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ABSTRACT We report the 1.8-A crystal structure of the
CD11a I-domain with bound manganese ion. The CD11a
I-domain contains binding sites for intercellular adhesion
molecules 1 and 3 and can exist in both low- and high-affinity
states. The metal-bound form reported here is likely to
represent a high-affinity state. The CD11a I-domain structure
reveals a strained hydrophobic ridge adjacent to the bound
metal ion that may serve as a ligand-binding surface and is
likely to rearrange in the absence of bound metal ion. The
CD11a I-domain is homologous to domains found in von
Willebrand factor, and mapping of mutations found in types
2a and 2b von Willebrand disease onto this structure allows
consideration of the molecular basis of these forms of the
disease.

CDlla/CD18 (LFA-1, aLl32) is a member of the integrin
family of cell surface receptors. Integrins consist of a 120- to
180-kDa a subunit (CD11a in this case) and a 90- to 110-kDa
f3 subunit (CD18 or (32 in this case) that are noncovalently
associated single-pass transmembrane proteins. The bulk of each
integrin subunit is extracellular, where it typically functions as a
receptor for extracellular matrix molecules or counterreceptors
on the surface of apposed cells (1). CDlla/CD18 is expressed on
all leukocytes and mediates adhesion to a variety of cell types that
express one or more of the CDlla/CD18 ligands intercellular
adhesion molecule 1 (ICAM-1), ICAM-2, and ICAM-3. The
processes mediated by CDlla/CD18 interactions include adhe-
sion to the endothelium and extravasation at sites of inflamma-
tion and adherence of activated T cells to target cells (2).A subset
of integrin a chains, including CD1la, contain an inserted domain
(I-domain) of - 190 aa that is homologous to the family of von
Willebrand Factor (vWF) A-type domains (3, 4). The I-domain
has been associated with ligand binding in each of the I-domain-
containing integrins (5-11).
Many integrins do not normally exhibit high affinity for

ligands and must become activated for an interaction with
ligand to be observed (1, 12, 13). The conversion to a high-
affinity state is typically transiently induced after appropriate
physiological stimuli to the integrin-bearing cell. The produc-
tion of monoclonal antibodies that specifically recognize the
active state of integrins and the observation of altered bio-
physical properties following ligand binding have led to the
belief that a conformational change accompanies the transi-
tion to the high-affinity state in integrins (1). The mapping of
both ligand-binding and active-state antibody epitopes to the
I-domains of I-domain-containing integrins indicates that any
activation-dependent conformational change is likely to in-
volve the I-domain (7, 8, 14). The presence of a conserved
divalent cation-binding site in I-domains and the requirement
of divalent cations for ligand binding indicate that the metal-
bound form of the I-domain is likely to represent a high-
affinity state (6, 15). A regulated affinity for ligand is also

observed for the interaction between the vWF A domains and
the platelet receptor GPIb (16), suggesting that conforma-
tional regulation of affinity for ligand may be a general feature
of this type of domain.
We undertook an x-ray crystallographic study of the CD1la

I-domain to investigate the structural features of affinity
modulation and ligand binding in this domain and to provide
a basis for modeling homologous domains in other proteins.
Recently, the crystal structure of the I-domain from CD11b
with bound magnesium was reported (17). The CD11b I-do-
main amino acid sequence matches the CD11a sequence at
33% of the positions, and the CD11b structure showed these
domains to possess a flavodoxin-like tertiary structure and
allowed identification of a set of conserved residues involved
in coordinating the metal ion. We report here the refined 1.8-A
crystal structure of the CD11a I-domain with bound manga-
nese ion.t A strained hydrophobic ridge adjacent to the bound
metal ion is seen that may be involved in ligand binding and
that is likely to undergo rearrangement in the absence ofbound
metal. We have also mapped von Willebrand disease (vWD)-
causing mutations found in vWF A domains onto the CD11a
I-domain structure and consider molecular mechanisms that
may underlie different forms of vWD.

