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ABSTRACT The N-terminal ~440 aa of integrin « sub-
units contain seven sequence repeats. These are predicted here
to fold into a B-propeller domain. A homologous domain from
the enzyme phosphatidylinositol phospholipase D is predicted
to have the same fold. The domains contain seven four-
stranded [-sheets arranged in a torus around a pseudosym-
metry axis. The trimeric G-protein 8 subunit (G beta) ap-
pears to be the most closely related (-propeller. Integrin
ligands and a putative Mg?* ion are predicted to bind to the
upper face of the B-propeller. This face binds substrates in
B-propeller enzymes and is used by the G protein 3 subunit
to bind the G protein « subunit. The integrin o subunit I
domain, which is structurally homologous to the G protein «
subunit, is tethered to the top of the -propeller domain by a
hinge that may allow movement of the domains relative to one
another. The Ca?*-binding motifs in integrin a subunits are
on the lower face of the (3-propeller.

Integrins are arguably the most structurally and functionally
complex family of cell adhesion molecules (1-4). To date, 16
different integrin « subunits and 8 different integrin 3 subunits
in mammals have been defined, which give rise to 21 different
af3 complexes. The extracellular domains are large, with up to
1114 aa for « and 678 aa for B. Diverse ligands on the cell
surface and in the extracellular matrix are recognized. The
adhesiveness of integrins can be rapidly modulated by signals
from within the cell, a phenomenon termed “inside-out sig-
naling” (5-7). Dynamic regulation of integrin adhesiveness is
associated with alterations in affinity for ligand, expression of
epitopes recognized by monoclonal antibodies (mAbs), clus-
tering on the cell surface, and cytoskeletal association. The
divalent cations Mg?* or Ca2* are required for ligand binding,
and alteration of divalent cation composition in the medium
can augment or inhibit adhesion. Regions in both the « and B
subunit cytoplasmic domains have been defined that are
important for regulation of adhesiveness, but how this is
transduced and the nature of the alteration in the extracellular
region are unclear (6, 7). Electron microscopy of integrins
shows a globular ligand-binding domain, containing the N-
terminal portions of the « and B subunits, that is connected to
the membrane by two stalks corresponding to the C-terminal
portions of the o and B subunit extracellular domains (8).
Regions important for ligand binding have been localized to
the N-terminal portions of the « and B subunits (9). The
N-terminal region of the « subunit is composed of seven
repeats of about 60 aa each (10). These contain FG (phenyl-
alanyl-glycyl) and GAP (glycyl-alanyl-prolyl) consensus se-
quences and will be termed FG-GAP repeats. A putative
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Ca?*-binding motif is present in FG-GAP repeat 4 in some
integrins and in repeats 5 through 7 in all integrins (11). Ligand
binding by certain 1 and 3 integrins has been mapped within
the FG-GAP repeats of the « subunits by cross-linking to
ligand and by site-directed mutagenesis (7, 9, 12-16). Within
the third FG-GAP repeat in some integrins is an inserted (I)
domain of 200 residues. The structure of the I domain of the
integrins Mac-1 and LFA-1 has recently been solved and has
a fold similar to that found in nucleotide-binding enzymes,
small G proteins, and heterotrimeric G protein « subunits
(17-20). The I domain contains a metal ion-dependent adhe-
sion site (MIDAS). Two serines, a threonine, and two water
molecules coordinate a Mg?*, with a sixth coordination posi-
tion available to bind an acidic residue in the ligand. Specificity
for ligand is provided by residues that surround the MIDAS in
the integrin LFA-1, suggesting that this is the ligand-binding
site for the I domain-containing integrins (21). A similar
MIDAS motif is present within a 250-aa region that is the most
conserved portion of integrin B8 subunits, and this region has
been predicted to adopt a fold similar to that of the I domain
7).

Insight into the fold of the seven « subunit FG-GAP repeats
could substantially advance our ability to interpret current
data and design further experiments on the structure and
function of integrins. Here I predict the fold of this region of
~440 amino acid residues. Conservation of the number of
repeats as seven in evolution, symmetry arguments, and prop-
erties of the FG-GAP sequence repeats and of protein do-
mains in general suggest that the only known fold that the
seven repeats can adopt is the B-propeller. Strong support for
this fold is provided by secondary structure and threading
predictions, model building, and disulfide bond topology.

Methods

For prediction of secondary structure and disulfide-bonded
cysteines, integrins present in Swiss-Prot (references ITA1_
RAT, ITA2_HUMAN, ITA3_CRISP, ITA3_HUMAN,
ITA4_HUMAN, ITA4_MOUSE, ITAS_HUMAN, ITA6_
CHICK, ITA6_HUMAN, ITA8_CHICK, ITAB_HUMAN,
ITAE_HUMAN, ITAL_HUMAN, ITAL_MOUSE, ITAM_
HUMAN, ITAM_MOUSE, ITAP_DROME, ITAV_CHICK,
ITAV_HUMAN, ITAX_HUMAN, YMAI1_CAEEL, and
YMB3_CAEEL) and selected integrins in GenBank (acces-
sion nos. A45226, ITAIHU; 125886, ITA2BO; S44142,
ITA2MO; D13867, ITA3MO; U12683, ITASXE; X69902,
ITA6MO; 123423, ITATMO; L36531, ITASHU; A49459,
ITA9HU; U37028, ITADHU; U12236, ITAEMO; S40311,

Abbreviations: MIDAS, metal ion-dependent adhesion site; GO,
galactose oxidase; PIPLD, phosphatidylinositol phospholipase D.
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ITAPS1DR; U14135, ITAVMO; and X81108, ITAVPL) were
used. For secondary structure prediction, the I domain was
removed at structural boundaries (19), and integrins were
truncated ~12 residues after the end of the last FG-GAP
repeat using SEQED in GCG (22). A PIR file was made with TOPIR
of GCG, the format was edited with NISUS WRITER (Nisus,
Solana Beach, CA), and sequences were submitted to PHD (23)
as PIR lists. Insertions of >10 residues cannot be removed by
PHD and are misaligned; therefore, ITAE_HUMAN and
1TAEMO were not used, and additionally ITA3_CRISP,
ITA3_HUMAN, ITA3MO, and ITA6_CHICK were not used
for aM prediction. For phosphatidylinositol phospholipase D
(PIPLD), the Swiss-Prot PHLD_BOVIN and GenBank hu-
man L11701 and L11702 sequences were used. Because these
sequences are highly identical, diversity was increased by
separating the seven repeats and submitting PIR lists with 7 X
3 = 21 sequences. Lists with a different repeat of PHLD_BO-
VIN as the target sequence and with two different offsets at
the ends were submitted, since predictions at each residue take
into account the preceding and following six residues.

