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ABSTRACT. ADAMSs (a disintegrin and metalloprotease) are a family of proteins that possess functional
adhesive and proteolytic domains. ADAM 28 (MDC-L) is expressed by human lymphocytes and contains
a disintegrin-like domain that serves as a ligand for the leukocyte integdjfil. To elucidate which
residues comprise the4$1 binding site in the ADAM 28 disintegrin domain, a charge-to-alanine
mutagenesis strategy was utilized. Each alanine substitution mutant was evaluated and compared to the
native sequence for its ability to support cell adhesion of the T-lymphoma cell line, Jurkat. This approach
identified ADAM 28 residues LyS7, Lys*?, Lys*5, Lys*9 Lys*0 Lys*9 and Gl#7® as being essential

for a4p1-dependent cell adhesion. The epitope for a function-blocking monoclonal antibody, Dis 1-1,
was localized to the N-terminal end of the ADAM 28 disintegrin domain using these same charge-to-
alanine mutants. Three distinct molecular models based upon the known structures of snake venom
disintegrins suggested that residues contributingd@l recognition are aligned on one face of the domain.
This study demonstrates that residues located outside of the disintegrin loop participate in integrin
recognition of mammalian disintegrins.

The ADAM! (a disintegrin and metalloprotease) family brevican @—13). This suggests that the proteolytic role of
of proteins is comprised of more than 30 transmembrane andthe ADAMs may not be restricted to ectodomain shedding
secreted glycoproteins that are capable of both proteolytic events, but may also involve the processing of the extra-
and adhesive functiond,(2). ADAMs are typically com- cellular matrix.
prised of a prodomain and metalloprotease, disintegrin-like, Another functional characteristic of the ADAM family is
cysteine-rich, epidermal growth factor (EGF)-like, trans- their potential to serve as integrin ligands, a premise initially
membrane, and cytoplasmic domain3).(The role of based upon the extensive homology of the ADAM disinte-
ADAMs in the cell surface processing of several important grin-like domains with small nonenzymatic peptides found
molecules such as tumor necrosis faatoby ADAM 17 in the venom of snakes. Snake venom disintegrins are
(TACE) (4, 5), the proper cleavage of the amyloid precursor integrin antagonists that disrupt normal platelet aggregation
protein by ADAM 10 and 17 & 7), and shedding of (14, 15). The ability of snake venom disintegrins to act as
membrane-anchored heparin-binding EGF-like growth factor integrin antagonists has been attributed to an extended loop
by ADAM 9 (8) has been clearly demonstrated. Recently, within the snake venom disintegrin structure where an Arg-
members of a new family of proteins closely related to the Gly-Asp (RGD) or Lys-Gly-Asp (KGD) integrin recognition
ADAM protein family, ADAMTS (a disintegrin and metal-  sequence is located§—18). Several ADAMs have been
loprotease with thrombospondin motifs), have been shown demonstrated to mediate adhesive events by interacting with
to exhibit proteolytic activity toward numerous matrix members of the integrin family. ADAM 2, 3, and 9 are
constituents such as aggrecan, procollagen, versican, andecognized bya6s1 (19—22) with ADAM 9 also being

recognized bywvp5 (23). ADAM 12 and 15 are recognized
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grins. However, recent mutational studies suggest that

residues outside of the disintegrin loop of mammalian
disintegrins are critical for integrin-dependent adhesi (
31, 32). The larger mammalian disintegrins may utilize

Biochemistry, Vol. 42, No. 13, 20038735

Alanine substitution mutants were generated with the
Quick Change site-directed mutagenesis kit (Stratagene, La
Jolla, CA). Oligonucleotides were synthesized by the Mo-
lecular Biology Resource Facility at The University of

additional regions of the domain when compared to the Oklahoma Health Sciences Center. Each mutant was verified

smaller snake venom disintegrins.