MATERIALS AND METHODS
Expression and Purification of the CD11a I-Domain. A

DNA fragment encoding residues Cys-125 to Gly-311 of
human CD11a (CDlla-I) was amplified by reverse transcrip-
tion-PCR from the monocytic cell line THP-1 (18). The DNA
sequence of this fragment was determined and was found to
agree with published sequences (3) with the exception of a T
-- C mutation that results in an Arg at position 189 instead of
a Trp. Since multiple independent inserts contained this
mutation and the proofreading Pfu polymerase was used, this
mutation may represent an isoform. The CD1 la gene fragment
was subcloned into the pETllc expression vector and trans-
formed into Escherichia coli BL21(DE3) and 834(DE3) cells
(19). Three to 4 hr after induction of logarithmic-phase cells
with isopropyl P-D-thiogalactopyranoside, the cells were har-
vested and lysed by sonication. The CD11a-I proteinwas found
in the insoluble fraction of the lysate and resolubilized in 7 M
urea/5 mM MnCl2/10 mM Tris, pH 7.5/40 mM 2-mercapto-
ethanol. The resolubilized pellet was dialyzed in successive
steps over 2 days into 5 mM MnCl2/10 mM Tris, pH 7.5/5 mM
2-mercaptoethanol. A precipitate was removed by centrifuga-
tion, and the supernatant was concentrated by ultrafiltration
and loaded onto a Pharmacia Mono-Q column. The CDlla-I

Abbreviations: ICAM, intercellular adhesion molecule; vWF, von
Willebrand factor; vWD, von Willebrand disease; SeMet, selenome-
thionyl-substituted; MAD, multiwavelength anomalous diffraction.
*To whom reprint requests should be addressed.
tThe atomic coordinates and structure factors have been deposited in
the Protein Data Bank, Chemistry Department, Brookhaven Na-
tional Laboratory, Upton, NY 11973 (reference lLFA, lLFA-SF).
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protein passed through the column and was judged :98% pure
on a Coomassie-blue-stained SDS/polyacrylamide gel follow-
ing concentration by vacuum dialysis in a collodion bag
(Schleicher & Schuell). Selenomethionyl-substituted (SeMet)
protein was prepared by using the methionine-auxotrophic
strain 834(DE3) as described (20) and was purified in the same
manner as the native protein.

Crystallization. Crystals were grown from hanging drops by
the method of vapor diffusion. One microliter of 5 mM
MnCl2/5 mM 2-mercaptoethanol containing CDlla-I at 15
mg/ml was mixed with 1 ,ul of a reservoir solution of 14-20%
(wt/vol) PEG 3350/100 mM MnCl2/50 mM sodium acetate,
pH 5.2, and equilibrated over the reservoir solution. Micro-
seeding proved useful for both native and SeMet protein.
Diffraction-quality crystals of SeMet protein were obtained
only when the crystallization trials were carried out with
degassed buffers in an anaerobic chamber. Crystals typically grew
to a final size of 0.2mm x 0.1 mm x 0.1 mm over 3-7 days. Most
crystals were in space group C2 with unit cell dimensions a =
131.13 A, b = 45.45 A, c = 66.13 A, and A = 99.8°. The largest
SeMet crystal was in space group P222 with unit cell dimensions
a = 66.12 A,b = 129.22 A, and c = 45.46 A. This crystalwas used
for multiwavelength anomalous diffraction (MAD) experiments.
Data Collection and Processing. All data were collected

from crystals soaked for at least 15 min in reservoir buffer
containing 20% (wt/vol) PEG and 10% (vol/vol) ethylene
glycol and flash-frozen in a gaseous nitrogen stream at
- 180°C. Diffraction data were collected from native C2 and
SeMet P222 crystal forms with an R-axis IIc detector and Cu
Ka radiation from a Rigaku RU200 rotating anode. MAD data
were collected from a single SeMet P222 crystal that was
transported frozen to the X4A beamline of the National
Synchrotron Light Source at Brookhaven National Labora-
tory. MAD data were collected with Fuji HR-5 phosphor
imaging plates. Two-degree oscillations at 4 and 4 + 1800 were
collected with no overlap for each oscillation range at each
wavelength. All diffraction images were processed with the
program DENZO and scaled with the program SCALEPACK (21).
(I+) and (I-) were used for MAD phase determination, and
partially recorded reflections were used in all cases. Diffrac-
tion data from different wavelengths were scaled with WVLSCL,
and FA values and optimalf' andf" values were calculated with
MADLSQ (22).

