkaline protease) were su-
perimposed using 4 B-strand residues on either side of this loop from
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lalk and 1tbg. A final model was made with MODELLER using the
entire LOOK model as the .ini file, and as templates: 1) three different
lalk files containing only the residues shown in Fig. 4 and Ca®" ions, 2)
the LOOK model of «;, deleting the residues aligning with the lalk loops
and the residues shown in lowercase in Fig. 4 to enable the two cys-
teines in this region to form a disulfide using the PATCH DISULFIDE
routine, and 3) circularly permuted 1tbg Protein Data Bank files start-
ing with strand 4 of W1 as shown in Fig. 4 and also beginning with
strand 4 of W2, W3, and W4 (see Ref. 9). One hundred models were
made, and one was chosen that lacked knotted loops, contained Ca®*-
binding loops with conformations similar to that of 1alk, and had a score
of —1.772 as determined with the QUACHK module of WHAT IF (49).

RESULTS

Monoclonal Antibody YTA-1 Recognizes Human LFA-1 on an
Epitope Formed by a Combination of the «; and By, Sub-
units—To test whether the YTA-1 mouse anti-human antibody
was specific for both the human o, and B, subunits, they were
expressed in association with murine B, and o, subunits, re-
spectively. Binding of YTA-1 mAb to 293T cell transfectants
was measured by immunofluorescence flow cytometry, and the
total amount of LFA-1 surface expression was determined with

mAb that react with human o« or B, independently of the
species origin of the associating subunit (35, 36); expression of
LFA-1 on the cell surface requires association between the oy,
and B, subunits (50, 51). Human LFA-1 and mouse/human
hybrid LFA-1 were equivalently expressed, as examined by
immunostaining with either TS1/18 mAb to 3, or TS1/22 mAb
to o, (Fig. 1A). MAb YTA-1 was strongly reactive with human
LFA-1, but not LFA-1 with human «;, and mouse 3, or mouse
or, and human B, subunits (Fig. 1A). Thus, both the o7, and B,
subunits have to be of human origin to form the YTA-1 epitope.
The overall conformation of the mouse/human hybrid LFA-1
molecules was intact as shown by immunostaining with other
anti-o;, and B, mAbs. Indeed, all other mAbs we have studied,
including 11 directed to 7 different epitopes on the «;, subunit,
and 17 to 12 different epitopes on the B, subunit, are fully
reactive if only one of the two subunits is of human origin (35, 36).

We examined whether LFA-1 activation affected the expres-
sion of the YTA-1 epitope. Previous studies have shown that
LFA-1 expressed in 293T cells is constitutively active in bind-
ing ICAM-1 (44) (and see Fig. 9 below). Therefore, we tested
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W7, s4 W1, 81 W1, 82 W1. s3 W1, s4 w2, S1
LFA-1 1 YNLDVRGARSFSPPRAGRHFGYRVLQV.. GNGVIVGAPGEGNSTGSLYQCQSG. ... TGHCLPVTLRGSNYTSKYLGMTLATDP
G beta 86 ... TTNKVHAIP.. LRSSWV. MTCAYAPSGNYVACGGL. . . .. DNICSIYNLKTREGNVRVSRELAGH. ... TGYL. SCCRFL.
w2, 52 W2,83 W2, S84 I domain | W3, 51 W3, 52 W3. 53
LFA-1 79 TDGSILACDPGIsrtcdgntYLSGLCYLFRAONLQGPMLQGRPgfqeci. ELSSSGISADLS. . RGHAVVGAVGAKDWAGGFLDL
G beta 153 DDNQIVTSSG............ DTTCALWDIETGQQTTTFTGH. . ... .. TGDV. MSLSLAPDTRLFVSGAC. .. .. DASAKLW
W3, s4 wi, S1 wi, 82 wi, 83 w4, s4
LFA-1 356 KADLQDDTFIGNEPLTPEVRAGYLGYTVTWLPSRQKTSLLASGAPRYQHM. GRVLLFQEPQGGGHWSQVQTIHGTQIGSYFGGE
G beta 212 DVR. EGMCRQTFTGH. .. .. ESDI. NAICFFPN. .. GNAFATGSD. . ... DATCRLFDLR. ... ADQELMTYSHDNIICGI. TS
W5, S1 w5, 82 w5, S3 w5, s4 W6, S1
LFA-1 439 LCGVY..DVDQDGETE.. LLLIGAPLFYGEQRG. GRVFIYQRRQLGFEEVSELQGDPGYPLGRFGEAITALT. DINGDGLVD. ..
G beta 276 VSFSKS......... GRLLLAGYD........ DFNCNVWDAL. . KADRAGVLAGH. ... DNRV. SCLGVTDD. . ....... GMA
lalk 446 ... ... DESGDAHAD. .« . . e e e e e DFSGDAHAD. . .
w6, 52 W6, S3 W6, sS4 W7. 81 W7, 82 W7, S3
LFA-1 514 VAVGAPLEEQGAVYIFNGRHGGLSPQPSQRIEGTQVLSGIQWFGRSIHGVK. DLEGDGLAD. . . VAVGAE. SQMIVLSSRP 589
G beta 327 VATGSW. .. DSFLKIWN MRTRRTLRGH. . ... LAKI. YAMHWGTD. ... ... .. SRLLVSASQDGKLIIWDSY. 85
lalk L DFSGDAHAD. . .................. 454