We have recently demonstrated that ADAM 28 (MDC-
L) interacts with the leukocyte integrod31 in an activation-
dependent manne®). ADAM 28 exhibits a prototypical
ADAM domain structure, containing an active metallopro-
tease 83, 34). Human ADAM 28 expression appears to be

by complete nucleotide sequencing of the ADAM 28
disintegrin domain coding region before transfection of the
plasmid into High 5 cells. Purified recombinant protein was
obtained by applying polyethylene glycol concentrated
conditioned medium to protein-G Sepharose (Pharmacia,
Uppsala, Sweden). The protein was eluted from the protein-G

lymphocyte specific and has been identified as a potential Sepharose by application of 100 mM citric acid (pH 3.0)

cellular marker for B-cell chronic lymphocytic leukemia
by gene expression profiling3%, 36). ADAM 28 lacks
an IELDVPST or QIDSP sequence that facilitate431-

followed by immediate neutralization of the fractions by
addition d 1 M Tris-HCI (pH 9.0).
Cell Adhesion Assayl.he assay that was used was adapted

dependent recognition of the alternatively spliced connecting from that previously described42). Purified Fc fusion
segment of fibronectin (CS-1) or vascular cell adhesion proteins were coated on Immulon-2 96-well plates (Dynatech

molecule-1 (VCAM-1), respectivel\87—40). Therefore, the

Laboratories, Inc., Chantilly, VA) at various concentrations

molecular mechanism of recognition appears to be distinctin 0.1 M NaHCQ (pH 8.4) overnight at £C in a total

from the mechanism of these well-characterizedsl
ligands. Here we identify multiple charged residues within
the disintegrin domain of ADAM 28 that are essential for

volume of 10QuL. The protein was decanted, and the wells
were subsequently blocked with 4% bovine serum albumin
(BSA) in 0.1 M NaHCQ (pH 8.4) at room temperature for

o4p1-dependent cell adhesion. In addition, the epitope for 2 h. Jurkat cells were washed three time with HEPES

a function-blocking monoclonal antibody (mAb), Dis 1-1

Tyrode’s buffer (5 mM HEPES, 150 mM NacCl, 12 mM

(28), is localized. Modeling studies that are presented suggestNaHCGQ;, 2.6 mM KCI, 5 mMb-glucose, 0.2 mg/mL BSA,

that residues critical for integrin recognition are localized to
a particular face of the ADAM 28 disintegrin domain, not
to a single loop.

EXPERIMENTAL PROCEDURES

Materials. The Jurkat cell line was purchased from the
American Type Culture Collection (Manassas, VA). Jurkat
cells were maintained in RPMI 1640 containing 10 mM
HEPES, 1 mM sodium pyruvate, 10% fetal calf serum, 1%
L-glutamine, and 1% penicillin/streptomycin. The QE2E5-
producing hybridoma cell line4(l) was generously provided
by R. Faull (Royal Adelaide Hospital, Adelaide, Australia).
The mAb Dis 1-1 has been previously describ2é)( The
function-blocking antie4 mAb P1H4 was purchased from
Chemicon International, Inc. (Temecula, CA). The CS-1
peptide (EILDVPST) was obtained from the American
Peptide Company, Inc. (Sunnyvale, CA).

rDis—Fc Fusion ProteinsRecombinant DNA methods for
the generation of the rDisFc construct were previously
described 28). The Insect Select vector pIB/V5-His (Invit-
rogen, Carlsbad, CA) was utilized for expression of all rDis
Fc fusion proteins. Briefly, cDNA encoding ADAM 28
residues T0’—H®4 with uniqueXba andBglll sites on the

0.5 mM MgCh, and 1 mM CaGJ). Before addition to wells,
the cells were resuspended to a concentration of 20°
cells/mL in HEPES Tyrode’s buffer containing 1@/mL
antip1 activating mAb QE2E5. Cells (10L) were
immediately added to washed wells and incubated with
immobilized substrates f@ h at 37°C in an atmosphere of
5% CQ. Control experiments included theds1 inhibitor
mAb P1H4 (10ug/mL) or CS-1 peptide (20@g/mL). The
wells were gently washed three times with HEPES Tyrode’s
buffer to remove nonadherent cells. Adherent cells in each
well were detected by colormetric determination of endog-
enous cellular acid phosphotase activity by incubation in 100
uL of 1% Triton X-100, 50 mM sodium acetate (pH 5.0),
and 6 mg/mLp-nitrophenyl phosphate at 3T for 1 h. After

the wells had been developed by the addition ofb0well

of 1 N NaOH, the plates were read at 405 nm. Quantification
of the number of adherent cells was based upon a standard
curve generated from a known number of Jurkat cells for
each experiment.