Structure Determination. Four selenium sites were deduced
from inspection of FA Patterson and difference Fourier maps,
and these sites were confirmed with the program HEAVY.
Phase determinations were made with the program MLPHARE,
and solvent flattening and histogram matching were per-
formed with the program DM (23). A complete atomic model
for residues Asn-129 to Tyr-307 was readily built into 2.6-A
electron density maps by using the program o (24). The
placement of this model in the unit cell indicated that the
asymmetric unit must contain an additional molecule. All four
selenium sites were accounted for by the first model, however,
and no interpretable density existed for a second molecule.
The initial model was thus used as a search model for
molecular replacement with the C2 crystal form. Two solutions
were found in the asymmetric unit of the C2 crystal form by
use of X-PLOR (25), and all refinement was carried out in this
crystal form. Several rounds of simulated annealing and/or
Powell minimization with X-PLOR alternated with model build-
ing with o have produced the current atomic model for
CD11a-I. This model consists of residues Gly-128 to Ile-309 for
one molecule in the asymmetric unit, Gly-128 to Glu-310 for
the other molecule (2941 nonhydrogen protein atoms), 2
manganese ions, 2 chloride ions, and 312 water molecules. A
chloride ion has been modeled in one of the manganese
coordination sites, as the distance to the manganese at this site
(2.55 A) is more compatible with chloride than with water,
difference Fourier maps indicate a strong scatterer at this

position, the charge on a chloride would neutralize the metal
coordination sphere, and chloride is the only monoatomic
anion added to the buffer. The rms difference in position for
all main-chain atoms following superposition of the indepen-
dent molecules in the asymmetric unit is 0.17 A. Refinement
statistics and stereochemical parameters for this model are
shown in Tables 1-3.

RESULTS
The CD11a I-domain structure consists of a five-stranded
parallel 13-sheet core surrounded on both faces by a-helices
(Fig. 1). A short antiparallel strand occurs on one edge of this
sheet. The position of secondary structural elements in the
CD11a sequence is shown in Fig. 2. This structure is very
similar to that of flavodoxin (26) and members of the dinu-
cleotide-binding family of proteins (27). The topology of the
CD1la I-domain is essentially identical to that reported for the
CD11b I-domain (17), with the exception that a 7-aa deletion
between 13-strands 3 and 4 (X33 and /34) in CD11a relative to
CD11b results in the shortening of a-helix 5 (aS) to a single
turn of 310-helix. Single turns of 310-helix are also found at the
end of a6 (Leu-274 to Phe-277), between a4 and ,B3 (Arg-221
to Gly-225; not shown in Fig. 1), and between ,B4 and a6
(Lys-263 to Gln-266). An unusual turn is found between /32
and /32' that contains a hydrogen bond from the amide of
Ser-175 to the carbonyl of Ser-177. This turn appears similar
to a y turn, with the difference that the direction of the
main-chain hydrogen bond is reversed. The only residues
identified to be in highly strained regions of a Ramachandran
plot by the program PROCHECK (28) are Ser-175, Leu-204, and
Leu-205. Electron density for each of these residues is per-
suasive, and stabilizing hydrogen bonds exist in all cases.
The residues whose side chains coordinate the metal ion in

the CD11a and CD11b I-domains are completely conserved
[the so-called MIDAS motif (17)], but the manner in which the
metal is coordinated differs slightly. As shown in Fig. 3 for the
CD11a I-domain, the side chains of Ser-139, Ser-141, and
Asp-239 directly coordinate the bound metal while the side
chains of Thr-206 and Asp-137 are hydrogen-bonded to coor-
dinating water molecules. In the CD1lb I-domain the Thr-206
homologue directly coordinates the metal while the Asp-239
equivalent is hydrogen-bonded to a coordinated water mole-
cule. Comparison of the CD11a I-domain structure with the
published figures of the CD11b I-domain suggests that these
differences in coordination may be achieved by a rotation of
the coordinated metal ion. Other than affecting the interac-
tions with Thr-206 and Asp-239, the principal effects of such
a rotation would be to alter the orientation of the most
solvent-exposed metal coordination position. The differences
in metal coordination seen in the CD1la and CD1lb structures
may thus reflect a difference between I-domains with protein-
liganded and solvent-exposed metal-binding sites. There seems
little reason to believe any significant structural or functional
differences exist between Mn2+- and Mg2+-bound forms of
I-domains, and any variations in the physiological effects of
these ions seems likely to be due to their differing affinities for
I-domains (15).
Another notable difference between the CD1la and CDllb