Fic. 4. Sequence alignment for the LFA-1 « subunit p-propeller domain. Each B-strand is designated by the B-sheet (W) in which it is
present and strand position (S) in the sheet. Strand 1 is innermost and lines the 7-fold pseudosymmetry axis; strand 4 is outermost and forms the
cylindrical side of the B-propeller. N- and C-terminal sequence segments come together to form W7. Antigenic residues recognized by YTA-1 mAb
are underlined. The LFA-1 B-propeller domain was modeled with this alignment, as described under “Materials and Methods” using the transducin
G protein B subunit as the g-propeller template and loops from the bacterial alkaline protease lakl as templates for Ca®>"-binding loops.

LFA-1 in Jurkat T lymphoma cells. A mutant Jurkat cell line
(Jurkat-B, ;) deficient in endogenous «;, subunit was stably
transfected with wild type human LFA-1 ¢; subunit or an
activated form of a;, in which the conserved GFFKR sequence
motif in the cytoplasmic domain is deleted (44). The YTA-1
mAb bound much better to activated than wild-type LFA-1
whereas the T'S1/22 mAb to LFA-1 bound similarly to activated
and wild-type (Fig. 1B). The fluorescence intensity of YTA-1
was 74% of that of TS1/22 on activated LFA-1, and only 9% of
TS1/22 on wild-type LFA-1. Therefore, YTA-1 preferentially
reacts with activated LFA-1.

Mapping the YTA-1 Epitope on the Human o; Subunit—
Mapping was done with mouse-human chimeras named accord-
ing to the species origin of their segments, e.g. h300m359h is an
«a subunit with human amino acid residues 1-300, mouse res-
idues 301-359, and human residues 360 to C terminus. Previ-
ous work showed that “YTA-1 mAb lost reactivity with
h300m442h but reacted with h300m359h; thus, at least a por-
tion of its epitope localizes to residues 360—442” (29). To refine
this mapping, three different segments of mouse sequence, 359—
376, 377-400, and 401-442 were swapped into the human oy,
sequence. Chimeric o, subunits were co-transfected with hu-
man B, into 293T cells followed by immunostaining with YTA-1
(Fig. 2). Swapping in mouse segments 377—400 or 401-442 had
no effect on binding of YTA-1 mAb; however, swapping in
359-376 in chimera h359m376h reduced binding to less than
half of that seen with human LFA-1. All chimeras were well
expressed and folded, as determined by staining with other
mADb to the a;, B-propeller domain and mAb TS1/18 to B, (data
not shown).

Within region 359-376, seven amino acids differ between
human and mouse «;. Mouse residues were therefore intro-
duced into the human sequence one or two at a time (“knock-
out” mutations) (Fig. 2). Three groups of residues had no effect.
However, N367Q and 1365V each reduced binding. Further-
more, the double mutant I365V/N367Q reduced binding by the
same amount as h359m376h.