Models of a4 were made with SEGMOD of LOOK (Molecular
Applications Group, Palo Alto, CA). Alignments (see Fig. 2)
used seven circularly permuted coordinate files for G beta
(protomer B of the By dimer; ref. 24) each beginning with
strand 4 of a different sheet (W). To force cis-proline in the five
o4 integrin Ws with GAP, which appeared required to obtain
a strand 1 that extended through the FG sequence that is
B-bridged to the GAP motif, the cis-proline in W4 of galactose
oxidase (GO) in the same alignment position and one residue
on each side were superimposed and used as the template. The
best representative for each W was chosen from among
multiple a4 models; criteria were a well developed B-sheet
structure as determined by DSSP, and F and A residues from the
FG and GAP motifs that were buried and in proximity of one
another. These Ws were used as templates for a final model.
The template selected for W2 contained the C81-C85 and
C150-C165 disulfides that had spontaneously formed; the
C58-C68 strand 2 to strand 3 and C111-C132 strand 3 to
strand 4 disulfides were present in all models as a consequence
of the alignment. Three copies of the Ca?*-binding structure
from galactose-binding protein (25) were aligned with W5,
W6, and W7 (see Fig. 2), superimposed with LOOK using
B-strand residues Q142-V144, and residues 1.135-Q142 and
the Ca”* were used as templates. Residues G577-D586 in GO
were used to model a representative integrin B2 subunit
sequence, residues V238-F247, as a polypeptide finger with an
aspartic acid at its tip. It was placed three residues lower in the
central cavity with respect to strand 1 than in GO. The
associated Cu?* was modeled as Mg?*+. The Mg?* was centered
on the pseudosymmetry axis at the average position of Ca
carbons in bridge position 2 in strand 1. This gave a similar
spatial relationship between metals and the Ca carbons of
metal-ligating histidine and aspartic acid residues in GO, the
model, and the integrin I domain (17). The side chains of
residues in position 2 of strand 1 were adjusted to an orien-
tation similar to that of T102, C148, and S189 in G beta.
Models were evaluated for B-sheet structure with DSSP (26)
and for native-like packing environments of their residues with
the QUACHK module of WHAT IF (27).

Deduction of a Protein Fold

Many surface proteins contain tandem, independently folded
domains, which commonly are unpaired and extend linearly
like beads on a string; however, a number of features suggest
that the seven N-terminal repeats of integrin « subunits are not
independent domains, but rather fold into a single globular
domain. (i) The number of disulfide bonds in FG-GAP repeats
is inadequate for small, autonomous domains. FG-GAP re-
peats are 62 * 7 aa. Structurally characterized repeating
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domains of similar size found on cell surfaces include com-
plement control repeats of 61 = 4 residues, fibronectin type II
repeats of 60 * 1 residues, and epidermal growth factor
repeats of 40 = 3 residues (28). Disulfide bonds are particularly
important to stabilize small domains; all domains of ~60
residues and smaller contain two intradomain disulfides. How-
ever, few FG-GAP repeats contain cysteines. Furthermore,
some disulfides are interrepeat, rather than intrarepeat (29),
which is unlikely for tandem independent domains. (ii) FG-
GAP repeats contain two long consensus hydrophobic seg-
ments, VVVGAP and VYLF (see Fig. 2), that cannot be
accommodated within a small domain. Small domains have
two layers, whereas hydrophobic segments require a structure
with three or more layers, so that they can be buried beneath
amphipathic segments (30). (iif) Integrins always contain seven
repeats, whereas for linear tandem repeats, the number of
repeats is not constrained. Even within families of closely
related adhesion molecules, repeat number varies. Among
IgSF members that bind integrins, there are two or five IgSF
domains in intercellular adhesion molecules (ICAMs) and
three to seven in vascular cell adhesion molecule-1 (VCAM-1).
Among selectins, there are two to nine complement control
repeats (31). Cadherin superfamily members usually contain
five domains, but one member contains 34 (32). The number
of FG-GAP repeats is conserved at seven in all known integrin
a subunits, including those in Caenorhabditis elegans and
Drosophila melanogaster and the 16 different « subunits in
mammals, despite insertion of the I domain in some of these.
(iv) Exchange of the FG-GAP repeats before and after the I
domain between the integrins Mac-1 (aMB2) and p150,95
(aXB2) reveals epitopes that require the presence of both
regions (33). Furthermore, although not previously pointed
out, mAb HP1/3 to VLA-4 interacts with both FG-GAP
repeat 1 and repeats 5-7 (34).

Because this evidence strongly suggests that FG-GAP re-
peats cannot be autonomously folded units, I surveyed protein
structures for those in which the FG-GAP repeats could be
cooperatively folded. Proteins have recently been systemati-
cally classified according to their fold—i.e., the way in which
the B-strand and o-helical secondary structure elements are
arranged within the primary structure and folded in three
dimensions to form domains (30, 35). Almost without excep-
tion, proteins with sequence homology adopt the same fold.
The fold is more evolutionarily conserved than sequence
homology and may also arise through convergent evolution, so
that proteins with the same fold may not show statistically
significant sequence homology. The similarities in sequence
suggest that each FG-GAP repeat adopts a similar structure;
therefore, for the seven units to fold cooperatively, the protein
fold should contain seven pseudosymmetric units. Although
several folds with pseudosymmetry exist, only one can have
seven pseudosymmetric units, an all-8 structure known as the
B-propeller.

