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Domain 1 of Mucosal Addressin Cell Adhesion Molecule Has
an I1-set Fold and a Flexible Integrin-binding Loop™
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(Bacl(ground: MAdCAM/a, B, interaction directs lymphocyte homing to mucosal tissues.
Results: Four crystal structures demonstrate large differences in the integrin-binding loop and whether a C’ or D strand is

Conclusion: The integrin-binding loop of MAdCAM is inherently flexible.
Significance: This may reflect a specialization of MAdCAM to mediate rolling and firm adhesion by binding to different o3,
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Mucosal addressin cell adhesion molecule (MAdACAM) binds
integrin a,f3,. Their interaction directs lymphocyte homing to
mucosa-associated lymphoid tissues. The interaction between the
two immunoglobulin superfamily (IgSF) domains of MAdCAM
and integrin a3, is unusual in its ability to mediate either rolling
adhesion or firm adhesion of lymphocytes on vascular surfaces. We
determined four crystal structures of the IgSF domains of
MAdCAM to test for unusual structural features that might corre-
late with this functional diversity. Higher resolution 1.7- and 1.4-A
structures of the IgSF domains of MAdCAM in a previously
described crystal lattice revealed two alternative conformations of
the integrin-binding loop, which were deformed by large lattice
contacts. New crystal forms in the presence of two different Fabs to
MAdCAM demonstrate a shift in IgSF domain topology from the
12- to I1-set, with a switch of integrin-binding loop from CC' to CD.
The I1-set fold and CD loop appear biologically relevant. The dif-
ferent conformations seen in crystal structures suggest that the
integrin-binding loop of MAdACAM is inherently flexible. This con-
trasts with rigidity of the corresponding loops in vascular cell adhe-
sion molecule, intercellular adhesion molecule (ICAM)-1,
ICAM-2, ICAM-3, and ICAM-5 and may reflect a specialization of
MAdCAM to mediate both rolling and firm adhesion by binding to
different o, 3, integrin conformations.

Mucosal addressin cell adhesion molecule-1 (MAdCAM)? is
aligand for integrin o, 8,. MAdCAM is selectively expressed on
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the intestinal endothelium in mucosal sites, including Peyer’s
patch, high endothelial venules, and postcapillary venules in
lamina propria (1, 2). Binding to MAdCAM helps direct hom-
ing of a,B," lymphocytes to Peyer’s patches and the intestinal
lamina propria (3). In an unusual example of different classes of
adhesion receptors mediating comparable functions, the integ-
rin family molecule «, 3, is the receptor for homing to mucosal
sites, although the selectin family molecule L-selectin mediates
homing to peripheral lymph nodes (4).

MAAdCAM belongs to a subset of IgSF molecules that act as
cell surface ligands for integrins. These include VCAM,
ICAM-1, ICAM-2, ICAM-3, and ICAM-5, and crystal struc-
tures are available for all (5-12). All have two to nine IgSF
domains, with N-terminal domains 1 and 2 (compared below)
sufficient for integrin binding. MAdCAM and VCAM, which
bind integrins «,f3, and «,f3;, are considered one subfamily;
however, they are only 23% identical in amino acid sequence,
which is comparable with their level of identity with ICAMs
(22%). By contrast, ICAMs, which bind to integrin «; 3,, are
more closely related to one another (29 —44%). MAdCAM and
VCAM share an Asp-bearing loop in domain 1 and a nearby
loop in domain 2 that make important contributions to a,
integrin binding as shown with chimeras and site-directed
mutagenesis (13—-15).

Among these cell surface integrin ligands, MAdCAM is
uniquely important in rolling adhesiveness. Whereas o, 3; and
a, B, integrins and their ligands VCAM and ICAMs primarily
mediate firm adhesion, the primary function of «,8, and
MAdCAM is in homing and rolling adhesion, although they
also mediate firm adhesion. In rolling adhesion, the zone of
adhesion between a leukocyte and the endothelium is trans-
lated downstream in response to hydrodynamic drag forces
exerted on the leukocyte. Rolling adhesion can be reconstituted
with MAdCAM adsorbed to artificial vessel walls. Upon activa-

molecule; TEV, tobacco etch virus; MIDAS, metal ion-dependent adhesion
site; VCAM, vascular cell adhesion molecule; r.m.s.d., root mean square
deviation.
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tion, leukocytes become firmly adhesive through integrins, i.e.
rolling is halted and the integrins mediate cell spreading and
migration (4). Intermediate and open conformations of the
a, 3, headpiece may mediate rolling and firm adhesion, respec-
tively (16). Uniquely among integrin ligands, the two IgSF
domains of MAdCAM connect to the membrane through a
mucin-like stalk of 115 residues. In this respect, MAACAM
resembles selectin ligands (17). Selectins, which are specialized
for rolling adhesion in the vasculature and do not mediate firm
adhesion, recognize carbohydrate residues displayed on pro-
teins that often consist only of mucin-like regions (4).
MAdCAM also contains a disordered, negatively charged loop
in domain 2 that functions in adhesion to «,f, (13), and it has
also been proposed to act as a charged antenna that is repelled
by the highly negatively charged mucin-like region and helps
orient the integrin-binding IgSF domains above the cell surface
for recognition (18).

IgSF domain (D) 1 of MAdCAM is especially unusual among
integrin IgSF ligands. Both D1 and D2 belong to the I-set, inter-
mediate between IgSF V- and C-set domains in the content of
strands on the edges of their two B-sheets. I-set domains differ
in having GFC and ABED (I1-set) or GFCC’ and ABE (I2-set)
B-sheets, an important distinction because the key integrin-
binding site in D1 locates to the B-sandwich edge, which has C
and D strands in I1-set and C' and E strands in I2-set domains.
An initial 2.2-A structure of MAACAM D1D2 reported that D1
had an I1-set fold like other integrin CAMs (18, 19). As empha-
sized in a subsequent 1.9 A structure in the same crystal lattice,
the D1 domains of two symmetry-related molecules come
together to form a super 3-sheet (20). It was further pointed out
that the density of the integrin-binding loop was poor and that
one edge of the B-strand near the 2-fold symmetry axis at the
center of the super sheet should be assigned to the other mono-
mer. Thus, a D strand was reassigned as a C’ strand in the other
monomer, changing the topology of the integrin-binding loop
and changing D1 from the I1-set to the 12-set, an anomaly
among integrin CAMs.