Although residues I1e3%? and Asn®¢” appeared to be the only
species-specific residues recognized by YTA-1 in the 359—-442
segment, YTA-1 reacted more strongly with 1365V/N367Q and

h359m376h than with mouse «;, (Fig. 2). To determine if resi-
dues in other segments were recognized by YTA-1, the I1365V/
N367Q mutation was introduced into a set of previously con-
structed «;, chimeras in which small segments within region
1-359 of human «;, were replaced with mouse sequences (29)
(Fig. 3). Of all segments tested, only replacement of residues
74-92 with mouse sequence was additive with I365V/N367Q,
and reduced binding to the same low level as seen with mouse
ap,. However, substitution h74m93h alone was unable to reduce
YTA-1 binding (Fig. 3). Comparison of human and mouse oy,
sequences within region 74-93 reveals only three differences,
at the contiguous amino acid residues 78, 79, and 80. Therefore,
substitution of only five residues of the human oy, subunit, Pro™,
Thr”®, Asp®, 11e%%, and Asn®%7, is sufficient to abolish recogni-
tion of the YTA-1 epitope. According to the B-propeller model (9),
these residues are located in adjacent B8 sheets: Pro’®, Thr™®, and
Asp®® in B-sheet 2, and 11e3%® and Asn®%7 in B-sheet 3 (Fig. 4).
To confirm the above “knock-out” results, “knock-in” mu-
tants were made by introducing the corresponding human res-
idues into mouse o, (Fig. 5). Knock-in mutation V3651/Q367N
was sufficient to restore the same level of YTA-1 binding as
with human «;, and the individual V3651 and Q367N mutants
partially restored binding. The A78P/A79T/K80D knock-in par-
tially reconstituted YTA-1 binding (Fig. 5), consistent with the
inability of the I365V/N367Q knock-out to fully eliminate YTA-1
binding (Fig. 3). Combination of the knock-in mutations at resi-
dues 78—80 with those at 365 and 367 showed that the knock-in
mutations at 365 and 367 were sufficient for YTA-1 binding, and
that knocking in residues 78—80 had little additional effect.
Mapping the YTA-1 Epitope on the Human B, Subunit—The
YTA-1 mAb binding site on the human B, subunit was mapped
by using human/mouse B, chimeras (Fig. 6, left). Immuno-
staining of 293T cells cotransfected with chimeric B, and hu-
man «;, cDNA showed that region 302-344 is important for
YTA-1 recognition. All chimeras in which region 302-344 was
of mouse origin failed to stain with YTA-1, whereas all chime-
ras in which this region was of human origin stained as well as
human B, (Fig. 6, right). Region 302-344 is in the C-terminal
portion of the I-like domain (Fig. 6, upper left). Controls con-
firmed that all chimeras stained equally well with mAb that
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Fic. 5. Reconstituting YTA-1 mAb
binding by knock-in of human resi-
dues into the mouse ¢, sequence. The
indicated human residues were intro-
duced into the mouse «;, sequence. Each
mutant a;, cDNA was co-transfected with
human B, ¢cDNA into 293T cells. YTA-1
recognition was quantified as in Fig. 2.
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Fic. 6. YTA-1 recognizes a segment
of the I-like domain in the human g,
subunit. The indicated human/mouse
chimeric B, c¢cDNA was co-transfected
with human «; into 293T cells. YTA-1
recognition was quantified by immunoflu-
orescence flow cytometry as described in
Fig. 2, except that the amount of YTA-1
recognition was expressed as a percent-
age of the staining with TS1/22 mAb to
human o .
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map to other epitopes on B, and with mAb TS1/22 to oy.

Only five residues differ between human and mouse S, in the
segment 302-344: 302, 303, 325, 332, and 339. Specific human
residues were “knocked out” by substituting them with mouse
residues. The double mutation S302K/R303K completely abol-
ished recognition by YTA-1 (Fig. 7A). By contrast, mutation of
each of the other three species-specific residues in the 302-344
interval, E325D, H332Q, and N339Y, had no effect on recogni-
tion by YTA-1. The TS1/18 mAb was previously reported to
block binding of YT'A-1 mAb to LFA-1 (37). It has been mapped
to residues Arg'®® and His®*3?, which are predicted to be present
on adjacent a-helices in the structure of the B, subunit I-like
domain (57). Therefore, we also tested the R133Q/H332Q dou-
ble mutation for recognition by YTA-1, and somewhat surpris-
ingly, found that it abolished recognition by YTA-1. However,
the individual substitution R133Q, like H332Q, had no effect
on YTA-1 binding. The double mutation R133Q/N339Y also
had no effect (Fig. 7A).