I-domain structures appears to be the disposition of a7 relative
to the body of the I-domain. The extent of a7 is identical in
CD1la and CD lib, and comparison of the a7 sequences in the
two molecules reveals identical residues at 50% of the positions
and residues conserved in type at >90% of the positions.
Despite these similarities, a7 appears to have undergone
significant rigid-body motion when the structure of the CD1 la
and CD1lb I-domains are compared. A likely source for this
motion is found by examination of intermolecular contacts for
CD11a. a7 forms the C terminus of I-domains, and the C
termini of the two CD11a I-domains in the asymmetric unit of
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Table 1. MAD structure-factor ratios and anomalous
scattering factors

Structure-factor ratio* Anom.t
A, A 0.9871 0.9793 0.9790 0.9686 f'(e) f(e)

0.9871 0.032 0.045 0.034 0.032 -4.03 0.51
0.9793 0.047 0.032 0.049 -9.77 3.95
0.9791 0.058 0.037 -7.09 5.55
0.9686 0.048 -3.59 4.00
*Ratio = (rms (AIFI))/(rms (IFI)), where AF is the Bijvoet difference
at one wavelength (diagonal elements) or the dispersive difference
between two wavelengths (off-diagonal elements). Centric data were
merged to a single value and are thus not shown. The Bijvoet
difference at Al may be taken instead as an upper limit of the noise
of the anomalous signals.
tAnomalous components of the selenium scattering factors as a
function of wavelength as determined by MADLSQ (22).

Table 2. Data collection statistics

Resolu- No. of Complete-
Crystal A, A tion, A reflections ness, % Rym (I/aI)
P222 0.9871 30-2.6 10,170 80.5 6.3 19.1
P222 0.9793 30-2.6 10,207 80.8 6.7 19.6
P222 0.9790 30-2.6 10,105 79.9 7.3 19.0
P222 0.9686 30-2.6 10,162 80.5 6.7 18.1
C2 1.54 30-2.1 21,810 95.5 3.8 21.6
C2 1.54 30-1.8 27,543 76.0 4.0 20.3
Rsym and completeness values were calculated by considering Bij-

voet's equivalent. Rsym = 10(0 X YhZIiJ(h) - (I(h))I/hXAiIi(h).
Table 3. Refinement and stereochemical statistics for C2
crystal form
R value 0.190 (F > 2oa, 6.0-1.8 A), 0.193 (all F, 6.0-1.8 A)
R free 0.251 (F > 2cr, 6.0-1.8 ), 0.256 (all F, 6.0-1.8 A)
rms deviation

Bonds, A 0.009
Angles 1.90
B value 1.2 /1.3 (bonds/angles, main chain)

2.3/2.7 (bonds/angles, side chain)
Avg. B, A2 14.9 (protein), 26.9 (solvent)
A subset of the data (5%) was excluded from refinement and used

for the free R-value calculation (25). All data for which IFI > 2cr were
used in the refinement. R value = lIIFo1 - IFcIl/IF01.

the crystal structure reported here interact in such a way that
residues 305-308 intercalate between a7 and the body of the
molecule. As the CD1la I-domain is normally embedded in the
much larger CD11a polypeptide, this interaction is almost
certainly an artifact of crystal packing. a7 appears nonetheless
quite labile, and this lability may prove a contributing factor to
any conformational changes associated with the activation of
CDlla/CD18 for ligand. A more complete consideration of
structural differences between the CD11a and CD11b I-do-
mains awaits direct comparison of atomic coordinates.