This study was initiated in an attempt to better understand
the structure of the key integrin-binding loop of MAdCAM.
Structural work on VCAM and ICAMs has continually empha-
sized that their integrin-binding loops are highly ordered, with
a backbone conformation that is highly supported by hydrogen
bond networks (11, 12,19, 21). In the case of ICAMs, the critical
integrin-binding Glu residue is even part of B-strand C, as the
last residue in the B-strand immediately preceding the CD loop.
In VCAM, the crucial Asp is in the CD loop. Furthermore, in
the sequence around the integrin-binding Asp/Glu in ICAMs
and VCAM, (I/L)(D/E)(T/S), the conserved Thr and Ser residue
side chains make hydrogen bonds to backbone to support the
conformation of the ligand-binding backbone.

This study shows the opposite for MAACAM, i.e. a highly
plastic ligand-binding loop. Over the course of many years and
four successive crystal structures, the original crystal form at
higher resolution is confirmed to be 12-set and is revealed to
likely represent a crystal lattice artifact with two quite different
conformations of the integrin-binding loop that coexist in crys-
tals. Complexes of MAdCAM with two function-blocking Fabs,
including one in clinical trials, delineate regions important for
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Integrin Binding Loop Flexibility in MAdCAM

binding integrins and further views of MAdCAM. These show
an I1-set fold for D1 and two different conformations of the
integrin-binding loop, depending on whether it is part of the
Fab contact site. We discuss the results in the light of observa-
tions that integrin o, 8, can mediate both rolling and firm adhe-
sion and EM studies showing that MAdCAM can bind to both
open and intermediate conformations of the «,f3, headpiece
(16). The unusual flexibility of the integrin-binding loop as
shown by its plasticity in four different crystal structures may
thus be functionally relevant for MAdCAM'’s specialization as
an integrin ligand that mediates both rolling and firm adhesion.

EXPERIMENTAL PROCEDURES

Wild-type MAACAM D1D2 used for the 1.7 A crystal struc-
ture was purified from CHO Lec.3.2.8.1 cells and crystallized as
described previously (18). RosettaRemodel (22) was used to
design MAdCAM mutants with shortened DE loops. No elec-
tron density was observed for residues 152—157 in our 1.7-A
structure. We fixed the backbone positions of residues 150 and
158 and enabled the sequence of residue 150 and three more
residues to vary (to residues A, F-I, L-N, P-T, V, W, and Y), to
complete the hydrogen-bonding pattern of the edge B-strand
and allow a two-residue hairpin turn to reconnect back to the
structure. After sampling 1000 unique fragment-based trajec-
tories, the top 20 models were visually examined. The 7th
ranked and 16th ranked models, with NTGG and PIGG
sequences as replacements of residues 150—157, respectively,
and an E148Q mutation were chosen for experimental valida-
tion. At the time, it was noted that the designs were not ideal,
and might have been improved if the position of residue 150
had been allowed to vary; however, this was not tested. The final
crystal structure showed a markedly different position for res-
idue Pro-150 than in the original design. In retrospect, retaining
the position of residue 150 prevented formation of a B-ribbon
continuous with the D and E B-strands; retrospective compu-
tation of the structure enabling the position of residue 150 to
vary shows a predicted structure more similar to the continu-
ous B-ribbon experimentally observed (data not shown).

Protein Preparation and Crystallization—Residues 1-202 of
mature wild type, NTGG, or PIGG mutant human MAdCAM,
with the murine immunoglobulin « chain signal peptide at the
N terminus and a His tag HHHHHHA sequence (wild type) or
a TEV cleavage site GGENLYFQGG sequence before the His
tag (mutants) at the C terminus, were inserted between EcoRI
and Notl sites in vector pVLAD6 (23) and confirmed by DNA
sequencing. 293S GnTI™ cells (24) were transfected with the
BacMAM system (23) and grown in FreeStyle 293 medium
(Invitrogen). The PIGG mutant was expressed at higher levels
than the NTGG mutant and chosen for further work. Soluble
protein was purified by nickel-nitrilotriacetic acid affinity chro-
matography and then treated with His-tagged TEV protease
(only for the PIGG mutant, which contained a TEV cleavage
site), followed by re-pass through the nickel-nitrilotriacetic
acid column. Flow-through protein was further purified by
Mono Q™ 5/50 GL (GE Healthcare) in 20 mm Tris, pH 8.0,
with a gradient of 0 to 0.1 m NaCl. Purified protein was either
concentrated and screened for crystallization or further com-
plexed with Fabs.
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TABLE 1
X-ray diffraction data and refinement
Native/PF00547659
Wild type PIGG mutant PIGG mutant/10G3 Fab Fab
Wavelength 1.000 A 1.000 A 0.979 A 1.000 A
Space group C222, . P2,2,2, . c2 . P2, .
Unit cell (g, b, ¢) 64.5,100.0, 69.7 A 58.3,69.7,101.2 A 317.9,71.7,70.6 A 39.9,112.3,157.9 A
a B,y 90, 90, 90° 90, 90, 90° 90, 93.3, 90° 90, 89.9, 90°
Resolution 21-1.7 A 38-14A 50-2.9 A 48-2.3 A
Reflections (total/unique) 106364/23698 558714/81325 128467/35879 195317/59513
Completeness 94.6% (72.8%)" 99.2% (94.3%)“ 100% (100%)“ 96.1% (94.4%)“
Io(l) 17.9 (2.6) 16.1 (1.6) 10.6 (2.0) 14.3 (4.8)
merge’ 6.1% (36.4%)" 6.7% (121.0%) 12.6% (65.6%)" 6.5% (26.8%)"
Refinement
J I 17.1% 14.3% 20.0% 15.4%
o’ 21.4% 17.9% 25.3% 20.8%
r.m.s.d. bond length 0.009 A 0.009 A 0.004 A 0.010 A
r.m.s.d. angles 1.341° 1.358° 0.916° 1.506°
Examples/asymmetric unit 1 2 2 2
Ramachandran® (% favored/allowed/outlier) 99/1/0 99/1 /0 96.2/3.7/0.1 97.0/2.8/0.2
Molprobity percentiles® Clashscore/geometry 93/91 94/89 100/100 96/96
Protein Data Bank code 4HD9 4HBQ 4HC1 4HCR

“ Numbers correspond to the last resolution shell.