In reciprocal experiments, human — mouse “knock-in” mu-

tations were introduced into the mouse B, subunit. The
knock-in mutation K302S/K303R restored YTA-1 reactivity
to the same level as seen with the fully human B, subunit
(Fig. 7B). However, the “knock-in” mutation Q133R/Q332H had
no effect at all. These results suggest that, in human B, resi-
dues Ser®°?/Arg®°? represent a direct binding site for YTA-1,
whereas the involvement of GIn'33 and His?3? is indirect.

Reconstitution of the YTA-1 Epitope on Mouse LFA-1—The
above experiments indicated that the YTA-1 epitope may con-
tain residues Pro’®, Thr’®, Asp®°, 11e3%°, and Asn®%" in the o,
subunit, and Ser®*? and Arg®*® in the B, subunit of human
LFA-1. To test whether these residues are sufficient to form the
YTA-1 epitope, mouse «¢;, and B, with these human — mouse
“knock-in” mutations were co-transfected into 293 cells and
immunostained with YTA-1 (Fig. 8). “Knock-in” of the five
human residues into mouse «;, and the two human residues
into mouse B, reconstituted recognition by YTA-1 to the same
level as seen with human LFA-1 (Fig. 8).

Competition of YTA-1 Binding by Other Antibodies to Human
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LFA-1—In our previous studies, we mapped a number of anti-
LFA-1 antibodies to specific regions or residues in the «;, or B,
subunits (35, 36, 57). To determine the relationship between
these epitopes and the YTA-1 epitope, we tested these antibod-
ies for their ability to compete with YTA-1 for binding to LFA-1.
Transfected 293T cells expressing human LFA-1 or Jurkat cells
expressing the active, GFFKR deletion mutant of LFA-1 were
pre-incubated with an anti-LFA-1 mAb and subsequently im-
munostained with biotinylated YTA-1 (Table I). All antibodies
were independently confirmed to bind to LFA-1 on these two
cell types. Ten different mAb to «;, were tested, five of which
were directed to epitopes in the B-propeller domain. Among
these, only CBR LFA-1/1 blocked binding of YTA-1 to LFA-1
(Table I). This antibody was mapped to region 301-359 (36),
nearby residues I1e3%® and Asn®¢7 of the YTA-1 epitope.
Among mAbD to 35, several mAb to the I-like domain blocked
YTA-1 binding (Table I). TS1/18, GRF-1, YFC118.3 and YFC5.1
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recognize similar but not identical epitopes involving residues
Arg!'®3 and His®*2. Human residues must be present at both of
these positions for recognition by YFC5.1 and YFC118.3,
whereas a human residue at either one of these positions is
sufficient for binding by TS1/18 and GRF-1 mAb (57). mAb to
both types of epitopes blocked binding of YTA-1 to 293T cell
transfectants, whereas only TS1/18 and GRF-1 blocked binding
to mutationally activated LFA-1 on Jurkat T lymphoma cells
(Table I). This finding was repeatable, and may indicate an
indirect relationship between YTA-1 and the Arg!®®/His332
epitopes. Antibodies to other epitopes involving residues 133
and 332 did not block binding: mAb 1C11 specific for Arg'? and
Asn®*° and mAb CLB LFA-1/1 specific for His®>*? and Asn®3°.
Two mAb that recognize Glu'”® in the I-like domain blocked
binding, May.017 and L130 (Table I). All antibodies were in-
dependently confirmed to bind to LFA-1 on these two cell types.
mAb to two more C-terminal segments in the 8 subunit, CBR
LFA-1/7 and CBR LFA-1/2, did not block binding.