Epitope Mapping of mAb Dis 1-Enzyme-linked immu-
nosorbent assays (ELISA) were based on standard procedures
(43). Purified Fc fusion proteins were diluted tQ:8/mL in
0.1 M NaHCQ (pH 8.4); 50 ulL/well was added to

ends was generated by PCR, and the product was cloned ifmmulon-2 96-well plates, and the plates were incubated
frame with the GP67 insect signal sequence of the vectorovernight at 4°C. Wells were decanted and incubated at

pAc-GP67 (BD PharMingen, San Diego, CA). A PCR
product spanning the GP67-ADAM 28 disintegrin domain
(residues T—G%%9) was then fused in frame to the amino
terminus of the Fc region of a human Ig@eavy chain

room temperature fol h with 2% blotto in phosphate-
buffered saline (PBS) to prevent nonspecific binding. After
three washes with PBS containing 0.05% Tween 20g/1
mL mAb Dis 1-1 was added (5@L/well) and incubated for

lacking the hinge region and containing a carboxyl-terminal 2 h at room temperature. The plates were washed again, and
stop codon by PCR overlap extension. The rElg construct the secondary goat anti-mouse biotin-conjugated antibody
was subsequently subcloned into the TOPO plIB/V5-His (Pierce, Rockford, IL) diluted 1:5000 in PBS was added.
vector. After verification by nucleotide sequencing, the DNA Incubation with the secondary antibody was performed at
construct was transfected into High 5 cells with Insect Plus room temperature for 1 h. Washes were repeated, and bound
Liposome (Invitrogen). Selection was performed with me- biotinylated antibody was detected with avidin and biotin-
dium containing blasticidin, until stable transfected cell lines ylated horseradish peroxidase (Vector Laboratories, Inc.,
were generated. Burlingame, CA). The assays were developed using
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Ficure 1: Charge-to-alanine mutagenesis of the ADAM 28 disintegrin domain. The full-length ADAM 28 domain structure is depicted at

the top. The diagram of the recombinant disintegrin Fc fusion protein {1} secreted from stable transfected insect cells utilized in the
adhesion and epitope localization experiments is featured. A primary sequence comparison of the disintegrin domains from human ADAM
28 and the mouse homologue is shown. Arrows indicate charged residues targeted for alanine substitution. Brackets enclose the 59-residue
region of human ADAM 28 sufficient for cell adhesion with the residues comprising the putative disintegrin loop denoted with a bold
underscore.
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Ficure 2: SDS-PAGE analysis of purified recombinant native and alanine-substituted ADAM 28 disintegrin domainsPRIBE (10%)

analysis of purified rDis'Fc proteins eluted from protein-G Sepharose and used in adhesion experiments. The proteins were run under
reducing (a) or nonreducing (b) conditions at 3 grgBlane, respectively. Only alanine replacements that adversely effedfdddependent

cell adhesion to the rDisFc fusion protein were analyzed under nonreducing conditions. Total protein was detected with Coomassie blue.
Molecular mass standards are shown at the left.