B-propellers contain four, six, seven, or eight B-sheets
arranged radially and pseudosymmetrically around a central
axis. Each sheet contains four antiparallel B-strands (see Figs.
1 and 3). Strand 1 is closest to and runs parallel to the central
axis (36). The overall shape of the domain is cylindrical, with
strand 4 on the outside of the cylinder. Because 3-sheets have

1234 1234 1234 1234 1234 1234 1234
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Fic. 1. Folding topology of the integrin B-propeller. The Ws are
upright. B-strands are arrows, known disulfides in olIb (29) are
horizontal lines, and boundaries between FG-GAP repeats are marked
with vertical dashes.
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an inherent twist, the angle of successive strands increases with Predictions were made for well-characterized « subunits
respect to the central axis (36), giving rise to a propeller associated with three different B8 subunits; the B3-associated
pattern in which each sheet represents one blade. Strands 1, 2, allb (CD41) subunit, the pl-associated a4 (CD49d) subunit,
3, and 4 are connected by successive hairpin turns, and strand and the pB2-associated aM (CD11b) subunit. The N-terminal
4 of one sheet is connected to strand 1 of the next (Fig. 1). segments containing the seven FG-GAP repeats, with the I
Known B-propellers with seven blades are the trimeric G domain removed where required, of each « subunit as the
protein beta subunit (G beta; refs. 24 and 37), GO (38), and target sequence, together with corresponding regions from
methylamine dehydrogenase (39). Viral and bacterial neura- =30 different integrin « subunits were submitted to PHD (23).
minidases contain six blades (40-42). In contrast to the previous prediction in which all seven repeats
from 16 « subunits were aligned together with one another to
Secondary Structure and Fold Prediction yield one consensus prediction for a repeat (43), the seven
repeats were aligned along their entire length, and thus the
A previous prediction of secondary structure using a multiple prediction for each repeat is independent. Remarkably, out of
sequence alignment suggested that the FG-GAP repeats each the 28 positions in which B-strand is expected for a B-propeller
have four structural segments (43). One segment was of (four strands X seven sheets), 8-strand was predicted in 25, 25,
uncertain structure, and a second segment was predicted to and 26 instances for allb, a4, and aM, respectively (Fig. 2).
contain an amphipathic helix followed by a partly buried The congruence between a B-propeller fold and secondary
B-strand. Two further segments were predicted to be buried structure prediction was further tested with PIPLD. The
B-strands. Since this secondary structure prediction, which was C-terminal portion of this enzyme contains seven FG-GAP
excellent for its time, further methods with improved accuracy repeats with Ca?*-binding motifs in repeats 1, 2, 3, and 6 (refs.
have been developed, and a greater number of integrin « 43 and 46; Fig. 2). Indeed, the sequence homology between the
subunits are present in the data base, which allows further seven repeats in integrins and PIPLD is highly significant (P <
improvement in accuracy. Since secondary structure is highly 107% with BLASTP), showing duplication from a common
conserved within a family, prediction accuracy is improved ancestral gene and strongly suggesting adoption of the same
when information from the aligned sequences of the family is protein fold. B-Strands were predicted by PHD in 27 of the 28
taken into account. positions expected for a B-propeller in PIPLD (Fig. 2).

Gbeta bridge position

Integrin
od Wi
allb_W1
oM _Wi1

of w2
allb_w2
oM _w2
od _W3

ollb_W3

aM

aldf  _we
ollb_W6
aM  _W6

ald  _w7
allb_W7
aM  _W7

YMA1_W5

PIPLD Consensus---

PIPLD_W1
PIPLD_W2
PIPLD_W3
PIPLD_W4

390........ ISKSLSMEGQSISGOIDADN .NGYVQYAVGAERS . .. ................. DSAVILRTRP. . .43
3. ... TGSAFGFSLRGAVDIDD.NGYPDLIVGAYG. . .................. ANQVAVYRAQP . . . 452

Strand 1 Strand 2 Strand 4

65b4321
Consensus-------YFG-SV----------G--DVVVGAP-------------=--------G-VY|F------------------------------- L-G----------
15 ......... EGYSVVI HSHG. . . WL L VGAPTANWLAN. ... .. ... ASVINPGALYRCRIGK .. .. ..o NPGQICEQLQLGSPNGEPEG.. 82
15 ... .. NGSQFGFSLDFHKDS. . .HGRVAIVVGAPRTLG. .. ......... PSQEETGGVFLCPWRA. . ... ... ......... EGGQCPSLLFDLRDETRNV.. 79
14...... .....NARGFGQSvVvaOLQ .GSRVVVGAPQEIVA......... .. .ANQRGSLYQCDYS..................... TGSCEPIRLQVP........ 65
83....KTCLEERDNQWLGVIL SRQPG. . .. .ENGSLYIGGHRWKNIFYI. ... NENKLPTGGRYGYPPDL . . . ................. RTELSKRLAPCYQDYVK. .. 156
80. .GSQTLQTFKARQGLGASVVSW. . ... ... SDVIVACAPWQHWNVLEK . .. . TEEAEKTPVGSCFLAQP. ... .................. ESGRRAEYSPCRGNTLSRI . 154

........ VEAVNMSLGLSLAATTS .. ... .PPQLLAGGPTVHQTES. .. .. ... ENTYVKGLEFLFGSNL C..............RQQPQKFPEALRGCPQE...131
..... KFGENFASCQAGISSEYIK . .. .....DLLVMG ... YWTGSLEYYNITT ... ......KYKAELDKQONQYV........212

165, YVENDFSWDKRYCEAGFSSVVTQ. .. .. .. AGELVLGAPGGY................YFLGLLAQAPVADTES..............SYRPGILLWHVSSQSLSF.....

