
Structurally Homologous Ligand Binding of Integrin pathogenic events in some forms of athero- 
sclerosis (5), we observed that the same Mac-1 and Viral Glycoprotein C Receptors three peptidy1 Iigands also inhibited 12'1- 
factor X binding in a concentration-depen- 

DARIO C. ALTIERI,* ORLI R. ETINGIN, DARYL S. FAIR, dent fashion (IC,, = 60 to 80 pM) to  the 
TERENCE K. BRUNCK, JOHN E. GELTOSKY, DAVID P. HAJJAR, HSV protein gC of viral-infected endothe- 
THOMAS S. EDGINGTON lium (Fig. 1B). Control peptides in which 

the sequence was scrambled did not dimin- 
Three spatially distant surface loops were found to mediate the interaction of the ish 12,1-factor X binding to  monocytes or 
coagulation protein factor' X with the leukocyte integrin Mac-1. This interacting HSV-infected endothelium. As in previous 
region, which by computational modeling defines a three-dimensional macromotif in studies, binding and activation of factor X 
the catalytic domain, was also recognized by glycoprotein C (gC), a factor X receptor by Mac-1 and gC culminated in local gener- 
expressed on herpes simplex virus (HSV)-infected endothelial cells. Peptidyl mimicry ation of thrombin and increased monocyte 
of each loop inhibited factor X binding to Mac-1 and gC, blocked monocyte generation adhesion to HSV-infected endothelium (4, 
of thrombin, and prevented monocyte adhesion to HSV-infected endothelium. These 5 ) .  Each of the three peptides prevented 
data link the ligand recognition of Mac-1 to established mechanisms of receptor- these downstream effects by blocking factor 
mediated vascular injury. Xa-mediated monocyte procoagulant activi- 

ty and suppressed monocyte adhesion to 

I NITIATION OF COAGULATION ON VAS- linear sequences in the catalpc domain of HSV-infected endothelium to that observed 
cular cells is implicated in various im- factor X, representing predicted surface for noninfected cells (Table 2). Consistent 
mune and inflammatory reactions and loops, inhibited 12'1-factor X binding to with their postulated interaction with Mac-1 

contributes to vascular injury and athero- monocyte Mac-1 (Table 1) and were hrther and gC rather than with factor X, none of 
genesis (1). Leukocytes, platelets, and endo- characterized. Reanalysis of variant peptides the three inhibitory peptides affected the 
thelial cells each interact with coagulation synthesized with various amino acid permu- proteolyuc activity of the active enzyme, 
proteins through regulated, receptor-medi- tations identified a minimal inhibitory core factor Xa (8). 
ated assembly (2). On stimulated mono- sequence for each of the three implicated The three hnctional recognition sites in 
cytes, the Mac-1 receptor (CDllb/CD18), a regions. The factor X peptides GYDT- factor X were topographically mapped by 
leukocyte-restricted member of the integrin KQEDG (366 to 373), IDRSMKTRG computational modeling based on crystallo- 
gene superfamily (3), binds with high aflin- (422 to 430), and GLYQAKRFKVG (238 graphic data for the homologous zymogen 
ity the coagulation serine zymogen factor X to 246), each inhibited 12'1-factor X bind- trypsinogen. The energy-minimized struc- 
(4). Similarly, upon HSV infection, endo- ing to monocyte Mac-1 in a concentration- ture of the catalyuc domain of factor X 
thelial cells express the viral gC receptor, dependent fashion [concentration that in- indicated that the three peptidyl loci do not 
which also binds factor X avidly (5). On hibits binding by 50% (IC,,) = 1 to 5 pM] cluster in a spatially contiguous region in the 
both cell types, the bound factor X is con- (Fig. 1A) (6) .  In parallel experiments, se- molecule to form a single structure. Rather, 
verted to the protease factor Xa by limited quence-specific antibodies that were gener- they are found in three distant surface loops 
proteolytic activation, leading to the local ated to each of these three peptides blocked that "surround" an unobstructed catalpc 
generation of thrombin with its pleiotropic 12'1-factor X binding to monocytes in a active site (Fig. 2). This structural organiza- 
effects such as increased monocyte adhesion concentration-dependent manner (7), thus tion is consistent with a three dimensional 
to virally infected endothelium (4, 5) .  providing independent and convergent evi- macromotif of coordinated tripartite ligand 