YTA-1 Is a Function-blocking Antibody—We tested whether

A YTA-1 antibody inhibited LFA-1 binding to its ligand ICAM-1.
i Human LFA-1 overexpressed on 293T cells was constitutively
active in binding to immobilized human ICAM-1 (Fig. 9A).
Mo 2 However, binding to ICAM-1 was abolished if the cells were
S302K/R303K
TABLE I
E325D Competition of YTA-1 binding to human LFA-1 by other antibodies
Human o;, and B, were transiently co-transfected into 293 cells.
H3320 Jurkat cells were stably transfected with activated LFA-1 as described
in Fig. 1. The transfectants were preincubated with indicated antibod-
N33gy ies and then stained with biotinylated YTA-1 and phycoerythrin-
streptavidin. All antibodies bound to the cells, as confirmed in a sepa-
R1330/H3sza [l rate immunofluorescence flow cytometry experiment. The results were
reproduced in three independent experiments. —, the antibody did not
R1330Q/N338Y affect the binding of YTA-1 to LFA-1 (>70% of control); +, the antibody
reduced the binding of YTA-1 to LFA-1 to the level of background
Ri33Q (<10% of control); +/—, the antibody partially reduced binding of YTA-1
: ; ' : - (30-50% of control).
0 20 40 60 80 100 Competition
YTA-1 Recognition (%)
mAb Epitope 293T Jurkat
B cells «cAGFFKR
TS 2/4 B-Propeller of o;, 1-57(W1) - -
Hu fi2 S6F1 1-57(W1) - -
CBR LFA-1/10 75-117(W2) - -
Mo p2 CBR LFA-1/1 301-359(W3) + +
G25.2 443-654(W5, 6 and 7) — -
K3028/K303R — TS 2/6 I domain of a7, 153-183 - -
May.035 183-215 - -
©133A/Q332H TS2/14 248-303 - -
TS1/22 248-303 - -
K302S/K303R/Q133R/H332Q 25-3-1 248-303 - -
: , | : — TS1/18 I-like domain of B,, R133 or H332 + +
o 20 40 &0 B0 100 GRF-1 R133 or H332 + +
YTA-1 Recognition (%) YFC 118.3 R133 and H332 + -
. X ) . 3 YFC 5.1 R133 and H332 + -
F16. 7. Effect of specific amino acid substitutions in the B, 1011 R133 and N339 _ _
subunit on the YTA-1 epitope. A, knock-out mutations were madeby  ¢[,B LFA-1/1 H332 and N339 _ _
introducing the indicated mouse residues into the human 3, sequence. May.017 E175 + n
B, knock-in mutations were made by introducing the indicated human 1,139 E175 +/— T
residues into the mouse B, sequence. Each 8, mutant was co-transfected ~ ¢BR LFA-1/7 Cysteine-rich region of 8,, 345-521 _ _
with human «;, into 293T cells, and YTA-1 recognition was determined by  cBR LFA-1/2 599-612 — —
immunofluorescence flow cytometry, as described in Fig. 6.
X63 M17/5.2 YTA-1

Fic. 8. Reconstitution of the YTA-1
epitope in mouse LFA-1. 293T cells
were co-transfected with human «;/hu-
man f,, or mouse «;, (AT8P/AT9T/K80D/
V3651/Q367N)/mouse B, (K302S/K303R),
immunostained with TS1/18 (anti-human
By), M17/5.2 (anti-mouse «;), YTA-1, or
negative control antibody X63 and ana-
lyzed by immunofluorescence flow cytom-
etry. The results were reproduced in three
independent experiments.

X63

Cell Number

107 10% 107

Mo cL (A78P/A79T/K80D/V3651/Q367N)
Mo P2 (K302S/K303R)

TS 1/22

Hu aL
Hu B2

100 10% 102 101 102 107 10*

Fluorescence Intensity
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A

Cells Bound (%)

Transfection

Fic. 9. YTA-1 inhibits LFA-1 bind-
ing to ICAM-1. Cells were labeled with
2',7'-bis-(carboxyethyl)-5(and-6)-carboxy-
fluorescein, acetoxymethyl ester and
mixed in ICAM-1-coated wells with or
without YTA-1, TS1/22, or control my-
eloma X63 IgG1l. The fluorescence of in-
put cells before washing and the bound
cells after washing in each well was quan-
tified on a fluorescent concentration ana-
lyzer. Bound cells were calculated as a
percentage of total input cells. The results
represent at least three independent ex-
periments. A, 293T cells were transfected
with human LFA-1 or the indicated mu-
tants. B., 293T cells were transfected with
human LFA-1 and treated with different
concentrations of YTA-1 mAb. C, SKW3
cells were pretreated with control IgG or
activated with mAb CBR LFA-1/2 (10 pg/
ml) or phorbol 12-myristate 13-acetate
(100 pg/ml).
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pretreated with YTA-1 mAb or the TS1/22 mAb to the LFA-1 «
subunit I domain (Fig. 9A). Furthermore, the inhibition by
YTA-1 was concentration-dependent (Fig. 9B). Similar experi-
ments were performed using the SKW3 T lymphoma cell line.
LFA-1 is endogenously expressed on these cells and binds to
ICAM-1 upon stimulation with the phorbol ester phorbol
12-myristate 13-acetate or the activating mAb CBR LFA-1/2
(Fig. 9C). In both cases, stimulated binding was inhibited
with YTA-1 and TS1/22 mAb (Fig. 9C).