 Rierge = 2, Silli(h) — (A(M)|/Z,, 3, I,(h), where I(h) and I(h) are the ith and mean measurement of the intensity of reflection, 4.
Royork = 2p (IFops(h) | = | FeareM))/Z|Fgs(h)], where F (k) and F,(h) are the observed and calculated structure factors, respectively.
@ Riyee is the R-factor for a selected subset of the reflections that are not included in refinement calculation.

¢ Data were determined with MolProbity (37).

The 10G3 hybridoma was kindly provided by M. Briskin
(LeukoSite, Cambridge, MA) (13). The 10G3 antibody was
purified by a protein G column from culture supernatant.
Xenomouse™ monoclonal antibody PF-547659 was from
Pfizer, Cambridge, MA (25). Fabs were generated by soluble
papain with a weight ratio of 1:100 (enzyme/antibody) in phos-
phate-buffered saline, pH 7.0, with 1 mM EDTA, 10 mMm cysteine
at 37°C for 12 h. Undigested IgG and Fc fragments were
removed by passage through a protein A column. Fabs were
further purified by Mono Q, from which they eluted in the flow-
through in 10 mMm Tris, pH 8.5, followed by gel filtration on
Superdex 75. Purified MAdCAM and PIGG mutant were incu-
bated with PF-547659 Fab or 10G3 Fab, respectively, at a 1:2
molar ratio at room temperature for half an hour. The complex
was then separated by gel filtration on Superdex 200 in Tris-
buffered saline, pH 7.5, and concentrated to 15-20 mg/ml for
crystal screening.

Crystals of the MAdCAM PIGG mutant were from 0.1 m
Tris, pH 8.5, 0.2 M (NH,),SO,, 12% polyethylene glycol (PEG)
8000. Crystals of MAACAM PIGG-10G3 Fab complex were
from 0.1 m Tris, pH 7.0, 10% (w/v) PEG monomethyl ether
(PEGMME) 2000. Crystals of MAdCAM-PF-547659 Fab com-
plex were obtained from 0.1 M citrate, pH 6.0, 18% (w/v) PEG
3350, 12% (w/v) myo-inositol. For cryoprotection, crystals were
transferred into reservoir solution with a 1.2-fold higher pre-
cipitant concentration, also containing 20% glycerol, and then
flash-frozen at 100 K. Data sets were collected at Advanced
Photon Source beamlines ID23 or ID24. Diffraction data were
processed with XDS (26) or HKL2000 (Table 1) (27).

Structure Determination and Refinement—All four struc-
tures were determined by molecular replacement with
PHASER (28). For the MAdCAM-Fab complex, we searched for
Fab first and then MAdCAM. Solutions from molecular
replacement were subjected to iterative cycles of model build-
ing in COOT (29), refinement using REFMAC (30) or PHENIX
(31), and validation with MOLPROBITY (32).
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In the 1.4-A P2,2,2, structure, the second conformation of
the integrin-binding loop was first traced by XPLEO (32) and
rebuilt manually in COOT, and it was then used to guide build-
ing of two conformations in the 1.7-A C222, structure.

During refinement of the MAdCAM-10G3 Fab complex, side
chain density in the A B-strand but not in the A’ 3-strand in D1
of MAdCAM was discrepant, and a gap between the A and A’
B-strands was present with unexplained nearby density. No
such gap was found in MAdCAM in any of the other crystal
structures characterized here. We found continuous density
extending from the C-terminal end of another MAdCAM mol-
ecule in the crystal lattice into the A B-strand. The densities
were well explained, and R, dropped, when we builta GGEN-
LYFQ sequence remaining at the C terminus of MAdCAM after
TEV cleavage as continuing from the end of one MAdCAM
molecule into the A B-strand of another MAdCAM molecule.
In other words, residual residues remaining after TEV cleavage
displaced native MAdCAM residues in the A B-strand in D1 of
a neighboring molecule in the lattice, and this occurred only in
the 10G3 Fab complex structure.

RESULTS

Wild-type and PIGG Mutant Crystal Forms—Crystals simi-
lar to those solved at 2.2 A with in-house diffraction (18) gave
synchrotron diffraction to 1.7 A (Table 1 and Fig. 14). Initial
refinement confirmed the conclusions from the 1.9-A structure
(20) that D1 of MAdCAM crystallized as an 12-set domain and
that density was poor for the integrin-binding loop. However,
we were dissatisfied that regions with clearly discernable den-
sity could not be well fit with atomic models. The difficult
regions to model corresponded to residues 40 —47 containing
the putative integrin-binding Asp-42.

With the hope of obtaining a different crystal lattice, we
designed truncations of the disordered charged antenna DE
loop in D2. We used a precursor of Rosetta Remodel (22) to
design four-residue sequences to substitute for an EEEPQGDE

