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Genes Expressed in Human
Tumor Endothelium
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To gain a molecular understanding of tumor angiogenesis, we compared gene
expression patterns of endothelial cells derived from blood vessels of normal
and malignant colorectal tissues. Of over 170 transcripts predominantly ex-
pressed in the endothelium, 79 were differentially expressed, including 46 that
were specifically elevated in tumor-associated endothelium. Several of these
genes encode extracellular matrix proteins, but most are of unknown function.
Most of these tumor endothelial markers were expressed in a wide range of
tumor types, as well as in normal vessels associated with wound healing and
corpus luteum formation. These studies demonstrate that tumor and normal
endothelium are distinct at the molecular level, a finding that may have sig-
nificant implications for the development of anti-angiogenic therapies.

Tumors require a blood supply for expansive
growth (/-3), an observation that has stimulat-
ed a profusion of research on tumor angiogen-
esis. However, several basic questions about
tumor vessels remain unanswered. For exam-
ple, is endothelium that lines blood vessels in
tumors qualitatively different from endothelium
in vessels of normal tissue? What is the relation
of tumor angiogenesis to angiogenesis associ-
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ated with wound healing or other physiological
processes? The answers to these questions crit-
ically impact the potential for new therapeutic
approaches to inhibit angiogenesis in a tumor-
specific manner.

To determine if tumor-specific endothelial
markers exist, we compared gene expression
profiles in endothelium derived from normal
and tumor tissue. Human colorectal cancer
was chosen for these studies because it has a
high incidence, tends to grow slowly, and is
often resistant to chemotherapeutic drugs.
Importantly, the progressive growth of this
tumor type appears to be angiogenesis-depen-
dent (4).

Global analysis of gene expression in tu-
mor and normal endothelium is difficult be-
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cause (i) the endothelium is enmeshed in a
complex tissue consisting of vessel wall com-
ponents, stromal cells, and epithelial cells,
and (ii) only a small fraction of the cells
within these tissues are endothelial. Thus, we
needed to develop methods for isolating high-
ly purified endothelial cells (ECs) and for
evaluating gene expression profiles from rel-
atively few cells.

To overcome the first obstacle, we at-
tempted to purify ECs from dispersed human
colorectal tissue using CD31, an endothelial
marker commonly used for this purpose (5-
8). This resulted in a substantial enrichment
of ECs but also in contamination of the prep-
arations by hematopoietic cells, most likely
due to expression of CD31 by macrophages
(9). We therefore purified ECs from human

REPORTS

tissues using P1H12, a recently described
marker for ECs (10). Unlike CD31, CD34,
and VE-cadherin, P1H12 specifically local-
ized to ECs of all vessels including microves-
sels of normal and cancerous colorectal tissue
(Fig. 1A). Our purification protocol also op-
timized the detachment of ECs from neigh-
boring cells, leaving cell surface proteins in-
tact, and included positive and negative af-
finity purifications using a mixture of anti-
bodies (Fig. 1B). The ECs purified from
normal colorectal mucosa and colorectal can-
cers were essentially free of epithelial and
hematopoietic cells as judged by reverse tran-
scription—polymerase chain reaction (RT-
PCR) (Fig. 1C) and subsequent gene expres-
sion analysis (see below).

To evaluate gene expression, we used a

modification of the serial analysis of gene
expression (SAGE) technique (1/). SAGE
associates individual mRNA transcripts with
14—base pair (bp) tags derived from a spe-
cific position near their 3’ termini (12). The
abundance of each tag provides a quantitative
measure of the transcript level present within
the mRNA population studied. SAGE is not
dependent on preexisting databases of ex-
pressed genes and therefore provides an un-
biased view of gene expression profiles. This
feature is particularly important in the analy-
sis of cells that constitute only a small frac-
tion of the tissue under study, as transcripts
from these cells are unlikely to be well rep-
resented in extant expressed sequence tag
(EST) databases.