Human but not mouse LFA-1 binds to human ICAM-1 (52),
and this species specificity has been mapped to the «;, subunit
I domain (29). We tested whether any of the human — mouse
substitutions that affected YTA-1 binding affected binding to

ICAM-1. They did not (Fig. 94), demonstrating lack of involve-
ment of these residues in species-specific recognition of LFA-1.
Furthermore, this demonstrated that these substitutions did
not “de-activate” LFA-1. As expected, the substitutions abol-
ished the ability of YTA-1 mAb to block binding of LFA-1 to
ICAM-1 (Fig. 9A).

DISCUSSION

We provide direct evidence for association between the I-like
domain of integrin B subunits and the B-propeller domain of
integrin a subunits. We map the epitope of the anti-LFA-1 mAb
YTA-1 to specific residues in these domains, and thus localize a
region of close contact between the I-like and B-propeller do-
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Fic. 10. Stereodiagram of a theoretical model of the LFA-1 « subunit B-propeller domain. Side chains for residues contributing to the
YTA-1 epitope are shown in gold, with nitrogen and oxygen atoms shown in blue and red, respectively. Each B-sheet or W is given a different color:
W1, green; W2, cyan; W3, purple; W4, magenta; W5, red; W6, orange, W17, yellow. The B-propeller is viewed facing W3, with its top containing the
4-1 loops up. The side containing W3 is tilted up. Three Ca®* ions predicted to bind to loops on the bottom of the domain are shown as gold spheres.
Disulfide bonds are shown in black. The N and C termini of the domain are at the bottom, and connections to the I domain at the top. Figure was

prepared with RIBBONS (55).

mains. Interestingly, we find that YTA-1 preferentially recog-
nizes activated LFA-1 and blocks LFA-1 binding to its ligand
ICAM-1, suggesting that this specific intersubunit association
is related to the active conformation of LFA-1.

Models of the LFA-1 B-propeller and I-like domains are use-
ful for understanding our findings in three dimensions. We
made an «;, subunit B-propeller model using the alignment
with the transducin G protein B8 subunit B-propeller domain
shown in Fig. 4, as described under “Materials and Methods”
(Fig. 10). The approach was similar to that previously used to
model o, and ay; B-propellers (9, 32). Residues Pro’®, Thr"®,
and Asp®® of the YTA-1 epitope are predicted to be in a turn or
loop between B-strands 1 and 2 in B-sheet 2 (W2) of the o,
subunit B-propeller (Fig. 4). Thus, they are on the lower surface
of the B-propeller (Fig. 10). Residues I1e®%® and Asn®%" are
predicted to be in B-strand 4 of W3 of the propeller (Fig. 4),
located on the approximately cylindrical side of the B-propeller,
about midway between the top and bottom (Fig. 10). Because
B-strand 4 is the most challenging of the four g-strands in each
sheet to align, the position within this B-strand should be
considered tentative, whereas the alignment of B-strands 1 and
2 and hence the position of residues 78—-80 in the model is
straightforward. In the YTA-1 epitope, residues 365 and 367
are more important than 78—80. Introduction of the conserva-
tive substitutions V3651 and Q367N into the mouse ¢, subunit is
sufficient to completely restore binding of YTA-1 mAb. On the
other hand, the much more drastic substitutions A78P, A79T,
and K80D into mouse o, only partially reconstitute the YTA-1
epitope; therefore, it is possible that these substitutions alter the
backbone structure of the loop between B strands 1 and 2, and
indirectly affect the conformation of nearby residues.

Antibody competition experiments showed that mAb with
epitopes localized to W1, to W2, or to W5—W7 did not block YTA-1
binding, whereas the CBR LFA-1/1 mAb localized to W3 did block
YTA-1 binding. Overall, these findings localize the YTA-1 epitope
on the B-propeller domain to a region centered near residues
11e35° and Asn®%7, on the side of the B-propeller at blade 3.