....... SFEHEMSQEGFSAAITSN. . .. ... .GPLLSTVGSY................

.......... KFGSYLGYSVGAGHFRS . . QHTTEMMGGAPQH. . . ... ... ... ...

... .DSSNPEYFDGYWGYSVAVGEFDGD . LNTTEYVVGAPTWS . ... ... ........

......... DMNDAYLGYAAATILRN. .. RVQSLVLGAPRYQ. ... .............

.......... Y . DGFSDLLVGAPMQST. .. ...........

.......... QMASYFGHSVAVTDVNG . . DGRHDLLVGAPLYMESRA. . .. .. ..

,,,,,,,,,, GSTDLVLIGAPHYYE. ... ..........

,,,,,,,,,, DGFEQVAIGAPQED . ... ............ [SSIESORIEGLQ........
........... ! .DGYNDIAVAAPYGGP...............SGRGQVLVFLGQSEGL .. .RSRPSQVLDSPFP
......... : _DKLTDVAIGAPGEE................DNRGAVYLFHGTSGSG. . .. ISPSHSQRIAGSK. ... .. ..
1. . YNVDTESALLYQGP.........
1., .LNLDPVQLTFYAGP.........
........ LSPRLQYFGQSLSGGADLTM.DGLVDLTVGAQ. ... ... .. .......GHVLLLRSQP...601 1.. FNLDTENAMTFQE. .
.......... QHGQYCGGSVAVADVNK . . DGRDDI IMGCPFYTDYGSVKDAKTQERKPQYDVGKVIVMLQTA. ... ..............PGVFGKQIAVVGDDQ
----RLGWSL=---D-N---DG--DL-VGAP--=---=====-====---—--- GRVYVY-G-----G- -SE-A-W-ILSGD---------

75 ... ... .. PYTRLGWAMTSADLNQ. . DGYGDLVVGAPGYSHP. . .. ... ... .. GRIHVGRVYLIYGNDLGLPR. .. ....... IDLDLDKEAHGILEGFQ. . ... ... 444  amino
.......... PSGRFGSAVAVLDFNV . . DGVPDLAVGAPSVGSE . .. ... .. ... .KLTYTGAVYVYFGSKQGQL...............SSSPNVTISCQD.........507 acid
.......... TYCNLGWTLLAADVNG . . DSEPDLVIGSPFAPGG. ... .........GKQKGIVAAFYSGSSYSS..........REKLNVEAANWMVKGEE.........574 codes
,,,,,,,,,, DFAWLGYSLHGVNVN. . . .NRTLLLAGSPTWKDTSSQGHL . FRTRDEKQSPGRVYGYFP. . .. ................ .PICOSWFTISGDK........641

PIPLD_W5 642.......... AMGKLGTSLSSGHVMVNGTRTQVLLVGAPTQ. .. ... ........... DVVSKVSFLTMTLHQGGSTRM. . . . . YELTPDSQPSLLSTFSGN. .. ... ... 711 A ala
PIPLD_W6 712......... RRFSRFGGVLHLSDLDN . . DGLDEI [VAAPLRITDATA GLMGEEDGRVYVFNGKQITVGDVTGK . CKSWVTPCPEEKAQYVLIS. .. .. ... ... C cys
PIPLD_W7 EAGSRFGSSVITVRSK EKNQVIIAAGRSSLG. . ARLSGVLHIYRLGQD. .839 SF D asp
Gbeta Consens -----L1.-8| _F-PD- -G-L=—=IGS=------ ---Do-CoJWD-------------------------- ——-Il-G E glu
Gbeta_Wl 55........... .YAMHWGTD. . .. .. SRLLVSASQ. .. ..o, DGKLIIWDSY. .. ..., TTNKVHAIPLR F phe
Gbeta_W2 97........... .MTCAYAPS. ... .. GNYVACGBL . .. ..o DNICSIYNLKTR QGNVRVSRELAGH G gly
Gbeta W3 143........... .SCCRFLD. ...... DNQIVTSSG. .. oovoveeeeens DTTCALWDIE. .. ..., TGOQTTTFTGH H his
Gbeta W4 184........... .MSLSLAPD. . .. .. TRLFVSGAC. .. ..................DASAKLWDVR. .................... EGACRQTF TGH [ lle
Gbeta_W5 226........... .NAICFFPN...... GNAFATGSD. .. ..................DATCRLFDLR. .................... ADQELMTYSHD K lys
Gbeta_W6 268......... .TSVSFSKS...... GRLLLAGYD.....................DFNCNVWDAL..................... KADRAGVLAGH L leu
Gbeta_W7 312........... .SCLGVTDD. .. ... GMAVATGSW. .. ..o MRTRRTLRGH M met
GO Consensus- .Z=S-MI P —-1Y-PS-----------mm - % N asn
GO_Wl  169............ CAAAATEPT. ... .. SGRVLMWSSYRNDAFG . . ... ....GSPGGITLTSSWDPS. ... ................. P pro
GO_W2  224.......... .PGISMDG. . ..... NGQIVVTGGN. . .................DAKKTSLYDSS. .................... Q glin
GO_W3  269.........._. .QSSATMS. ......DGRVFTIGGSWSGG..............VFEKNGEVYSPS..................... SKTWTSLPNAKVNPMLTAD.324 R arg
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Fic. 2. Alignments, secondary structure, and disulfide bonds. Residues in human integrin a-subunits and bovine phosphatidylinositol