DISCUSSION
We have determined the high-resolution crystal structure of
the I-domain of CD11a with bound manganese ion. The
CD11a I-domain has been shown to contain a binding site for
the CDlla/CD18 ligands ICAM-1 and ICAM-3 (7), but some
manner of activation is required for this binding to be ob-
served. This activation is believed to be accompanied by a
conformational change in the integrin, most likely involving
the I-domain. The ability ofmanganese ion to induce the active
state and the requirement of divalent cations for ligand binding
indicate that the manganese-bound form of the CD11a I-do-
main is likely to represent a high-affinity state of the molecule.

FIG. 1. Ribbon diagram of the CD11a I-domain. The manganese
ion is shown in purple and the side chains of Ser-139, Ser-141, and
Asp-239 are shown in green with red oxygen atoms. The N and C
termini, the ,3-strands (yellow arrows), and the a-helical segments are
labeled. This figure was made with the program MOiSCRIPT (26).

The presence in the CD11a I-domain structure of a strained
hydrophobic ridge with main-chain contacts to the loop pri-
marily responsible for coordinating the metal ion is consistent
with both the existence of a conformational change upon
activation and that the metal-bound state represents this active
form. As shown in Fig. 3, Leu-203, Leu-204, Leu-205, and
Met-140 form a solvent-exposed hydrophobic ridge adjacent to
the metal-binding site. In addition to the energetic cost of
exposing these hydrophobic residues, the main-chain torsion
angles of Leu-204 (4) = -126, 4, = -138) and Leu-205 (4) =
-82, 4, = -159) exist in highly unfavorable regions of (), 4,
space. These strained conformations are stabilized by the
presence of the manganese ion through multiple main-chain
hydrogen bonds between these residues and the metal-
coordinating loop (residues 137-141). The presence of main-
chain contacts between the hydrophobic ridge and the metal-
coordinating loop suggests that this conformation is potentially
independent of the amino acid sequence and may be a general
feature of metal-bound states of I-domains. Metal coordina-
tion is also likely to affect the conformation of leucines
203-205 through their immediate successor in amino acid
sequence, Thr-206, which forms hydrogen bonds with a metal-
coordinated water in the CD11a structure and directly coor-
dinates the metal in the CD11b structure (17). The confor-
mation of the hydrophobic ridge is also stabilized through
multiple hydrogen bonds to the unusual 3-turn (residues
174-176) that contains the only other residue in the CD11a
I-domain, Ser-174, with unfavorable main-chain torsion angles
(4 = -155, 4, = -108). Thus, two energetically strained loops
exist whose conformations are stabilized directly and indirectly
by the metal-coordinating loop. Significant rearrangements in
these regions seem likely upon removal of the metal ion and
may underlie the conformational change believed to occur
during the transition between high- and low-affinity states of
CD11a/CD18. The presence of this exposed hydrophobic
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FIG. 2. Sequence alignment of the CD1la I-domain andvWFA domains. The amino acid sequence of the CD11a I-domain is shown with residues
involved in coordinating the manganese colored purple and exposed hydrophobic residues near the manganese-binding site colored green. The
secondary-structure assignments obtained by using the algorithm of Kabsch and Sander (27) as implemented in PROCHECK (28) are indicated. Sites
of type 2b vWD-causing mutations in the vWF Al domain are colored red, whereas sites of type 2a vWD-causing mutations in the vWF A2 domain
are colored blue. Fractional solvent accessibility (FSA) is shown in green for each residue in the CD11a structure. The FSA is the ratio of the
solvent-accessible surface area of a residue in a Gly-Xaa-Gly tripeptide vs. that in the CDlla I-domain structure. A value of 0 represents a value
from 0.00 to 0.09, 1 represents 0.10 to 0.19, and so on.