VOLUME 288+NUMBER 9-MARCH 1, 2013



Integrin Binding Loop Flexibility in MAdCAM
E

F GA'A B EDGCF G A’
28
27
.53
=28,
25]_ 55
24 .
23] 5
22 g
21{ 5
20,
19

N o o s w

90816 209. ¢16

" D158

N

Y/,
)
Y D strand

Q147 Q147

FIGURE 1. Crystal structures of domains 1 and 2 of MAdCAM. A and B, overall structure of wild-type (A) and PIGG mutant (8) MAACAM D1D2. The super
B-sheet in D1 is formed by two symmetry-related molecules (A) or two distinct molecules related by pseudosymmetry (B). For simplicity, only one CC’ loop
conformation is shown in A and B. C, two conformations of the integrin-binding CC’ loop in the PIGG mutant. Conformations A and B are in pink and pale green,
respectively. Leu-41, Leu-45, and Asp-42 side chains are shown as sticks. D and E, B-sheet hydrogen bonds in D1. The super 3-sheet in the 1.4-A structure with
aC’ B-strand (D) is contrasted with the two separate 3-sheetsin D1 in the complex with Fab PF-547659 (E). Residues in 3-sheet framework and loops are shown
in solid and open circles, respectively. Backbone hydrogen bonds are dashed lines. F and G, electron density around conformation A (F) and B (G) of the
integrin-binding CC’ loop is shown in the PIGG mutant 1.4 A structure. 2F ,~F_ 0.7 o density is carved within 1.4 A of the illustrated atoms. Hand /, DE loop in D2.
Electron density is shown neighboring the disordered DE loop in the wild-type MAdCAM 1.7 A structure (H) and around the ordered DE loop in the PIGG mutant

D strand

1.4 A structure (/). 2F ,~F, o density is carved within 1.7 A of the illustrated atoms.

eight-residue sequence that was largely disordered in the 1.7-A
structure. A mutant with a four-residue PIGG sequence
replacement and an E148Q replacement crystallized under
many conditions, including with either polyethylene glycol
(PEQG) or salt as precipitant. However, all conditions gave the
same space group and similar unit cell dimensions.

The MAdCAM D1D2 PIGG mutant diffracted to 1.4 A in
space group P2,2,2, (Table 1 and Fig. 1B). However, the inter-
actions between neighboring molecules in the lattice were
almost identical to those in the wild-type C222; crystal form,
with the same D1 super B-sheet (Fig. 1, B and D). The super
B-sheet is formed by two independent molecules in the asym-
metric unit related by a 2-fold pseudosymmetry axis in the
P2,2,2, crystal form (Fig. 1B), compared with identical mole-
cules related by 2-fold crystallographic symmetry in the C222,
crystal form (Fig. 1A4). The overall structure of the PIGG mutant
is very similar to that of wild-type MAdCAM, except a highly
ordered mutant DE loop in D2 (Fig. 1, B and I) substitutes for
the largely disordered wild-type DE loop (Fig. 1, A and H).

The 1.4-A structure revealed evidence for two conforma-
tions of the integrin-binding loop between residues 40 and 47;
however, it was difficult to build both conformations manually.
Inverse kinematics can automate building of missing loops into
proteins guided by the electron density, including loops present
in multiple backbone conformations at resolutions of 1.8 A or
higher (33). This method readily found two alternative confor-
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mations for residues 40 — 47, which, after some manual rebuild-
ing, fit the electron density well (Fig. 1, C, F, and G). One alter-
native CC’ loop conformation was stabilized by three internal
hydrogen bonds (Fig. 1F) and further external hydrogen bonds
(supplemental Fig. S1A). The other alternative conformation
was stabilized by a similar number but completely different set
of hydrogen bonds (Fig. 1G and supplemental Fig. S1B).

The electron density of the 1.7-A C222, crystal form showed
strong evidence for two similar, alternative backbone confor-
mations of the CC’ loop. The 1.4-A P2,2,2, structure was used
to guide building of these loops in the 1.7-A structure. Alterna-
tive conformations in both structures were also built for resi-
dues Arg-60 and Asn-61 in the EF loop that interacts with alter-
native conformations of the neighboring CC’ loop. In the 1.4-A
structure, the N-acetylglucosamine residue attached to Asn-61
was visible in two alternative conformations in chain B but was
disordered in chain A.

The final R, and Ry, are 14.3 and 17.8% (1.4-A structure)
and 17.1 and 21.4% (1.7-A structure). The geometries are excel-
lent, with MolProbity (32) reporting no Ramachandran outliers
in either structure (Table 1) compared with 10.1 and 2.5% out-
liers in the previous 2.2- and 1.9-A structures, respectively. The
previously reported MAdCAM structures (18, 20) have almost
identical unit cell dimensions (within 1 A) and the same C222,
space group as our 1.7 A structure. Similar alternative backbone
conformations within the previous structures are consistent
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with reported poor density for the CC' loop in the 1.9-A struc-
ture (20); the path built for the single CC’ loop conformation in
the 1.9 A structure is intermediate between the two built in our
1.7-A structure.

The total solvent-accessible surface area buried by the for-
mation of the super B-sheet in D1 is ~2100 A2 This lattice
contact is unusually large in size (34) and is sufficient to perturb
the interacting regions away from their native structure. Nota-
bly, the CC’ loop with two conformations lies adjacent to C’,
which hydrogen bonds to the E strand of the other monomer
across the super -sheet interface (Fig. 1D). Furthermore, the
two reciprocal C'-E and E-C’ B-sheet interfaces squeeze the
two CC’ loops tightly together at the super B-sheet interface
(Fig. 1C). One of the two alternative loop conformations comes
close to the 2-fold dyad axis. Close to this 2-fold axis severe
clashes exist between Leu-41 from one molecule and Leu-45
from another molecule in the P2,2,2, structure (Fig. 1C) and
between the symmetry-related Leu-45 side chains in the C222,
structure (supplemental Fig. S1C). Thus, at each dimer inter-
face within the crystal, one monomer must have the dyad-prox-
imal alternative conformation of the CC’ loop, and the other
monomer must have the complementary, dyad-distal alterna-
tive conformation.

The differences between the two conformations of the CC’
loop are extreme (Fig. 1, C, F, and G). A radical divergence
begins at Gly-40, with a backbone flip as often seen at Gly res-
idues. The two alternative backbones then run in almost oppo-
site directions, diverging 6 A at the Leu-41 Ca atoms. Distances
between alternative Ca atoms are as follows: 4.5 A at Asp-42; 5
A at Thr-43 and Ser-44; 4 A at Leu-45; and 1.5 A at Gly-46,
before returning to close proximity of 0.5 A at the Ca of Ala-47.
The importance of Gly-40 and Gly-46 in backbone divergence
is a topic under the “Discussion.”