phenylenediamine, and absorbance measurements were cofgradient algorithm at 1000 iterations was then applied to the
lected at 490 nm. models. Upon completion, all models were visually inspected
Molecular Models.The molecular models of the ADAM  for alignment of side chains and disulfide bridge formation.
28 disintegrin domain were constructed by homology model-
ing using three distinct snake venom disintegrin NMR RESULTS
structures. The NMR coordinates for echistatin (PDB entry
2ECH), flavoridin (PDB entry 1FVL), and kistrin (PDB entry Identification of ADAM 28 Residues Required &ot51-
1KST) were obtained from the Protein Data Barl)( Dependent Jurkat Cell Adhesio'We have previously
Residue replacement was performed for each templatedemonstrated that ADAM 28 is a ligand for the leukocyte
utilizing Main 99 @5) software on a Silicon Graphics integrin a461 (28). In this study, a charge-to-alanine
workstation. Insertion of unique ADAM 28 residues was mutagenesis strategy was employed to identify which
done after completion of residue replacement. Subsequentesidues in the ADAM 28 disintegrin domain contribute to
minimization of models was achieved with Insight Il (Biosym a4p31-dependent Jurkat cell adhesion. Charged residues
Technologies, San Diego, CA) after soaking each model in conserved between the human and mouse homologues were
five shells of minimized water. A set of core residues was targeted for alanine substitution by site-directed mutagenesis
not evident due to the limited size of the models. Conse- (Figure 1). The ADAM 28 disintegrin domains possessing
quently, all residues were minimized simultaneously without either the native sequence or the designated alanine substitu-
constraint. Steepest-descent minimizations were conductedion were recombinantly expressed as human Fc fusion
in four consecutive steps at 500 iterations per step. Initially, proteins (rDis-Fc) by stable transfection of insect cells with
all main chain hydrogen atoms were minimized with subsequent purification of the secreted recombinant proteins
subsequent minimizations adding in succession the mainfrom the conditioned medium. Via SBFAGE analysis,
chain heavy atoms, side chain hydrogens, and side chaineach protein-G Sepharose-purified rBIsc alanine substitu-
heavy atoms. A minimization step using the conjugate tion mutant exhibited a similar migration pattern and purity
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R i D420 Table 1: Concentration of the rDig-c Fusion Protein Required To
1 Achieve 50% Adhesion of the Native rDig-c Protein
] 50% native adhesiént SD
residue being mutated («g/mL)
) T native 1.00+0.21
E428 D435 1 K437 E419 0.44+ 0.10
D#20 0.98+ 0.40
D#22 0.49+0.16
= E*%7 1.40+ 0.57
S 428 2.21+1.30
8 D*% 0.87+0.35
K455 K437 >5
% 100 K440 4.67+ 0.58
< K442 >5
s 45 2.78+1.93
8 B4 1.56+ 0.89
5 o o5
[-W K 460 >5
RA466 0.52+0.12
K469 >5
D#70 4.68+ 0.30
471 2.74+0.19
D#73 0.76+ 0.10
E476 >5
a2 The 50% adhesion values are the concentrations of ligand required
to reach 50% of cell adhesion that was achieved wittghnL native

rDis—Fc protein. The 50% adhesion values and standard deviations
6 for alanine mutants were obtained from three separate experiments.
Native rDis-Fc values were obtained from 10 separate experiments.

rDis-Fc Concentration [pg/ml]

Ficure 3. Residues required foudfl-dependent Jurkat cell  disintegrin domain, requiring-25-fold higher concentrations
adhesion toc}he _d;]sinteg_rin domain of ADAM 2f8. l_vlri]crotiaer wells  than the native rDisFc fusion protein to achieve the
were coated with varying concentrations of either the native : : :
rDis—Fc protein or the indicated charge-to-alanine mutant. Jurkat same level of _adheSlon. Jurkat cel! adhesion to the +Bis
cells (2x 1P cells/well) were added to wells in modified Tyrode’s ~ @lanine substitutions and the native sequence was shown
buffer containing 1 mM CagG) 0.5 mM MgCh, and 10 mg/mL to be a4fl-dependent as residual activity was inhibited
mAb QEZ2ES5 to ensure exogenous activation of Meintegrins. by the antie4 mAb P1H4 (Figure 3) and the CS-1 peptide
The relative number of adherent cells was determined by quantify- (data not shown). In support of the adhesion results,

ing the endogenous acid phosphatase activity and comparing o . . ;
experimental values to a standard curve (see Experimental Proce-ﬂuoresceln isothiocyanate labeling of the native rEke

dures). The relative ability of the native rBi&c protein O) and fUSiOf_‘ prptein via primary amines abolished solution binding
charge-to-alanine-substituted rBiEc proteins @) to support of this ligand to o451 on the surface of Jurkat cells,