phospholipase D (PIPLD) predicted by PHD to be B-strand and a-helix are highlighted in gold and magenta, respectively. The known secondary
structure elements of G beta and GO B-propeller domains are highlighted with the same colors. Residues present in B-strands in the a4 model
as determined by DssP (26) are underlined. Cysteines known in olIb (29) or predicted in a4 and aM to be disulfide bonded together are coded
with the same color. Equivalent ladder positions in each strand are numbered at the top for G beta; G beta and GO are structurally aligned. The
position of framework residues is marked with a line below the consensus sequence for G beta and GO. Residues in G beta that contact the switch
II region of the G a-subunit (37, 44) are shown in red. The alignment unit is the sheet (W) rather than the sequence repeat; note that the N-terminal
segment is in strand 4, W7. For structural alignments, the seven B-sheets (Ws) of GO (38) and G beta (24, 37, 44) were cut out and structurally
superimposed on one another, and the intact B-propellers were also superimposed using the program 3DMALIGN (45). Sequence alignments were
prepared with PILEUP in GCG (22) and manually adjusted with MEGALIGN (DNAstar, Madison, WI). All gaps except those between strands were
removed. Consensus sequences were calculated with PRETTY in GCG using a plurality of 3/7 of the total number of W.
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Automatic fold prediction algorithms confirmed a B-pro-
peller. Input of the seven repeat region into the sequence
threading program THREADER (47) showed that all the top,
significant hits (Z scores < —3.0) were B-propeller structures:
viral and bacterial neuraminidases and methylamine dehydro-
genase. The secondary structure and accessibility prediction-
based threading program TOPITS (48) yielded the B-propeller
domain within GO as the top hit for all three integrins, with
a significant score for allb (Z = —3.68).

The Relation Between -Sheets and FG-GAP Repeats

Using a common convention for B-propellers, I will call each
sheet a W, with each leg of the W corresponding to one
B-strand. In the conventional view from the side with the Ws
in the propeller upright, the strand 1 to 2 (1-2) loops and the
strand 3 to 4 (3-4) loops are on the bottom, and the strand 2
to 3 (2-3) loops and the connections between strand 4 of one
W and strand 1 of the next W (4-1 loop) are on the top (Fig.
1). For brevity, 4-1 loops are named after the following
W—e.g., the loop between W1 and W2 is the 4-1 loop of W2.
The FG-GAP repeats and the Ws could be offset relative to
one another, since the amino acid sequence threads through
the propeller in a circular fashion, with the N and C termini
adjacent in the structure. In most B-propellers, the N- and
C-terminal segments are tied together by having both contrib-
ute strands to W7 (49).

The four segments in FG-GAP repeats can be identified
with particular strands in the Ws by their hydrophobicity,
which is well defined in B-propellers. B-Propellers contain a
central cavity that is lined with strand 1 and that contains water
molecules. Therefore, B-strand 1 is partially exposed to sol-
vent. B-Strand 4 on the exterior of the propeller is fully exposed
to solvent and is the least hydrophobic strand. B-Strands 2 and
3 are completely buried and therefore are the most hydropho-
bic. Hence, the first segment of each FG-GAP repeat, which
is the least hydrophobic and least conserved between repeats,
corresponds to the outer strand 4, the second segment, which
is partially hydrophobic, corresponds to the inner strand 1, and
the third and fourth segments, which are hydrophobic, corre-
spond to the buried strands 2 and 3 (Figs. 1 and 2). This
topology, with W7 containing strand 4 contributed by the
N-terminus and strands 1-3 contributed by the C terminus, is
shared by most B-propellers (24, 37, 38, 40-42, 49).

Disulfide Bonds

Three disulfide bonds have been chemically defined within the
FG-GAP repeats of ollb (29). The interrepeat C56—C65
disulfide links strand 3 and strand 4 in W1 (Figs. 1 and 2) and
thus is intrasheet. The C107-C130 disulfide links strand 2 and
strand 3 of W2. The C146-C167 disulfide is in the 4-1 loop of
W3. Disulfide bonds between strands predict their ladder
relationship. In B-sheets, each strand is bridged to the next by
hydrogen bonds between the peptide carbonyl and amide
groups; the ladder positions of residues in all strands of the
sheet are thus defined. The residues in each strand at the same
ladder or bridge position in the B-sheets of G beta are given
the same number at the top of Fig. 2. Disulfide bonds within
B-sheets occur between cysteines at the same ladder position
on neighboring strands; the Ca carbons of residues offset by
one or more position are too far apart. The influenza neur-
aminidase B-propeller contains five such intra-sheet disulfides
(40, 41). Integrins were aligned with G beta and GO, such that
disulfide bonds would occur between residues in equivalent
bridge positions. This defined the ladder relationships between
integrin B-strands 2 and 3 in all W, since the alignment between
the cysteine and non-cysteine-containing strands is excellent;
and between strands 3 and 4 in only those W containing a
disulfide, since strand 4 is poorly conserved.
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The disulfide bridges in integrins other than allb can be
predicted from homology to cysteines in «allb and from
multiple alignments. Cysteines at two different alignment
positions that are shared by the same subset of integrins are
predicted to be linked. All predicted disulfides are compatible
with the B-propeller fold. For example, C478 and C490 in W5
of aM are predicted to form a disulfide between B-strands 3
and 4 at the same position as the disulfide in W1 (Fig. 2). C446
of aM and C278 of a4 do not have a match, and are predicted
not to form a disulfide. Indeed, C278 in a4 has been demon-
strated to be free (50). In W5 of the C. elegans integrin YMAL1
(Fig. 2), a disulfide is predicted between cysteines that replace
the F and the A of the FG-GAP motif. The F and the A are
aligned in ladder position 1 of strands 1 and 2, providing
further support for the alignment shown in Fig. 2.