To identify the structurally interactive dence for the specificity of recognition. recognition on this protein (Fig. 2). 
sites on factor X that are recognized by Using an in vitro model of arterial injury Three major conclusions can be drawn 
vascular cell receptors, we have generated a that may mimic one of the earliest described from this study. First, ligand binding of 
panel of partially overlapping synthetic pep- 
tides representative of selected regions of the 
factor X molecule (Table 1).  Each peptide Fig. 1. Effects of factor X synthetic peptides on 
was initially tested in a quantitative recep- lZ51-factor X binding to monocyte THP-1 (A) or 
tor-ligmd binding assay for its ability to HSV-infected endothelial cells (B). The experi- lzl:f \ I\ 
competitive~y inhibit the binding of "51- 

mental conditions for 1z5~-factor X binding to 1 60 
monocyte THP-1 cells are the same as in (16). 2 40 

labeled factor X to monocytlc THP-1 cells lz51-factor x binding to ~ ~ ~ - i ~ f ~ ~ ~ ~ d  endothe- 
0 

+ 3  23 that had been stimulated with the chemoat- lid cells was quantitated as described in (5 ) .  ' 

tractant NH2-formyl-Met-Leu-Phe (N- Increasing concentrations of the three factor X 
I I L J 

0.1 1 10 10 100 1000 

m ~ p ) .  l-hree peptides from noncontiguous peptides that had a minimal inhibitory core se- Peptide (pM) 
quence were separately mixed with 10 pM fMLP- 
stimulated THP-1 cells (A) or HSV-infected endothelial cells (B) and 15 nM lZ5I-factor X. At 
equilibrium, specific binding was calculated as described in (16). Peptide 1 sequence: GYDTKQED(G) 
(366 to 373) (0); peptide 2 sequence: IDRSMKTRG (422430)  (0); peptide 3 sequence: 
(QLYQAKRFKV(G) (238 to 246) (A). In parentheses, residues added to natural sequence. In 
peptide 3, G in position 237 substitutes natural C. Lineweaver-Burke analysis of bindmg isotherms 
revealed that only peptide 2 (IDRSMKTRG, 422 to 430) inhibited in a characteristic competitive 
fashion the binding of factor X (Control, measure of fit of line (r) = 0.99, y' = 4.32; peptide 2, r = 
0.99, y' = 4.8), whereas the other two peptides produced noncompetitive inhibition profiles (peptide 
1, r = 0.97, y' = 21.7; peptide 3, r = 0.99, y' = 18). The data suggest that, rather than requiring the 
three sequences simultaneously, proper ligand alignment may be facilitated by a preferred sequential 
order of addition, where the noncompetitive ligand loops participate in secondary interactions and 
cooperatively stabilize receptor-ligand docking. Under comparable experimental conditions, scrambled 
control peptides synthesized for each inhibitory sequence did not d e c t  lZ5I-factor X interaction with 

*To whom correspondence should be addressed. either cell type. 

1200 SCIENCE, VOL. 254 



Fig. 2 . S t r u d  model of factor X catalytic domain. Homology model-building techniques (18) were 
used to construct a model of the catalytic domain of factor X from a crystal s t r u m  of trypsinogen 
(19). Structurally conserved regions were identified by visual inspection of the structures of trypsin, 
chymotrypsin, elastase, and kallikrei (20), and the factor X sequence was aligned manually with the 
sequences of these proteases. Atomic coordinates for backbone and conserved side chains of factor X 
were assigned directly from trypsinogen for the structurally conserved regions. Coordinates of 
nonconsewed side chains within structurally conserved c e ~ o n s  were computed for minimal ov&n 
with other atoms. Atomic coordinates for s&cturally vari&le (loop) regions were taken from a pri& 
model of factor Xa (21). The initial model structure was enerev minimized in stass. first allowine 911 '6 - 
side chains to relax: A d  then relaxing all side chains with &; backbone atoms Gf ;he loop regions. 
Badcbone of factor X catalytic domain, ribbon diagram. Catalytic mad indicated as a blue van der Waals 
surface (center); loop peptide 1 (GYDTKQED), CPK model surface (right); loop peptide 2 
(IDRSMKTRG), CPK surface (left); loop peptide 3 (LYQAKRFKV), CPK surface (top); Cys residue 
disulfide bridge between heavy and light chain, yellow CPK (lower center). The NH2-terminus of the 
heavy chain is located just above peptide 1, the substrate binding groove is approximately vertical and 
to the right of the catalytic mad (blue van der Waals); the COOH-terminus of the model (lacking 18 
residues of factor X sequence for which no structural information is available) is the COOH-terminus 
of peptide 2. 

disparate integrins depends on the recogni- by three spatially distant and nonhomolo- 
tion of multiple and independent sites in the gous surface loops. Second, the zymogen of 
ligand protein. By analogy with the platelet the coagulation protease cascade factor X 
integrin amp, that can recognize different contains a proposed "vascular cell binding 
and spatially distant sites in fibrinogen (9), domain" that binds to leukocyte Mac-1 and 
Mac-1 recognition of factor X is mediated viral-infected endothelial cell gC. Although 