Jurkat. cell adhesion is shownnhib.ition of a4ﬁl-depend¢nt suggesting that lysine residues of ADAM 28 participate
adhesion was performed for both natiZg @nd charge-to-alanine- 04p1 interactions (data not shown). Interestingly, the

substituted M) rDis—Fc proteins (2.5:g/mL) in the presence of S ; . .
10 ug/mL mAb P1H4. Results are averagesstandard deviation ~ Majority of the residues shown to be involved a/51

from a representative experiment performed in triplicate. Percent r'ecognition are not contained in the putative disintegrin loop
adhesion= [adherent cellguwantmisre — adherent cellgsa)/ sequence of ASpB’—Asp*’® that corresponds to the RGD

[adherent cellgative ipis-Fcatsugm) — adherent cellgsy] x 100. location within the snake venom disintegrins. In addition,
alanine substitution of Ar§® and Asfd’3, residues conserved
2). This suggested that the purified recombinant proteins 46431 anda981—disintegrin interactions, had no effect on
contained no gross structural perturbations resulting in ce|| adhesion to the ADAM 28 disintegrin domaiby( 29,
aberrant disulfide bond formation. 31). These data demonstrate tod31-dependent recognition
The purified charge-to-alanine mutants were then assesseaf the ADAM 28 disintegrin domain requires multiple
for their relative ability to support Jurkat cell adhesion when charged residues that are linearly distant from the putative
compared to the native disintegrin domain (Figure 3). Results disintegrin loop, a region previously implicated in adhesion
shown in Figure 3 are from a single representative experi- of other disintegrins.
ment. The average concentration required for each charge- Localization of the Epitope for the Inhibitory mAb Dis 1-1.
to-alanine substitution to achieve 50% of the adhesion The mAb Dis 1-1 inhibitsx451-dependent cell adhesion to
obtained with the native rDisFc fusion protein at xg/mL the immaobilized rDis-Fc fusion protein Z8). The epitope
was determined from three independent experiments, andfor this mAb was localized to a 59-residue segment {&ty
the results are shown in Table 1. Alanine substitutions of Glu*’9 of the ADAM 28 disintegrin domain that was also
residues Ly®7, Lys*? Lys*5 Lys*® Lys*0 Lys*° and sufficient for promoting cell adhesion. The same charge-to-
Glu*"8 substantially affected the ability of the rBi&c fusion alanine mutants shown in Figure 1 were utilized in an ELISA
protein to support Jurkat cell adhesion. Substitution at to localize the mAb Dis 1-1 epitope (Figure 4). Three charged
residues GItr8 Lys*° GIu*®:, Asp'® and GIld"! also residues (GItt°, Asp*?®, and Asp??) positioned at the
affected Jurkat cell adhesion to the recombinant ADAM 28 N-terminus of the GI§*&-Glu*"®region significantly affected
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150 adhesion via an extended surface of the domain. The two
- T models based upon echistatin and flavoridin appear to be
= less globular than that generated from kistrin. The molecular
T+l models based on echistatin and flavoridin suggested that
T T o = residues critical for integrin-dependent adhesion are primarily
75— T located on the same face of the molecule. Furthermore, the
o epitope for the function-blocking mAb Dis 1-1 on these
50 - [* models was localized at the end of the molecule most distant
from the disintegrin loop, further suggesting tha#s1
25 - recognition of the ADAM 28 disintegrin domain requires
residues outside the disintegrin loop.
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Alanine Substitutions In this study, we identified charged residues within the
FiGuRE 4 Epitope for the inhibitory mAb Dis 1-1 localized to  ~DAM 28 disintegrin domain that function iru4f1-
residues 9, D%20 and D22 of ADAM 28. Microtiter wells were dependent cell adhesion. Molecular models based upon three
coated with 5ug/mL native or mutant rDisFc protein. After snake venom disintegrin structures were generated to visual-
blocking had been carried out, the wells were incubated with 1 jze the localization of residues comprising té31 integrin
gg@xl—id?sibcg)rllfug}étlédB;c;J;tdath]iArﬁoBSe Ilg%s gsgc#iitgﬁi?l?oxtgnd recognition site and the epitope of the mADb Dis 1-1 within
developed witho-phenylenediamine. Percent mAb Dis 1-1 binding _the_ADAM 28 d|5|n_tegr|n dor_n_aln. The results prese_nfted he_re
= [Aago(mutant rDis-Fc) — Augo(blotto]/ [ Aaso(ative ris-Fo) — Augo(blotio] X indicate that integrin recognition of a mammalian disintegrin
100. Results shown for the native disintegrin domain (white bar) requires an extended surface comprised of multiple charged
were the result of 10 separate determinations conducted in triplicateresidues, a mechanism potentially used by all mammalian
(averaget SD). Data displayed for charge-to-alanine mutants (black isintegrins for generating integrin recognition. Furthermore,