Two Fab Complex Crystal Forms—The above 1.4 and 1.7 A
crystal structures demonstrated that residues 40 —46, bearing
the key integrin-binding loop in MAdCAM, are capable of
remarkable backbone plasticity. However, this plasticity was
seen in the context of a large, super 3-sheet lattice contact that
we worried might cause the structure to be artifactual in the
region of lattice contacts. Fab complexes would necessarily
have completely different crystal lattices and would provide
insights into mechanism of inhibition by antibodies of
MAdCAM function. We therefore determined MAdCAM co-
crystal structures with two different Fabs.

We first describe the complex of 10G3 Fab (35) and PIGG
mutant MAACAM. This structure at 2.9 A resolution was
refined to R, of 20.0% and R, of 25.3% and contains two
complexes per asymmetric unit (Table 1). There is no D1 super
B-sheet in this crystal form.

Remarkably, D1 of MAdCAM in this novel crystal form and
in the second Fab complex described below assumes the 11-set
fold, i.e. instead of forming a C’ strand in a super 3-sheet inter-
face (Fig. 1D), the residues shift over to the opposite B-sheet to
form a D-strand in an ABED B-sheet (Figs. 1E and 2A). The
10G3 Fab contacts solely the D1 domain of MAdCAM and bur-
ies a total solvent-accessible surface area of 1600 A2, MAdCAM
residue Leu-45 binds in a tyrosine-containing pocket created by
Fab H chain CDR1, CDR2, and CDR3 and L chain CDR3 loops
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FIGURE 2. Overview of MAdACAM Fab complex structures and comparison
with MAdCAM alone. A, 10G3 Fab complex with PIGG mutant MAdCAM.
B, PF-547659 Fab complex with wild-type MAdCAM. C, comparison with PIGG
mutant MAdCAM D1D2 alone. The structures are in identical orientations
after superposition on the MAdACAM molecule shown with orange D1 and teal
D2.The other MAACAM molecule in Chas light blue D1 and pink D2.FabH and
L chains are cyan and pink, respectively. MAdCAM side chains in the integrin-
binding loop and N-glycosylation site residue Asn-61 are shown as green stick,
and the glycan as black carbons. MAdCAM Gly residues 40 and 46 are orange
Ca spheres. A, D1 B-strand shown in light blue is contributed by a lattice con-
tact that displaces the native A B-strand.

(Fig. 3A). The side chain and main chain of H chain CDR3
residue Asp-101 participate in multiple hydrogen bonds to the
main chain of D1 residues 44, 46, and 47. Residues of the D1 CD
loop including Asp-42 form side chain and main chain contacts
with the H chain. Residues in the C and D strands of MAdCAM
D1 form further hydrogen bonds and van der Waals interac-
tions with the L chain (Fig. 3A4). Because of the intimate inter-
action of the Fab with the CD loop of MAdCAM D1, including
its backbone, an influence of the Fab on D1 CD loop conforma-
tion could not be ruled out.

A complex of wild-type MAdCAM D1D2 and Fab PF-547659
crystallized in space group P2,. The structure with two com-
plexes in an asymmetric unit was refined to a resolution of 2.3 A
with R, of 15.4and Ry, 0f20.8% (Table 1). Again, there is no
super 3-sheet in the lattice, and D1 adopts an I1-set fold (Fig.
2B). Fab PF-547659 binds to loops in the N-terminal tip of D1 of
MAdCAM and to neighboring portions of the CFG B-sheet
(Fig. 2B) and buries a total of 2000 A2 The H2, H3, and L1 CDR
loops are unusually long and form a crevice in which the tip of
D1 is buried (Fig. 2B). At the tip of D1, its N-terminal a-amino
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FIGURE 3. MAACAM-Fab interfaces. A, MAACAM complex with 10G3 Fab.
B, MAdCAM complex with PF-547659 Fab. Heavy chain is cyan; light chain is
pink, and MAACAM D1 is orange. Side chains and main chain atoms in the
interfaces and the integrin binding loop of MAdACAM are in stick. MAdACAM Gly
residues 40 and 46 have Ca spheres. Dashed lines show hydrogen bonds
across the interfaces.

group and Lys-2 and Arg-79 side chains interact with an oxy-
gen-rich Fab pocket containing Asp, Glu, and Thr side chains
and four backbone carbonyl groups (Fig. 3B). The side chain of
H chain residue Glu-99 makes hydrogen bonds to the side chain
and backbone of Thr-80 in MAdCAM D1 B-strand G. Extend-
ing across the CFG -sheet, H chain CDR2 residues Ser-52 and
Tyr-54 interact with B-strand F residue Ser-75 and BC loop
residue 35 (Fig. 3B). On the very periphery of the interface, the
side chain of Thr-28 in the H chain CDR1 loop makes a van der
Waals contact with the side chain of MAdACAM residue Leu-41.
Notably, there are no other contacts with the integrin-binding
CD loop.

D1-D2 Interface and the DE Loop in D2—The interface
between D1 and D2 in MAdCAM includes the DE loop in D2,
which is important in integrin binding (Fig. 4, A and B). Our
structures include three examples of MAdCAM with the native
sequence of the DE loop in D2, one in the 1.7 A structure and
two in the 2.3 A complex with PF-547659. Prior to the disor-
dered portion of this loop, a stretch of four consecutive Glu
residues, 148 —151, is visible in the 1.7A structure (Fig. 4A), and
two of these, residues 148 and 149, are visible in the Fab com-
plex (Fig. 4B). The orientation of these residues differs in all
three structures, consistent with lack of density for residues
152—-157 or 150-157. However, after the disordered residues,
Asp-158, Val-159, and Leu-160 have a similar conformation in
all three structures (Fig. 4, A and B). Furthermore, the side
chain of Asp-158 hydrogen bonds to the backbone of residue
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Leu-64 at the beginning of a 3, helix in the EF loop of D1 (Fig.
4, A and B). This hydrogen bond contributes to the D1-D2
interface and is conserved among all three examples of wild-
type MAdCAM. Many hydrophobic residues, including Leu-
160, contribute to the D1-D2 interface (Fig. 4, A and B), to
ensure an optimal orientation between these domains for bind-
ing to a,3,, as further discussed below.