Sequence Alignment

Among B-propellers, only G beta and GO resemble integrins and
PIPLD in number of blades and topology in W7. A structure-
based sequence alignment between the Ws of G beta and GO
(Fig. 2) reveals the well known WDA40 repeats in G beta (51) and
sequence repeats within GO as previously mentioned (36). In-
tegrins were aligned with G beta and GO according to the
positions of the predicted and known B-strands, and the ladder
positions defined by disulfides; sequence similarities were then
noted that confirmed or fine-tuned the alignment, particularly
with G beta (Fig. 2). For example, the residue before the
beginning of B-strand 1 in G beta (“0” position at top of Fig. 2)
aligns with similar hydrophilic and bulky residues in integrins and
PIPLD. At position 1 of strand 1, the consensus F or L residue
in integrins and PIPLD aligns with a buried, hydrophobic con-
sensus I residue in G beta. A B-bulge follows, in which the G of
the FG repeat is inserted. There is a precedent for insertion in
evolution of a glycine into a B-bulge (52). The subsequent,
B-bulged residue in G beta (“b” position, Fig. 2) is located where
the polypeptide turns from running across the top of the propeller
to down the inner lining of the central cavity. The residue in the
b position is often too bulky to be accommodated at position 2,
where the B-strands are very closely packed and small residues are
found. At positions 2 and 3 in strand 1, consensus SV and SL
residues in integrins and PIPLD align with consensus SL residues
in G beta. Other similarities in strands 2, 3, and 4 are present (Fig.
2), including alignment in strand 2 of the consensus GA in
integrins and PIPLD with the consensus GS in G beta.

Alternative Splicing

The B-propeller model is compatible with alternative splicing
of the Drosophila PS2, and the mammalian a6, o7, and &3
integrin subunits (53-55). In all cases, the alternatively spliced
or deleted region corresponds to 3-strands 3 and 4 of W3. Of
any strands in a B-propeller, the loss or replacement of
B-strands 3 and 4 would have the least deleterious effect,
because they constitute the external half of the sheet and leave
the packing in the interior of the domain intact.

Integrin -Propeller Models

Models were built to further test the p-propeller fold, and to
make predictions about integrin structure and function. Mod-
els made using GO or G beta as templates and the alignment
in Fig. 2 yielded packing quality scores in the range —1.4 to
—1.7 (27), which suggests that they were threaded correctly—
i.e., had the proper fold. Scores were better with G beta than
GO as template, in agreement with greater similarity to
integrins in sequence and in length of the predicted B-strands
(Fig. 2). B-strand 1 extended through the bulge position in the
majority of Ws, and in the remaining Ws it had a similar
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FiG. 3. Ribbon diagrams (65) of the model for the integrin a4-subunit B-propeller domain. Views are from the top (4) and side (B). Each W
is shown in a different color. A hypothetical polypeptide finger in the central cavity is gray. Cysteines in disulfides are black. Side chains in B-strand
1 in positions 0, b, and 2 are shown in gold, lavender, and rose, respectively; their oxygens and nitrogens are red and blue, respectively. Ca?™ ions
and a hypothetical Mg2* ion are gold and silver spheres, respectively.

polypeptide chain path (Figs. 2 and 3). Furthermore, all The upper surface of the integrin B-propeller models has a
disulfide bonds were properly formed (Fig. 3, black). pocket resembling a slightly oval amphitheater, with tiers of
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residues surrounding the central cavity. The residues in the last
part of the 4-1 loop and in the bulge region of strand 1 are
successively lower as they approach the turn into the central
cavity; strand 2 exits further away from the cavity and parallels
strand 1 as residues are successively higher and further from
the cavity. Among the residues pointing up into a putative
ligand-binding region at the center of the pocket, the residues
at the b position in strand 1 (Fig. 3, lavender) line the upper
rim of the central cavity and form the inner tier. The next tier
is formed by the last residue of the 4-1 loop (0 position of
strand 1; Fig. 3, gold). These residues line an inner pocket
around the top of the central cavity. Tyrosine, which is
frequently present in hapten-binding pockets in antibodies, is
abundant at both the 0 and b positions in integrins (Figs. 2 and
3). In PIPLD, tryptophan occurs three times in these positions,
and six of the seven residues in the 0 position are basic (Fig.
2), forming a ring of positive charge around a putative active
site. The residue equivalent to the P of GAP, and the next
usually hydrophilic residue in the 2-3 loop, form an overlapping
and more distal tier. Residues in these positions in strand 2 and
in the 0 and b positions in strand 1 in G beta (Fig. 2, shown in
red) make contact with the switch II region of the G protein
a subunit (37, 44).

The B-propeller enzymes all have their active sites at the top
of the B-propeller, near the pseudosymmetry axis. It is gen-
erally true that enzymes with the same fold have their active
sites in the same location and that these sites are present where
adjacent loops run in opposite directions (30). The top of the
B-propeller is richly endowed with such loops, the alternating
2-3 and 4-1 loops. These often vary in length, providing
excursions for substrate and ligand binding and make extensive
contacts with one another, particularly toward the axis. By
contrast, the 1-2 and 3-4 loops on the bottom of the B-propeller
are simple hairpins that are more uniform in length and make
few contacts with one another. Fold is likely to be a reliable
predictor of binding site for those adhesion molecules with
divalent cations in their recognition sites, because similar
specializations are required for binding divalent cations and
substrates. Indeed, in the case of the nucleotide-binding or
double-twisted fold that is shared between enzymes, small G
proteins and regulatory G protein « subunits, and integrin I
domains (17, 18), the same site that binds divalent cation and
substrate in the enzymes and G proteins binds Mg?* and ligand
in integrin I domains.

The prediction based on the protein fold of a ligand-binding
site on the upper surface of the integrin B-propeller domain is
supported by mutational studies. Irie et al. (14) surveyed the
region of the integrin a4 subunit to which function-blocking
mAb mapped by mutating 50 residues in repeats 1-4. Mutation
of three residues, Y187, W188, and G190, in loop 2-3 of W3
(Fig. 2), specifically reduced binding to VCAM-1 and fibronec-
tin. Mutation of three residues in the same location in the
integrin o5 subunit (14) and in the integrin alIb subunit (16)
similarly reduced or abolished ligand binding. Mutational
studies on the &3 subunit have shown that substitution of
residues 153-165 with the corresponding sequence from o4
abolishes binding to laminin (56). This region corresponds to
the 4-1 loop of W3. In complete agreement with the B-pro-
peller model, these regions in a4 and a3 integrins are not only
present on the top of the domain, but the 4-1 loop of W3 and
the 2-3 loop of W3 are adjacent in the structure.