bars) represent three separate experiments each performed in, . . . . . .
triplic);atep(averaget SD). Tsvo asterisis indicate that apStudent’s this study confirms that residues outside the disintegrin loop

t test resulted in @ of <0.01 relative to mAb Dis 1-1 recognition ~ are essential for integrin recognition of a mammalian
of the native rDis-Fc protein. disintegrin.

The role of snake venom disintegrins as integrin antago-
mADb Dis 1-1 recognition of the rDisFc fusion proteinwhen  nists has been attributed to a region that displays an RGD
individually substituted with alanine. These same three or KGD integrin recognition sequence on an extended loop
alanine substitutions had no significant effect on Jurkat cell (16—-18). Even though only one ADAM family member
adhesion (Table 1). The epitope for the mAb Dis 1-1 and possesses an RGD sequence, ADAM 15, extensive homology
the residues required ford31-dependent adhesion appeared exists between the disintegrin domains of the ADAMs and
to be distinct; however, the mAb Dis 1-1 epitope may be snake venom disintegrinsl%). A region of the ADAM
adjacent to the integrin recognition site so that the mAb could disintegrin domain known as the disintegrin loop that
sterically inhibit thea41—disintegrin domain interaction.  corresponds to the RGD location within the snake venom
To better evaluate the results obtained with our charge-to- disintegrins has been implicated in integrin-mediated adhe-
alanine analysis, molecular modeling studies of the ADAM sjon to several ADAMs, including ADAM 2, 3, 15, and 23
28 disintegrin domain were initiated. (19, 27, 29—31). Mutational and peptide analysis of inte-

Molecular Modeling of the ADAM 28 Disintegrin Domain  grin—disintegrin interaction has been predominately limited
Since there are no mammalian disintegrin domain structuresto this region of ADAM disintegrin domains. Results
available, we used the NMR-derived structures from three presented here support the contribution of additional regions
snake venom disintegrins that included echistatin, flavoridin, of the ADAM 28 disintegrin domain in integrin-dependent
and kistrin for modeling template$, 18). Primary sequence  adhesion. On the basis of the primary sequence (Figure 1)
alignment of echistatin, flavoridin, and kistrin with the and the molecular models (Figure 6), most of these residues
ADAM 28 disintegrin domain sequence is shown in Figure are not included in the putative disintegrin loop of ADAM
5a. The placement of the template sequence with respect t®8. Although alanine substitutions of ASf Glu*’%, and
the ADAM 28 sequence corresponds to the region of ADAM Lys*®° all adversely affected adhesion, E§swas the only
28 modeled for that template. Even though the disulfide bond residue contained within the putative loop that, when mutated
pattern was nearly identical for each of the three templates,to alanine, substantially altered the adhesive properties of
with the cysteine pairing between the flavoridin and kistrin the rDis—Fc fusion protein. These findings demonstrate that
structures being completely conserved, each was structurallythe adhesive component of the ADAM 28 disintegrin domain
distinct (Figure 5b)46). Because of these structural differ- and potentially other mammalian ADAMs is not completely
ences, three separate structural models of the ADAM 28 contained within the putative disintegrin loop region. Instead,
disintegrin domain were generated (Figure 6). integrin interaction with the ADAM 28 disintegrin relies