DISCUSSION

This study changes structural understanding of MAdCAM in
several important respects. Although two previous studies pro-
vided different interpretations of the chain trace in D1, they
were limited to a single crystal form with one molecule per
asymmetric unit. Our study extends this crystal form to a higher
1.7 A resolution and a related crystal form to 1.4 A and re-in-
terprets the chain trace of the integrin-binding loop as consist-
ing of two markedly different alternative conformations. But
more importantly, we have obtained independent views of
MAdCAM in quite different crystal lattices that demonstrate a
different I1-set fold for D1. Multiple conformations for the
integrin-binding loop are revealed in both I1-set and I12-set D1
folds. Because there were two molecules per asymmetric unit in
the three latter crystal forms, we now have a total of seven views
of MAdCAM in crystals. Here we discuss the following: 1) the
physiological significance of the I1-set D1 fold; 2) the special-
izations in the D1-D2 interface in MAdCAM that correlate
with less variation in the D1-D2 interface in MAdCAM than in
VCAM,; 3) the contrast between the structure of the integrin-
bindingloops in MAdCAM and VCAM,; 4) the interpretation of
previous mutational studies and mechanism of antibody inhi-
bition in light of the new structural information; and finally 5)
the implication of the flexible DE loop in D2 and flexible integ-
rin-binding loop in D1 for ability of ., 3, to mediate both rolling
and firm adhesion.

The super -sheet seen in D1 in the previous C222, crystal
form and the new P2,2,2, form is likely to be a crystal artifact.
The fragment containing two IgSF domains of MAdCAM does
not dimerize at high concentrations in solution (20). There is no
evidence for MAdCAM dimerization on cell surfaces. Further-
more, dimerization on cell surfaces would be inhibited by elec-
trostatic repulsion between the 115-residue mucin-like domain
in each MAdCAM monomer, with many sialylated O-linked
glycans and high content of Asp and Glu (18), as well as between
the highly negatively charged DE loop in D2. Dimerization at
the super (B-sheet interface largely buries the integrin-binding
loop in D1 and also occludes the functionally important DE
loop in D2 (Fig. 1, A and B). The large 2100-A? interface is
greatly above the average of 570 A? and above the 99th percen-
tile of 1600 A2 for lattice interactions (34) and is extending into
the range of interfaces of 2000 A or larger where conforma-
tional change is often associated with protein-protein binding
(36). In contrast, the edge B-strands in the I1-set conformation
of D1 seen here did not participate in any significant lattice
contacts, and were involved in contacts with Fab in only one of
the two Fab complexes. Each antibody studied here was
selected for binding to MAdCAM on cell surfaces and for com-
plete inhibition of binding to integrin a,f3, (25, 35). Therefore,
we conclude that the I1-set conformation of MAdCAM D1 is
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D2
E149 V159

FIGURE 4. Interface between D1 and D2 in MAdCAM and VCAM. A and B show the most dissimilar native MAdCAM interfaces in the 1.7-A structure (A) and
chain B in complex with PF-547659 (B). C and D show the most dissimilar VCAM interfaces in chain A of Protein Data Bank code 1VCA (11) (C), and chain B of
Protein Data Bank code 1VSC (12) (D). Interface side chains have green (D2) and pink (D1) carbons. Hydrogen bonds across interfaces and are shown as dashed
lines together with their distances in A. Side chains in integrin-binding CD loops have silver carbons.

the predominant, biologically relevant conformation on cell
surfaces. However, we cannot exclude dynamic equilibrium
with a low proportion of MAdCAM molecules with an 12-set
D1 IgSF fold.

It is common for significant flexibility to be seen between
tandem IgSF domains, as previously exemplified in ICAM-1
and VCAM (19). Tyr or Phe is conserved as the last residue in
the IgSF domains of integrin ligands, and flexibility between
domains is accommodated by their interaction with hydropho-
bic residues in the tandem domain (19). Our results demon-
strate less variation in D1/D2 orientation among MAdCAM
molecules than among VCAM molecules. The three examples
of wild-type MAdCAM molecules in crystal lattices differ by
5+ 3°(mean * S.D.) and 1-9° (range) in orientation. The PIGG
mutation is at the D1-D2 interface; when PIGG mutant mole-
cules are included, the seven examples of MAdCAM molecules
differ by 10 = 5° (1-20°). Among five examples of VCAM mol-
ecules seen in crystals (11, 12, 21), variation in D1/D2 orienta-
tion is 19 * 8° (7-35°). The interfaces with greatest variation
among wild-type MAdCAM and VCAM structures are shown
in Fig. 4. In MAdCAM, a hydrogen bond links the DE loop of D2
to the EF loop in D1 (Fig. 4, A and B). Nearby, the Leu and Thr
residues in D2 and the Leu residues in D1 form a hydrophobic
interface (Fig. 4, A and B). The last residue in D1 and the first
residue in D2, Tyr-90 and Ala-91, each have two main chain
hydrogen bonds within their domains, limiting interdomain
movement, as is also true for the homologous Tyr-89 and
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Ser-90 residues in VCAM (Fig. 4, C and D). Tyr-90 in D1 of
MAdCAM interacts with four hydrophobic residues in the F
and G B-strands and FG loop of D2 (Fig. 4, A and B). Pro-189
also interacts with D1 hydrophobic residues. By contrast, the
FG loop in VCAM is much more variable in conformation
among crystal structures (Fig. 4, C and D). Both D1 and D2 of
MAdCAM make important contributions to integrin binding,
and a pre-formed orientation between these domains may be
important to the rapid binding kinetics required for «,f3, to
mediate rolling adhesion.

Compared with VCAM, the integrin-binding loop in
MAdCAM is highly flexible. We found two very distinct alter-
native loop conformations in the 12-set fold and two distinct
conformations in the I1-set fold bound to two different Fab.
Now that we found that both MAACAM and VCAM have I1-set
folds, meaningful structure-based sequence alignment is possi-
ble (supplemental Fig. S2). The CD loop is two residues longer
in VCAM than MAdCAM (Fig. 5A). Furthermore, their integ-
rin-binding LDT and IDS motifs do not align either in sequence
(Fig. 5A) or in structure (supplemental Fig. S2).