region does not lead to aggregation of this domain as judged
by dynamic light scattering, however, and this domain is soluble
to at least 15 mg/ml in aqueous solution.
The exposed hydrophobic ridge provides a plausible binding

site for the ICAMs. Considerable free energy could be gained
by burying these residues at an appropriate intermolecular
interface, and several hydrophobic residues in ICAM-1 and
ICAM-3 exist in positions likely to be solvent exposed and near
residues that affect the CDlla/CD18-ICAM interaction
when mutated (e.g., residues 44-46 and 66 in ICAM-3 and
residues 42-44 and 64 in ICAM-1) (29). The proximity of this
hydrophobic ridge to the metal-binding site makes involve-
ment of these residues in ligand binding consistent with
speculation that an exposed coordination site on the metal ion
may coordinate an acidic side chain from a ligand molecule
(17). Only one position in the exposed hydrophobic ridge
identified in CD1la remains hydrophobic for both CD1lb and
CD11c, suggesting that a high degree of hydrophobicity in this
region is not a general requirement for I-domain activation and
may be specific to the interactions of CD11a. The probable
presence of I-domain-like structures in integrin f3 subunits
(17), however, indicates that structural rearrangements in
I-domain-like structures may prove a general feature of affin-
ity modulation by integrins.
The homology between the CD11a I-domain and A-type

domains from vWF allows mapping of the position of vWD
causing mutations in the Al and A2 domain ofvWF onto the
CD11a I-domain structure. vWD is an hereditary bleeding
disorder of man that results from abnormalities of vWF (16).
An alignment of CD11a and vWF amino acid sequences is
shown in Fig. 2. By using the fractional solvent accessibility of
the amino acids in CD1 la structure as a guide, the hydrophobic
3-strands of these domains could be confidently aligned. Gaps

in the sequence alignment were left in less certain regions. All
but two of the type 2b vWD-causing mutations catalogued in
ref. 30 are shown in red in Fig. 4 and can be seen to cluster in
a single area of the molecule. The two mutations not shown
could not be confidently placed in the CDlla sequence, but it
is likely that they map to this area also. The majority of these
mutations occur at solvent-exposed sites (Fig. 4). The affinity
ofvWF for its platelet receptor, GPIb, is normally not observ-
able, and an activation event is required for a high-affinity
interaction. Mutations causing type 2b vWD result in a gain-

of-function phenotype in which vWF has a constantly high
affinity for GPIb. Mutations at several positions of a ligand-
receptor binding site are more likely to decrease the affinity of
the interaction than increase it as is seen in type 2b vWD, and
mutations of solvent-exposed residues are unlikely to alter the
global structure of the molecule. We therefore speculate that
the vWF Al mutations cause type 2b vWD by interfering with
an interaction ofvWF Al domains that normally inhibits GPIb
binding (either sterically or by inducing an inactive conforma-
tion) and that the site of these mutations does not represent the
GPIb-binding site. A scanning mutagenesis study of vWF led
to a similar conclusion (31).

Sites of type 2a vWD-causing mutations in the vWF A2
domain are shown in blue in Fig. 4. The sites of these mutations

FIG. 3. Diagram of the manganese coordination site. Solvent-
exposed hydrophobic residues near the manganese-binding site are
shown along with the residues and two waters involved in coordinating
the manganese ion. Dots indicate hydrogen bonds. Not shown is a
chloride ion that occupies the sixth manganese coordination site. This
figure was made with the program SETOR (31).

CD11a
vWF-Al
vWF-A2
FSA

CD11a
vWF-A1
vWF-A2
FSA

CD11a
vWF-Al
vWF-A2
FSA
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FIG. 4. Sites of vWD-causing mutations. A representation of the
CD11a I-domain backbone is shown in white with the manganese
shown in purple. Side chains of sites of type 2a vWD-causing mutations
are shown in blue and sites of type 2b vWD-causing mutations are
shown in red. The mutation sites are identified in Fig. 2. The side
chains shown are those of CD11a. This figure was made with the
program SETOR (31).

are not localized and seem to reflect the multiple molecular
mechanisms that can give rise to the type 2a vWD phenotype.
In general, mutations at exposed or hydrophilic sites result in
enhanced proteolysis of vWF in plasma, whereas mutations at
hydrophobic sites result in impaired biosynthesis ofvWF (30).
Not all type 2a mutations fit this pattern, but identifying the
structural location of future vWD mutations may nonetheless
prove a useful tool when classifying vWD subtypes and con-
sidering possible molecular mechanisms of various forms of
vWD.
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