Table 1. Factor X synthetic peptides. The experimental procedures for the isolation, characterization, 
and 125~-labehg of factor X haw been described (4). The human monocytic cell line THP-1 
(American T i e  Culture Co1lection, Rackville, Maryland) was maintained in RPMI 1644 (Irvine 
Scientific, Santa Ana, Cahfbmia) plus 10% fetal calf serum (Irvine), 25 mM Hepes, 1 mM L-glutamine 
(Ilvine), gentamycin (100 pglml) (Gemmycin; Schering, Kenilworth, New Jersey), and 10 fl 2- 
meccaptoehnol (Eastman Kodak). Factor X synthetic peptides were purified by high-pressu liquid 
duo~natography on C-18 columns, dissolved in water at neutral pH at 5 to 10 mM stock 
concenuation, and tested in a quantitative receptor-ligand interaction (16). For each synthetic peptide 
is given the position in the factor X molecule according to Fung et al. (17), the amino acid sequence in 
single-letter code, and the c o c c e s p o n ~  domain in factor X (6). Data are shown as a percent of 
inhibition of s p d c  1251-factor X binding to THP-1 cells in a qmsentative expeaiment. EGF-like 
peptide 82 to 89 (G)ELFTRKL(G), and heavy chain peptides 305 to 320 (Y)ERDAWAESIZM- 
TQKTGI, and 332 to 344 RQSTRLKMLEVPY(K) did not produce titratable dosedependent 
inhibition of 1251-ictor X bin* to THP-1 cells nor inhibition of monocyte adhesion to HSV- 
infected endothelium and were not further investigated. The apparent increase in 1251- fa~r  X 'bin* 
in the presence of heavy chain peptides- 253 to 270 TEQE*GGEAVHEVEWIK, 384 to 394 
VTRFKIYlYNT, and 404 to 414 ARKGKYGIYTK was not observed for lower peptide doses (0.1 
mM), thus presumably decting self-aggregation of the ligand. Underlined, the tripeptide sequence 
RGD (3). In parentheses, residues added to the natural sequence. *, deletions. 

Position Sequence Domain Inhibition 
(96) 

PYDAADLDPTENPFDLLDFNQTQPER 
YDAADLDP 
YDAADLDPTENPFDLLDFNQT 
PFDLLDFNQT 
PFDLLDFNQTQPEmNNLTRnrGGQEC 
(G)QNQGK(G) 
(G)KDGLGEYT(G) 
(G)LEGFEGKN(G) 

RQSTRLKMLEV~Y(K) 
FCAGYDTKQEDAC 
VTRFKDTYFVT 
ARKGKYGIYTK 
AFLWKIDRSMKTRGL 

Activation peptide 
Activation peptide 
Activation peptide 
Activation peptide 
Activation peptide 
EGF-like 
EGF-like 
EGF-like 
EGF-like 
Light chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 
Heavy chain 

Table 2. Effects of factor X synthetic pep- 
tides on monocyte procoagulant activity and 
monocyte adhesion to HSV-infected endo- 
helium. Monocyte procoagulant activity was 
assayed as factor Xa generation (4). Serum-free 
suspensions of THP-1 cells at 1.5 x 10' per 
milliliter were mixed with 100 fl ADP 
(Sigma), 2.5 mM CaC12, and 15.1 nM factor 
X for 30 min at room temperature. Factor Xa 
formed under these conditions was measured 
in a sensitive dotting assay using factor VII- 
and factor X-ddcient plasma (Sigma), and 
quantitated by means of a standard curve 
constructed with serial concentrations of factor 
Xa from 10 to 300 nglml. Monocyte adhesion 
to control or HSV-infected endothelium was 
quantitated after 2 hours incubation at 4°C by 
use of 51Cr-labeled cells as described (5). 
Under both experimental conditions, synthetic 
peptides were at 500 JLM final concentration. 
Factor Xa generation by stimulated monocyte 
THP-1 suspensions in the presence of control 
scrambled peptides was 35.7 + 2.7 and 177.1 
+ 10 ng/ml, after 5- and 20-min incubation, 
respectively. In the presence of each of the 
three inhibitory peptides individually factor Xa 
formation was reduced to 14.4 + 2.1 (5 min) 
and 31.8 + 11.5 ng/ml (20 min) (pep- 
tide 366 to 373 GYDTKQEDG); 16.2 + 5.7 
(5 min) and 44.3 + 17  nglml (20 min) (pep- 
tide 422 to 430, IDRSMKTRG); 12 + 0.6 (5 
min) and 30.6 + 10.5 nglml (20 min) 
(peptide 238 to 246, GLYQAKRFKVG). 
Control monocyte adhesion to noninfected or 
HSV-infected endothelium was 1.54 + 0.29, 
and 3.4 + 0.5 monocytes bound (MB) per 
endothelial cell (EC), respectively. Monocyte 
adhesion to HSV-infected endothelium in the 
presence of control scrambled versions of each 
peptide was 3.3 + 0.4 (peptide 1, 366 to 
373), 3.2 + 0.65 (peptide 2, 422 to 430), 
and 3.8 + 0.3 (peptide 3, 238 to 246) MB 
per EC, respectively. Data for both monocyte 
procoagulant activity and monocyte adhesion to 
HSV-idectd endothelium are presented as 
mean + SEM of three independent experi- 
ments. 