Previous studies have emphasized the importance of the
FG-GAP repeats, but they have conceptualized them as
separate domains and mapped ligand binding to different
locations (9). Ligand cross-linking sites correspond to W5 (12)
and to the region from W3 to W6 (13). The ligand specificity
of aIIb can be transferred with a region spanning from strand
4 of W7 to strand 3 of W5, but not with a region spanning from
strand 4 of W3 to strand 3 of W7 (15). mAbs to a4 that block
ligand binding map to W3 (34, 57). Ligand-mimetic antibodies
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to the fibrinogen-binding site on allb map to the 2-3 loop of
W3 (16). By contrast, eight different mAb to the o3 subunit
that block adhesion to laminin and homotypic aggregation map
to a region extending from strand 4 of W7 to the 1-2 loop of
W2 (56). These results are difficult to interpret with a model
in which the FG-GAP repeats represent tandem, independent
domains, but are highly consistent with a B-propeller model in
which all FG-GAP repeats contribute to a common surface.

Since almost all integrins require Mg?* for ligand binding
and their ligands contain functionally important glutamic or
aspartic acid residues that may coordinate a divalent cation
(1-4, 9), it is reasonable to inspect models to determine
whether a Mg?*-binding site might be present in the putative
ligand-binding site on the upper surface. A substantial pro-
portion of B-propellers bind cations, and the sites are located
on the upper surface in the 1-4 and 2-3 loops or in the central
cavity (38, 41, 58-61). In integrin B-propeller models, residues
with side chains containing oxygen are abundant near the
upper end of the central cavity, although few of these residues
are acidic (Fig. 3). The only type of divalent cation-binding
region that is apparent would be similar to the MIDAS in I
domains (17). The coordination chemistry in the MIDAS is
unusual for Mg?* and never seen for Ca?*. Three oxygens
from serine and threonine side chains and one water molecule
donate coordinations to a Mg?* ion in an xy plane. The lack of
charged residues in the primary coordination sphere in the
MIDAS has significance for the strength of binding to an acidic
residue in the ligand. Serines and threonines are abundant in
an xy plane at the top of the central cavity in integrin
B-propeller models (Fig. 3, rose residues), in position 2 of
strand 1 (Fig. 2). This is at the narrowest aperture of the central
channel. Moving around the circumference of this aperture,
each group of three adjacent serine and threonine residues—
i.e., those in adjacent B-strands—is in a remarkably similar
disposition to the serines and threonine in the MIDAS. The Ca
carbons of the adjacent residues are 521 = 0.23 A apart,
compared with 5.55 A in the MIDAS, and the next most
adjacent are 9.37 = 0.37 A apart, compared with 8.4 A in the
MIDAS. Only one Mg?* could be bound at a time, but there
are as many as seven different possible binding sites distributed
around the pseudosymmetry axis, which could have important
implications for regulation of ligand affinity and specificity.
The fourth position in the xy plane might be occupied by a
water molecule; the residues are too far apart to form four
coordinations to an ion, as occurs in four-bladed B-propellers
(59-61). An acidic residue to hold a water in position to
coordinate the Mg?* in the —z position as found in the I
domain MIDAS appears to be missing. However, one might
imagine a polypeptide finger from another domain—e.g., the
B subunit—protruding up into the central cavity. Such a finger
could have a residue at its tip that coordinates with the cation
from below, as occurs in the central cavity of GO. Indeed, the
cavities of all seven- and eight-bladed propellers except G beta
are filled with a polypeptide finger or prosthetic group, and G
beta may not be a real exception, because it might bind to loops
from seven transmembrane receptors (37). There is no evi-
dence for such a finger in integrins; however, it was included
in models to demonstrate that there would be room for one,
particularly when placed lower in the central cavity than in GO,
as appropriate for the predicted lower position of the cation.
The central cavity of G beta is narrower, but more conical, than
that of GO. The remaining +z coordination position for a
hypothetical Mg?* would be above it in the center of the upper
surface of the B-propeller, in an ideal position for coordination
to a bound ligand.

The putative Ca?>*-binding motifs in integrins located in the
1-2 loops were modeled on the Ca?*-binding motif in galac-
tose-binding protein (25), since, in contrast to the EF-hand
motif, in galactose-binding protein one of the coordinating
residues is located in a B-strand, as predicted in integrins (Fig.
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Fic. 4. Superimposition of the aM integrin subunit I domain and
B-propeller domain on a trimeric G protein. (4) The oM I domain
(magenta; ref. 17), B-propeller domain (purple), and polypeptide
finger (white) are shown with Ca traces. Mg+ and Ca?* ions are green
and grey spheres, respectively. Residues at the ends of the domains that
may be connected by linker segments are shown in yellow. Accordir}f
to the superimposition, the a carbons of C128 and D132 are 7.4
apart, and K315 and S329 are 11 A apart. (B) The trimeric G protein
a-subunit (magenta) and bound GDP (space-filling), B-subunit (pur-
ple), and y-subunit (cyan; ref. 44) are shown in the same orientation.
The residues in yellow are separated by 5-7 residues from lipid-
modified termini that bind to the inner face of the plasma membrane
(37, 44). These interactions with the plasma membrane increase
association between the a-subunit and the By-subunit dimer and to
some extent may act like the covalent linkage between the I domain
and B-propeller domain in integrin a-subunits. The aM B-propeller
domain was modeled on o4, and superimposed on G beta with the
alignment in Fig. 2 and a 2/7 rotation on the pseudosymmetry
axis—i.e. with aM W1 on G beta W6. A total of 49 residues in aM 1
domain elements BA, al, BB, BD, BE, BF, and 7 (17) was superim-
posed on Ga [%1, al, B3, B4, B5, B6, and a5 (44), respectively, with an
RMS of 1.56 A using LoOK. The figure was made with LOOK.