In VCAM, Thr-37 nucleates a network of hydrogen bonds
that stabilizes a B-hairpin type I turn with multiple hydrogen
bonds to the Ile-39, Asp-40, and Ser-41 (IDS) motif (Fig. 5B).
The Thr-37 side chain forms two hydrogen bonds to the back-
bones of Ile-39 and Ser-41, one to the side chain of Ser-41 and a
main chain-main chain Thr-37 to Asp-40 type I B-turn hydro-
gen bond. This places Leu-39 and Asp-40 in a highly con-
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D

35 SVOWRGLDTSL--GAVQSDT

32 FFSWRTQIDSPLNGKVTNEG

FIGURE 5. Integrin-binding residues in MAdCAM and VCAM. A, sequence alignment between MAdCAM and VCAM at the integrin-binding CD loop.
B-Strands in MAdCAM complex with PF-547659 Fab and in VCAM are overlined, and decadal residues are dotted. B-E, hydrogen bonds in first portion of the CD
loop in VCAM (B) and MAJCAM (C-E). MAACAM molecules are from the PF-547659 Fab complex (C and D) and 10G3 Fab complex (E). B-E are in identical
orientations after superposition on D1. Side chains of residues 37-41 of VCAM and 40-43 of MAdCAM are shown as sticks with orange carbons, and all
hydrogen bonds formed by these residues are dashed black lines. F and G, functionally important side chains of MAdCAM (F) and VCAM (G). Molecules are in
identical orientations after superposition on D1. Residues mutation that decreases integrin binding by 75% or more are shown with side chains with gold
carbons, and side chains or main chain atoms of important nearby interacting residues are shown with silver carbons. Hydrogen bonds formed by side chains
of mutationally identified residues are shown as black dashed lines together with their distances in A to one decimal. Numbers without decimals label residues
that participate in backbone hydrogen bonds. The MAdCAM molecule is a chimera of the complex with PF-547659 (residues 1-139 and 169-199) and the 1.7
A structure (residues 140-168), which includes more DE loop residues in D2. Mutationally important residues in the disordered portion of the DE loop are

shown with labels in F.

strained tight B-turn, and all five examples of VCAM crystal
structures share this same hydrogen bond pattern (11, 12, 21).

The hydrogen bond pattern in the equivalent region of
MAdCAM is not conserved between the two Fab complex
structures, and even the two different examples in complex
with PF-547659 Fab share only one hydrogen bond (Fig. 5,
C-E). In place of the highly stabilizing Thr-37 in VCAM, MAd-
CAM has Gly-40 (Fig. 5, A and C-E). Not only does Gly lack the
potential to form the three key side chain hydrogen bonds
formed by Thr-37 of VCAM, its main chain is the most flexible
of any amino acid. The marked difference in two alternative
CC’ loop conformations in the I12-set fold of MAdCAM D1
begins with a backbone flip at Gly-40. Moreover, the marked
variation in CD-loop conformation in the I1-set fold of MAd-
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CAM with two different Fabs begins with Gly-40 and ends with
Gly-46 (Fig. 5, D and E).

Thus, the substitution of Gly-40 in MAdCAM for Thr-37 in
VCAM and the quite different CD loop sequences in MAACAM
and VCAM (Fig. 5A) have profound consequences for the con-
formation and flexibility of the integrin-binding loop. Results
with VCAM chimeras are consistent with the importance of
Thr-37 and the length of the integrin-binding loop in VCAM
(15). Superior adhesion to «,B; was given when Thr-37 was
retained, and the MAdCAM sequence GLDTS was substituted
for QIDSP in VCAM. In contrast, elimination of Thr-37 and
shortening the loop by substituting the MAdCAM sequence
GLDTSL for TQIDSPLN in VCAM abolished adhesion to a,3;
(15).
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Previous mutational studies on MAdCAM (13, 37) require
re-evaluation in light of the I1-set fold in D1 described here.
Mutations decreasing «,f3,-dependent adhesion by 75% or
more are shown with gold side chains in Fig. 5F. Important
MAJdCAM residues Arg-39 in the C B-strand and Leu-41, Asp-
42, and Thr-43 in the CD loop are surface-exposed in D1. Sim-
ilarly, Glu-148 and Glu-151 in the DE-loop of D2, as well as
Glu-152 and Glu-157 in the disordered portion of this loop, are
surface-exposed and nearby. His-195 in D2 is not surface-ex-
posed but may be important to stabilize the D1-D2 interface by
making a hydrogen bond and 7-cation, aromatic stacking inter-
action with Phe-92 (Fig. 5F). Deletion of residues 152—158 in
the DE loop in D2 of MAdACAM almost completely abolishes
a,f3,-dependent accumulation of rollingly adherent cells on
MAdCAM-1 in shear flow in Ca®*" and Mg?", and it only par-
tially inhibits accumulation of firmly adherent cells in Mn**
(46). Similarly, replacement of residues, with the PIGG mutant
studied here abolished MAdCAM-1 function in Ca®>" and
Mg>" and had little effect in Mn** 2

Residues on VCAM shown to be important in binding to
integrins a3, and a3, (15, 38) are similarly shown with gold
side chains in Fig. 5G. Arg-36 in the C B-strand and Ile-39,
Asp-40, Pro-42, and Leu-43 in the CD-loop are surface-ex-
posed. The binding interface extends to Leu-70 in the F
B-strand and Glu-87 in the G B-strand in D1. Furthermore,
Asp-143, Ser-148, and Glu-150 in the C'E loop of VCAM D2
contribute to the binding interface (Fig. 5G) analogously to the
acidic residues in the equivalent DE loop of MAdCAM D2 (Fig.
5F). Overall, MAACAM and VCAM show similar footprints for
a, integrin binding (Fig. 5, F and G).