Recently, a B, subunit I-like domain model was constructed
that is supported by threading and secondary structure pre-
dictions, and by independent mAb epitope mapping data (57)
(Fig. 11). The I-like domain was modeled using several I do-
mains as templates. Regions of the model that are well aligned
with the templates are coded with a blue ribbon backbone, and
two long insertions in the I-like domain relative to the I do-
main, and other regions of uncertain topology, are coded with

gray ribbon backbones. The previous epitope mapping studies
showed that B, subunit residues Arg'®® and Asn®3° are both
present in the epitope of certain mAb, and residues Arg!®? and
His332 are both present in another mAb’s epitope. In agree-
ment, the model predicts that these residues are on a-helices
al and a6, which are adjacent in the structure (Fig. 11) (57).
The current study identified residues Ser®°? and Arg3°® as the
YTA-1 epitope on the B, subunit. Residues Ser®° and Arg®®?
were necessary for the YT'A-1 epitope, as shown by substitution
for mouse residues, and sufficient for the YTA-1 epitope, as
shown by substitution into mouse f,. Residues Ser?*? and
Arg3%3 are predicted to be in a turn between B-strand 5 and
a-helix 5, at the top of the I-like domain (gold side chains, Fig.
11). In Fig. 11, other antigenic residues defined in B, are shown
as rose-pink side chains, and the positions of antigenic residues
defined in 3, are shown as rose-pink lollipops. 1t is interesting
that the antigenic residues extend only over one half of the
surface of the I-like domain model (Fig. 11, A and B). In the
center of this surface is the “front” face of the I-like domain,
which bears helices a6, al, and a2 (Fig. 11, A and B). All three
helices bear antigenic residues, and these extend from the top
to the bottom of this face. N-linked glycosylation sites in
integrin I-like domains are also restricted to the same half of
the I-like domain surface (gray lollipops, Fig. 11). Residues
Ser®°? and Arg3%3, in the B5-a5 loop, are on the top face of the
I-like domain (Fig. 11A), and form what may be thought of as
the upper-left corner of the antigenic surface (Fig. 11B). Glu!'"®
in B, is on the upper right corner, in a disulfide-bonded turn
(Fig. 11B). Viewed from the top, Ser®°%/Arg®°® and Glu'"® are
on opposite ends of the upper face, and in between them is the
putative MgZ* ion of the MIDAS of the I-like domain.

Our model and the data on the YTA-1 epitope suggest that
the I-like domain associates closely at its “top left” corner in the
B5-a5 loop with the B-propeller domain. It is intriguing that
Ser®°2 and Arg®®? are at the boundary between the front face,
which bears antigenic and N-linked glycosylation sites, and the
back face, which is devoid of antigenic residues and N-linked
sites, except for one N-linked site near Arg®°® on the o5 helix
(Fig. 11C). Thus, the back face may be buried in an interface
with the p-propeller domain, with Ser3°? and Arg®’?® on the
solvent exposed face near its boundary with the buried face,
and hence near to the a subunit B-propeller, and to residues on
its surface including I1e3®® and Asn®%7.

The ability of many of the mAb directed to the B subunit
I-like domain to competitively inhibit binding of YTA-1 is con-
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Fic. 11. Stereodiagram of a theoretical model of the B, subunit I-like domain. A, top view; B, view from the antigenic “front” face bearing
the a6, a1, and a2 helices; C, view from the “back” face bearing the a3, a4, and o5 helices. Residues Ser®*? and Arg®®® in the YTA-1 epitope are
shown as gold side chains. Other B, antigenic residues are shown as rose-pink side chains (see Footnote 2), and positions that are antigenic in 1
integrins (20, 56) are shown as pink lollipops with a large CB atom and a Ca-CB bond. Sites that are predicted to be N-glycosylated in at least 2
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Fic. 12. Schematic diagram of the orientation between the
B-propeller and I-like domains. The orientation is based on the
points of contact defined by the YTA-1 mAb here, and the ligand
mimetic mAb in (53). The top of the I-like domain contacts W3 of the
B-propeller, with the edge bearing g-Ser®’? and $-Arg®°® and B-strand 6
of the I-like domain near the lower half of W2 and W3 of the B-propeller,
bearing a-Pro’®, a-Thr, a-Asp®’, a-11e*%®, and a-Asn®®’, as shown with
the YTA-1 mAb; and the edge bearing the specificity-determining loop
with B-Glu'”® and B-strand 3 near the top of W3, as shown with
ligand-mimetic mAb to oy, B;.