Evaluation of the three models revealed that alanine upon multiple charged contacts that appear to be presented
substitutions which effect adhesion of Jurkat cells to the on an extended surface of the entire domain.
rDis—Fc fusion protein are dispersed on the surface of each Since several ADAM disintegrins have been shown to act
model and not exclusively localized to the putative disintegrin as integrin ligands, it is plausible that a set of residues
loop. Collectively, these three models suggested that theconserved among the ADAMSs create a general integrin
ADAM 28 disintegrin domain supportsi4l-dependent  recognition motif, whereas other residues unique to each
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a) ADAM2E (-118-495}GED C GTSEEC‘TNI CC C KIKATFQ C ALGE CC|EK |C QF‘K_KAGMV [ RPAKDECDLPEM C NGKSGN C PDDR;Q\I"NGF
Flavoridin(1- TD)GEE clD C GSPS...NF CC KLRPGAQ C|ADGL |CC|DQ |C |RFEEERTI |C |RIARGD . FFDDR |C | TGLSND |C | PEWNDL
Kistrin (1-68) GKE |C|D |C|SSPE. . .NP |CC C| ELRPGAQ |C |GEGL |CC|EQ |C |KFSRAGKI |C |RIFPRGD . MPODDR |C |TGQSAD |C |FRYH
Echistatin (1-49) ESGP KFLEEGTI KRARGD.DMDDY NGKTCD FENFHEGFAT

Echistatin Flavoridin Kistrin

Ficure 5: Templates employed in structural modeling of the ADAM 28 disintegrin domain. (a) Primary sequence alignment of the ADAM

28 disintegrin domain and the three snake venom disintegrins utilized as templates. Conserved cysteines in all four sequences are boxed.
The residue number is with respect to ADAM 285). (b) Ribbon diagram of the snake venom disintegrins echistatin (green), flavoridin

(red), and kistrin (blue). The disulfides are depicted in yellow, and the position of the RGD-containing disintegrin loop is black.

ADAM may govern integrin specificity. A recent study by replaced with alanines in the ADAM 28 disintegrin domain,
Eto et al. 81) examined the residues responsible 851 no detectable alteration in the ability of the ADAM 28 rBis
recognition of ADAM 15. Thorough site-directed mutagen- Fc protein to supporti451-dependent cell adhesion was
esis of the putative disintegrin loop of ADAM 15 established observed (Figure 3 and Table 1). These substitutions, as with
that a single motif composed of R(X6)DLPEF is essential all the alanine substitutions that retained adhesive activity,
for ADAM 15 binding to a981. Since this motif was  supported Jurkat cell adhesion via the integéi1 as mAbs
conserved in 28 of the 30 ADAMs that were examined, it and the CS-1 peptide inhibited this adhesion. It should also
may function as a general recognition motif, but not be be noted that the recombinant disintegrin domains expressed
sufficient for imparting integrin specificity. Swapping of in our study were produced as secreted proteins from
specific residues between the snake venom disintegrinseukaryotic cells and not as refolded prokaryotic proteins as
echistatin and eristostatin demonstrated that specific residuesn other studies. Since the bacterially expressed ADAM 28
dictate integrin specificity47). Additionally, evidence also  disintegrin domain supportetd1-dependent adhesioRg),
demonstrated that specific conserved residues are part of dhe differences in the production methods are not likely to
general integrin recognition motifi7). The study presented  account for the differences observed in residue requirements
here also supports the premise that a general integrinfor integrin recognition.