Buried residues in D1 that are mutationally important for
binding «, integrins are Arg-70 in MAdCAM (Fig. 5F) (13) and
Asn-65in VCAM (Fig. 5G) (38). In the PF-547659 Fab complex,
which likely has a more physiological CD loop because this loop
is outside the Fab-binding site, the Arg-70 side chain nucleates
a hydrogen bond network in MAdCAM that is identical to that
nucleated by the Asn-65 side chain in VCAM (Fig. 5, F and G).
In other words, these side chains hydrogen bond to equivalent
backbone carbonyl groups in the CD loops of MAdACAM (resi-
dues 44 and 45) and VCAM (residues 43 and 44), placing this
portion of the CD loop in very similar positions in the two
molecules. Moreover, in VCAM Asn-65 hydrogen bonds to
Tyr-69 (not yet tested mutationally), which is homologous to
Arg-70 in MAdCAM (Fig. 5, F and G). Conversely, in
MAdCAM Arg-70 hydrogen bonds to the carbonyl group of
residue 66, which corresponds to Asn-65 in VCAM.

Because MAdCAM and VCAM both bind to integrin «,f3,, it
is likely that in integrin binding the flexible CD loop of
MAJdCAM adopts a conformation similar to the rigid CD loop
of VCAM. The PF-547659 Fab complex with MAdCAM has a
CD loop closest in conformation to that of VCAM (Fig. 5, C and
D). However, to more closely mimic the VCAM conformation,
the portion of the CD loop bearing MAdCAM residues Leu-41,
Asp-42, and Thr-43 would need to bend toward the N-terminal
end of D1, which would bring Asp-42 toward Arg-39 and fold

3 H. Sun and J. Chen, personal communication.
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Leu-41 over Arg-70 (Fig. 5F). This would place Asp-42 and
Leu-41 in MAdCAM in positions analogous to Asp-40 and
Ile-39in VCAM. Because residues 41— 43 in MAdCAM are out-
side the hydrogen bond network secured by Arg-70, this con-
formational change should be facile.

The flexibility of the CD loop in D1 and adjacent DE loop in
D2 of MAdCAM raise the interesting possibility of a “bait-and-
switch” mechanism for integrin binding. In the first step in roll-
ing adhesion, a leukocyte free in flow tethers to the endothe-
lium. To support rapid bond formation in tethering, as well as
in bond formation to downstream sites during lymphocyte roll-
ing, it is thought that high k_, rates are required (4). A basic
surface on a,f3, surrounding the metal ion-dependent adhe-
sion site (MIDAS), including the specificity-determining loop
of B, has been identified (16). Electrostatic forces operate over
longer distances than van der Waals and hydrogen bonds and
are commonly used in the vasculature to obtain fast on-rates,
for example in the clotting cascade (39). The mutationally
important Glu residues in the D2 DE loop of MAdACAM may act
as the bait for initial interaction with the basic patch and pos-
sibly even the MIDAS of a,f3,. After initial formation of a de-
solvated protein-protein complex, subsequent protein motions
may result in switching to a conformation with Asp-42 of D1
bound to the MIDAS, and the DE loop of D2 may also become
ordered to interact with the basic patch of a,f3.

Another interesting consequence of the flexibility of the D1
CD loop is its compatibility with two conformations of the o, 3,
integrin. It is well established by mutation of the 8, BI domain
and use of different divalent cations that o, has two discrete
states, one of which mediates rolling adhesion and a second that
mediates firm (high affinity) adhesion (6, 40). Remarkably, EM
of a3, demonstrates three conformational states (16). In the
absence of ligand, ,3; has predominantly a closed headpiece.
MAdCAM binding induces an intermediate conformation of
the headpiece. Addition of Mn>" converts MAdCAM-a,f3,
complexes largely to the open headpiece conformation, corre-
lating with Mn>"-induced conversion of rolling adhesion to
firm adhesion (16). Binding of ligand to some integrins, such as
RGD binding to o, 85 and oy, B, induces the open headpiece
conformation (41). The lack of such induction of the open
headpiece by MAACAM binding may be functionally impor-
tant to support rolling adhesion over vascular surfaces and to
permit subsequent signals such as chemoattractants to activate
the open headpiece and firm adhesion. In headpiece opening,
the ligand-binding site in the immediate vicinity of the MIDAS
undergoes rearrangements of about 2 A, and it is possible that
the integrin-binding CD loop in MAdCAM could be compliant
and alter in conformation between these two states. Thus, the
unique flexibility of the CD loop in D1 of MAdCAM, compared
with all other integrin IgSF ligands (19), may specialize it to
mediate both rolling and firm adhesion. However, we do not
propose that any of the loop conformations identified here cor-
respond to these two states, and we believe that further change
from a state resembling the PF-547659-bound state occurs dur-
ing integrin binding as described above. A caveat to this
hypothesis is that VCAM can also mediate both rolling and firm
adhesion (42), and it is possible that flexibility of the CD loop in
MAdCAM-1 may be more important to enhance the rate of
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receptor-ligand encounter in shear flow, as described above.
Further structural and kinetic studies are required to test these
ideas.

The interaction of o, 3, with MAdCAM is an important ther-
apeutic target. Antibody natalizumab to «, is approved for
Crohn disease (43), and vedolizumab specific for o,B, is
advancing in human trials (44). Targeting MAdCAM is an
alternative and highly specific method of treating inflammatory
bowel disease. PF-547659 is a fully human antibody that shows
potential utility in first-in-human ulcerative colitis trials (25,
45). Both 10G3 and PF-547659 are potent blockers of «,f3,
binding to MAdACAM in vitro (25, 35). Our crystal structures
show that these Fabs bind to distinct epitopes in D1, with
PF-547659 binding to the N-terminal tip of D1, and 10G3
engaging the 3-sheet edge of D1 bearing the CD loop. Based on
docking of VCAM and MAdACAM to «,f3, (16), each antibody is
expected to directly occlude binding of D1 to a,f,. The Fab
complexes thus illuminate mechanisms for preventing inflam-
matory bowel disease in vivo, as well as novel insights into the
fold and unique dynamic flexibility of the integrin-binding loop
of D1 of MAdCAM.
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