2). The Ca?*-binding sites are predicted to be near one another
on the lower surface of the B-propeller domain (Fig. 3). The
N terminus of integrins is also predicted to be on the lower
surface and has highly conserved Asn and Asp residues at
positions 2 and 4 that might ligate a cation. Since removal of
Ca?* activates ligand binding by many integrins and destabi-
lizes association with the B subunit in several integrins (4, 6, 9),
the lower surface of the B-propeller domain in the « subunit
may be involved in interactions with the B subunit and in
conformational changes that regulate ligand binding.

The I domain is inserted into the B-propeller domain in the
4-1 loop between W2 and W3. Integrins with I domains
uniquely contain cysteines in the 2-3 loop of W2 and in the 4-1
loop, just before the beginning of the I domain, that are
predicted to be disulfide-bonded (M C97 and C128; Fig. 2).
The two polypeptide chain connections and the disulfide bond
are all predicted to be close together on the upper rim of the
B-propeller domain. The connections to the B-propeller are
also close together in the I domain structure (17), and a
hydrophilic linker segment is present on the C terminal side of
the I domain. These features suggest a hinge between the I
domain and the B-propeller domain.

The I domain is structurally homologous to the G protein
a-subunit (17, 19), and when the integrin I domain and
B-propeller domain are superimposed on the trimeric G
protein structure (37, 44), the N and C termini of the I domain
are very close to a 4-1 loop on the rim of the B-propeller
domain, as proposed for the hinge connection (Fig. 4). The
superimposition illustrates the relative sizes of the B-propeller
and I domains, and one possible orientation between them.
Since the I domain can be expressed independently of the
integrin B-propeller domain (17), in an intact integrin, move-
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ments at the hinge might allow reversible binding of the I
domain to the upper surface of the B-propeller domain, as in
interactions between G protein « and $ subunits. Conforma-
tional changes in the B-propeller domain similar to those that
regulate ligand binding might regulate I domain binding to the
B-propeller domain and, in turn, regulate ligand binding by the
I domain. Specifically, a conformational change in the I
domain MIDAS that correlates with binding of a surrogate
ligand and that is linked to a substantial change in position of
the C-terminal a-helix (17-20) would be expected to be linked
to movements of the I domain relative to the B-propeller
domain.

Conclusion

The convergence of multiple, independent lines of evidence
provides strong support for the conclusion that the FG-GAP
repeats of integrins fold into a B-propeller domain. Indeed,
GO, G beta, integrins, and PIPLD appear so similar that it is
likely that they evolved from a common ancestral B-propeller
domain, as previously suggested for GO and G beta (24). It is
interesting that integrins have statistically significant sequence
homology to the enzyme PIPLD, which, like integrins, is
predicted here to have a B-propeller domain. This demon-
strates an explicit evolutionary link between enzymatic and
nonenzymatic proteins with B-propeller folds. It is also inter-
esting that like integrins and PIPLD, most B-propeller en-
zymes are extracellular—i.e., membrane-bound (40, 41), se-
creted (38, 42, 60, 61), or periplasmic (39, 49, 58). The
B-propeller domain appears to be well suited to many different
types of functions. Indeed, because there are so many different
members of the integrin (1-4) and G protein B-subunit or
WD40 families (51), members of the B-propeller family in-
volved in ligand binding, regulation, and signaling may be more
numerous than the enzymes.

Previous fold predictions have been reviewed (62, 63). The
prediction that the integrin I domain had the same fold as the
small G protein ras—i.e., the double-twisted, nucleotide-
binding fold (64) is most relevant. This was an outstanding and
correct prediction (62), although the subsequent structure
revealed a different variant of this fold, in which the order of
two of the B-strands in the sheet is reversed (17). Among fold
predictions, a B-propeller is auspicious. These are among the
largest protein domains known, and therefore the relative
disposition of a large number of amino acid residues can be
predicted. Furthermore, the B-propeller fold is highly stereo-
typed (36). In most protein folds, variation can occur in the
number of secondary structure elements and in the order in
which the elements occur in the amino acid sequence. By
contrast, all known B-propellers contain four B-strands per
sheet and an invariant pattern for threading the sequence
through the three-dimensional structure.

Three-dimensional models of the integrin B-propeller do-
main are therefore likely to be more accurate than usually
expected for models based on templates that lack statistically
significant sequence homology. Needless to say, there will be
discrepancies with the actual structures, and accuracy will vary
as function of position in the fold. The strands and nearby
positions in loops with clear correspondence to the template
will be predicted the most accurately. It is propitious that these
positions include residues thought to be important in binding
ligand and possibly a Mg?* ion, on the upper surface of the
B-propeller domain. Some 4-1 and 2-3 loops in integrins are
particularly long and are not predictable; in B-propellers these
may go up in the general direction of the pseudosymmetry axis,
extend in a radial direction, or even drape over the outer
cylindrical surface. However, the adjacency of loops is well
defined in B-propellers as shown by inspection of G beta and
GO. On the upper surface, most loops contact other loops in
the same and two adjacent W; there are few more distant
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contacts. On the lower surface, loops are more regular and the
interactions more circumscribed. The 1-2 loops only interact
with 1-2 loops in neighboring W and with 3-4 loops in the same
and in the following W; 3-4 loops do not interact with
neighboring 3-4 loops. One prediction of adjacencies by the
B-propeller model has already been confirmed; the 1-2 loop of
W5 is in close proximity to the 3-4 loop of W6 in the aM
integrin subunit (C. Oxvig and T.A.S., unpublished).
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