Peptide 
EC adhe- 

Factor Xa sion (MB 
per EC) 

Control 346.8 + 27 3.3 + 0.4 
GYDTKQEDG 95.8 + 21.8 1.48 + 0.16 
IDRSMKTRG 112.0 + 36 1.54 + 0.17 
GLYQAKRFKVG 118.4 + 67  1.46 + 0.26 
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unrelated in primary sequence and overall 
architecture, the HSV-encoded gC (lo), and 
the leukocyte integrin Mac-1 (II) ,  have 
evolved a similar ligand recognition reper- 
toire, both including complement proteins 
of the C3b cascade and factor X (3, 1 4 ,  
presumably through convergent evolution. 
Third, these studies directly link the ligand 
recognition of a broadly distributed leuko- 
cyte integrin such as Mac-1 (3) to estab- 
lished mechanisms of vascular injury. These 
are well exemplified by the recognized ath- 
erosclerotic risk associated with HSV infec- 
tion of endothelial cells (13). 

The synthetic peptidyl analogs of the lig- 
and loops described here have the capacity to 
interrupt generation of thrombin on mono- 
cytes and HSV-infected endothelium, there- 
by preventing the pleiotropic consequences 
that include chemotaxis and mitogenesis (14), 
platelet and leukocyte adhesion to endotheli- 
um ( I S ) ,  and monocyte deposition of insolu- 
ble fibrin (4). Moreover, only one of these 
peptides minimally interferes with the mech- 
anism of factor X activation mediated 
through the classic extrinsic pathways (8). 
Such specificity suggests that antagonists 
based on peptidyl analogs or more advanced 
derivatives may beneficially intervene in relat- 
ed forms of vascular injury without interfer- 
ing with physiologic hemostatic mechanisms 
or leukocyte adhesion reactions. 
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Epidermolysis Bullosa Simplex: Evidence in Two 
Families for Keratin Gene Abnormalities 

Epidermolysis bullosa simplex (EBS) is characterized by skin blistering due to basal 
keratinocyte fragility. In one family studied, inheritance of EBS is linked to the gene 
encoding keratin 14, and a thymine to cytosine mutation in exon 6 of keratin 14 has 
introduced a proline in the middle of an alpha-helical region. In a second family, 
inheritance of EBS is linked to loci that map near the keratin 5 gene. These data 
indicate that abnormalities of either of the components of the keratin intermediate 
filament heterodipolymer can impair the mechanical stability of these epithelial cells. 

E PIDERMOLYSIS BULLOSA SIMPLEX IS 

an unusual hereditary disorder in 
which patients develop blisters after 

relatively mild mechanical trauma. Cleavage 
is through the basal cells, unlike the more 
superficial cleavage that produces friction 
blisters in normal people. Those with the 
commonest forms of EBS have blisters pre- 
dominantly acrally (EBS-Weber-Cockayne 
or EBS-WC) or in a more generalized dis- 
tribution (EBS-Koebner or EBS-K). Skin 
fragility is temperature sensitive-it is worse 
in the summer, and preventive measures are 
confined to cooling the skin and avoiding 
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trauma. Although the blisters heal relatively 
quickly and without scarring, blistering may 
be so painful as to be medically disabling 
(1). 

Several years ago we were struck by sim- 
ilarities between EBS and heritable erythro- 
cyte disorders such as pyropoikilocytosis, 
elliptocytosis, and spherocytosis. These sim- 
ilarities include autosomal dominant inheri- 
tance and temperature-sensitive cellular fra- 
gility. These red blood cell disorders result 
from molecular abnormalities of the cy- 
toskeleton, which is limited in the mature 
erythrocyte to a submembranous position. 
Although keratinocytes do contain ho- 
mologs of proteins of the erythrocyte mem- 
brane skeleton (Z), their predominant cyto- 
skeletal components are the tonofilaments- 
intermediate filaments comp,osed of keratin 
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