sistent with the proximity of the antigenic residues to one
another on the same side of the I-like domain (Fig. 11, A and B).
In the model, Ca distances are 18 A between Ser?°? and His??2,
and 22 A between Ser®°? and Glu'"®. Since antibodies have
footprints about 30 A in diameter, there could easily be overlap
between the footprints of YTA-1 recognizing Ser®°? and other
antibodies recognizing His??2 or Glu'"®, giving competition be-
tween antibody binding. However, there also could be an indi-
rect interaction between the YTA-1 epitope and residues Arg!33
and His?*2, Knockout of both Arg!®® and His>32, but not either
residue alone, abolished binding of YTA-1. In contrast,
knock-in of both of these residues yielded no reconstitution of
the YTA-1 epitope whatsoever. Furthermore, some mAb that
bind to Arg'®? and His®>®*? did not block binding of YTA-1, and
blocking was variable depending on the cell type examined.
Indirect effects on the YTA-1 epitope may occur because this
epitope is dependent on the activation state of LFA-1. There-
fore, we have been careful throughout this study to use two
independent methods to identify residues directly involved in
the YTA-1 epitope: human to mouse mutations to decrease or
abolish YTA-1 binding, and mouse to human mutations to
reconstitute YTA-1 binding.

The YTA-1 epitope mapping results lead us to the conclusion
that the top edge of the I-like domain associates with the side
of the B-propeller domain at B-sheets 2 and 3. These data
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establish a point of contact between these domains, but not
their orientation relative to one another. Interestingly, a sec-
ond point of contact has very recently been revealed between
the ayy, B-propeller domain and the B5 I-like domain in elegant
work by Takada and co-workers (53) that mapped ligand-mi-
metic antibodies. The residues recognized by these mAb in S5
are present in the same disulfide-bonded loop that contains
Glu'" in B,; thus, this contact region is on the top face of the
I-like domain on the edge opposite from Ser®°? and Arg®°®
(Fig. 11, A and B). This same loop has been demonstrated to
bear specificity for ligand and has been termed the specificity-
determining loop (53, 54). The contact residues in oqy, are in the
4-1 loops at the top edge of the B-propeller, between B-sheets 2
and 3, and between B-sheets 3 and 4. Thus, both YTA-1 to
LFA-1 and the ligand mimetic antibodies to ;85 contact the
B-propeller on the side with B-sheet 3, but the ligand-mimetic-
defined contact is at the top of the side, whereas the YTA-1-
defined contact is on the middle to bottom of the side. With two
points of contact, the relative orientation of the B-propeller and
I-like domains can be predicted (Fig. 12). The top of the I-like
domain is in contact with the side of the B-propeller domain.
Furthermore, the edge of the I-like domain with B-strand 3 and
a-helix 2 is toward the top of the B-propeller, whereas the edge
with B-strand 6 and «-helix 6 is toward the bottom of the
B-propeller. It is tempting to speculate that the back face of the
I-like domain, which lacks antigenic residues and N-linked
sites, is in contact with the B-propeller. If so, then the orienta-
tion defined by the epitopes would mean that with the top of
I-like domain contacting the B-propeller near B-sheet 3, the
bottom would extend toward pB-sheet 5, rather than toward
B-sheet 1 (Fig. 12). Note that the putative MIDAS motif is
positioned in the middle of the interface between the B-propel-
ler and I-like domain, as appropriate for a function in ligand
binding, or in regulating the conformation of loops involved in
ligand binding. The I-like domain MIDAS and the specificity-
determining loop are well situated to interact with ligand-
binding loops on the upper surface of the B-propeller in
B-sheets 2, 3, and 4 of the oyy,, a4 and oy integrins (see
Introduction for references).

The I domain is inserted into a loop at the top of the B-pro-
peller domain, between B-sheets 2 and 3. Therefore, the bottom
of the I domain is in close proximity to the top of the I-like
domain. The C-terminal a-helix of the I domain moves 10 A
down the side of the domain in a movement that is linked to a
shift from a putative inactive to active ligand binding configu-
ration at the top of the domain (31). Therefore, the interface
between the a subunit B-propeller and 8 subunit I-like domains
is well positioned both to indirectly regulate ligand binding by
I domain-containing integrins, and directly participate in li-
gand binding by integrins that lack I domains. We have shown
here that the YT'A-1 mAb selectively binds to activated LFA-1.
Thus, the interface it recognizes between the B-propeller do-
main and I-like domain appears to alter structurally during
activation of LFA-1, and may be an important linkage in the
machinery for inside-out signal transduction by integrins.
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