recognition motif exists for mammalian disintegrins. For ~ The three distinct structural models presented reveal that
example, Glé’® within the ADAM 28 sequence was shown the residues involved in451 integrin-dependent cell adhe-
to be absolutely critical in supporting Jurkat cell adhesion, sion to the ADAM 28 disintegrin domain are not exclusively
and GId%, the corresponding residue in ADAM 15, was located in the disintegrin loop. In particular, lysine residues
shown to be essential in mediating cell adhesiona8g1 spatially located throughout the domain appear to have an
(31). This oxygenated residue may play a role similar to that essential role in the ADAM 28a4(1 interaction. Interest-

of the Asp residue in the classical Arg-Gly-Asp integrin ingly, all of the residues shown to be critical upon alanine
recognition sequence. However, it appears that other residuesubstitution were distinctly localized to only one face of the
may determine the ability of an integrin to discriminate echistatin-based model surface. The kistrin-based model
between the various ADAM disintegrins. Afgand Asp® exhibits a less confined arrangement of critical residues. More
in ADAM 15 were also shown to be necessary for the detailed structural analyses are needed for definitive localiza-
adhesive properties of this disintegrin domain. These residuedtion of the residues that comprise the integrin recognition
are conserved in multiple ADAMs, including ADAM 2 and  site of ADAM 28.

ADAM 3, and have also been shown to be integral in the  We previously evaluated alanine substitutions at*Glu
adhesive property of these two mammalian disintegr®s ( and Asg”3for their effect on Jurkat adhesion to the ADAM
29). When the corresponding At and Asg”3residues were 28 rDis—Fc recombinant protein due to their importance in
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presence of the divalent cation kn(50). Using two distinct
exogenous activators for affinity modulation of the receptor
could result in divergent activation states and account for
the different results that are evident with alanine replacement
of Glu*™%. The extent of activation could directly influence
the relative number of contacts or relative size of the
receptor-ligand interface. Such sensitivity of the receptor
ligand complex to slight conformational changes of the
receptor would give a more intricate and subtle way of
regulating crucial adhesive events.

We have established that ADAM 28 interacts with the
lymphocyte integrina4f1 via multiple charged residues
dispersed through the linear sequence of the disintegrin
domain. Molecular modeling studies suggest thatdhgl
recognition site within ADAM 28 presents itself as an
extended face of the disintegrin domain that may make
multiple contacts with both integrin subunits. Evidence that
the adhesive properties of a mammalian ADAM disintegrin
domain are not restricted to residues contained within the
putative disintegrin loop provides insight into the way this
family of proteins that exhibit both adhesive and proteolytic

Kistrin

Ficure 6: Structural models of the ADAM 28 disintegrin domain.
Space-filled representations of models generated for the ADAM
28 disintegrin domain based upon three separate snake venom
disintegrin NMR structures. Models were generated using software
described in Experimental Procedures. The models are shown at
180 rotations. Residues colored red required more than 5-fold more
protein when changed to alanine to achieve the same adhesion as
the native sequence (Table 1). Residues shown in yellow required
2—5-fold more protein when changed to alanine to achieve the same
adhesion as the native sequence. Residues shown to participate in
mAb Dis 1-1 binding are shown in green on the flavoridin and
kistrin models. The position of the putative disintegrin loop is
indicated.

other disintegrin adhesion even®8). No effect on the ability

of the rDis—Fc fusion protein to support Jurkat adhesion was 10.

observed when either of the acidic residues contained within
the putative disintegrin loop was replaced with alanine when
integrin activation was achieved by including 1 mM MaCl

in the adhesion buffer. Here we specifically activated only
the 51 integrins by using mAb QE2ES5, an aptl- activating
monoclonal antibody4l). No differences were evident in
the results obtained for the ASpmutant. However, altering

the mechanism of activation affected whether alanine 12.

substitution at Gltr* elicited an effect. The various activation
states of integrins that can be induced by exogenous
activators and the effects of these multiple states on ligand

13

recognition are well-documented for integads1 (48, 49). 14.

The extent ofi451-dependent cell adhesion to VCAM-1 or
CS-1 can be altered depending upon whether the integrin is 15
activated via an activating mAb, TS2/16, or through the

11.

functions act as integrin ligands.
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