We generated a SAGE library of ~96,000
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Fig. 1. Purification of ECs
from human nomal and
malignant tissue. (A) Ves-
sels (red) of frozen sec-
tions were stained by im-
munofluorescence  with
anti-P1H12  (Chemicon,
Temecula, Califomia) and
detected with a biotinyl-
ated goat anti-mouse IgG
secondary antibody fol-
lowed by rhodamine-
linked strepavidin. The
vessels stained are from
within the lamina propria
of normal colonic mucosa.
E-cadherin—positive  epi-
thelial cells (green) at the
edge of the cypt were
simultaneously visualized
with a rabbit polyclonal
antibody (Santa Cruz Bio-
technology, Santa Cruz,
Califomia), followed by a
goat anti-rabbit IgG sec-
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assess the purity of the EC preparations. Semiquantitative PCR analysis was
performed on cDNA generated directly from colorectal cancer tissue (Un-
fractionated Tumor) or from purified ECs isolated from normal colonic
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thelial Fraction). Expression of the epithelial-specific transcript cytokeratin
20 (CK20) was limited to the unfractionated tumor. Two endothelial-specific
transcripts, VWF and VE-cadherin (VE-Cad), showed robust amplification
only in the endothelial fractions, whereas transcripts corresponding to the
ubiquitous housekeeping enzyme glyceraldehyde phosphate dehydrogenase
(GAPDH) were amplified in all samples. No signal was detected in the
no-template (N.T.) control. cDNA templates were diluted 1:10, 1:100,
1:1000, 1:4000, and 1:40,000, as indicated by the declining wedge. (D) The
relative expression level of select genes was determined by measurement
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of the tag abundance from several SAGE libraries combined into four groups.
The first was composed of ~193,000 tags from the two in vivo—derived EC
preparations (Endothelial Cell Fraction), whereas the second contained a
single library of ~57,000 tags containing macrophages and other leukocytes
derived from the negative selection (Hematopoietic Fraction). The third
group contained ~401,000 tags from cultured HUVEC and HMVEC (Endo-
thelial Cells in Culture), and the fourth consisted of ~748,000 tags from
six colon cancer cell lines in culture (Epithelial Cells). After normalization,
the library with the highest tag number for each marker was given a
value of 100%, and the corresponding relative expression levels of the
remaining three libraries were plotted on the ordinate. A high level of
CD31 is apparent on hematopoietic cells, the likely cause of the impurity
of the initial endothelial selection, compared with the selectivity of
P1H12.
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tags from the purified ECs of a colorectal
cancer and a similar library from the ECs of
normal colonic mucosa from the same pa-
tient. These ~193,000 tags corresponded to
over 32,500 unique transcripts (/3). The ex-
pression pattern of hematopoietic, epithelial,
and endothelial markers confirmed the purity
of the preparations (Fig. 1D).

We next identified pan endothelial mark-
ers (PEMs), that is, transcripts that were ex-
pressed at substantially higher levels in both
normal and tumor-associated endothelium
compared with other tissues. Tags expressed
at similar levels in both tumor and normal
ECs were compared with ~1.8 million tags
from a variety of cell lines derived from
tumors of nonendothelial origin. This simple
comparison identified 93 transcripts that were
expressed at levels at least 20-fold higher in
ECs in vivo compared with nonendothelial
cells in culture (/4). Among the most abun-
dant transcripts, there were 15 tags corre-
sponding to characterized genes, 12 of which
had been previously shown to be preferential-
ly expressed in endothelium (10, 15-26), and
the other 3 genes not previously associated
with endothelium (Table 1). These data also
revealed many novel PEMs, which became
increasingly prevalent as tag expression lev-

Table 1. SAGE analysis reveals previously characterized and novel pan
endothelial markers. The most abundant characterized or novel tags
derived by summing the tags from normal EC (N-ECs) and tumor EC
(T-ECs) SAGE libraries are listed in descending order. For comparison, the
corresponding number of SAGE tags found in HUVEC and HMVEC endo-
thelial cell cultures, and several nonendothelial cell lines (74), are shown.
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els decreased (Table 1). We validated the
expression of selected PEMs in vivo using a
highly sensitive nonradioactive in situ hy-
bridization method that allowed the deteation
of relatively rare transcripts from frozen sec-
tions of human tissues (27). Expression of
PEM3 and PEM6 was limited to vascular
ECs in both normal and neoplastic tissues
(Fig. 2, A and B). For other PEMs, their
endothelial origin was confirmed by SAGE
analysis of ~401,000 transcripts derived
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described (38).

from primary cultures of human umbilical vein
endothelial cells (HUVEC) and human dermal
microvascular endothelial cells (HMVEC) (Ta-
ble 1). These data also suggest that ECs main-
tained in culture do not completely recapitulate
expression patterns observed in vivo. For ex-
ample, Hevin and several other PEMs were
expressed at high levels in both tumor and
normal ECs in vivo, but few or no transcripts
were detected in cultured HUVEC or HMVEC
(Table 1). The source of the Hevin transcripts

e e

Fig. 2. Expression of PEMs is limited to ECs. (A to C) The endothelial origin of PEMs identified by
SAGE was confirmed by a highly sensitive in situ hybridization assay (27). Localization of novel
PEMs to the ECs (red stain) was demonstrated by examining two representative PEMs, PEM3 (A}
and PEM6 (B), in lung cancer and colon cancer, respectively. Hevin expression was readily detected
in the ECs of a colon tumor (C) despite its low level of expression in cultured ECs. Bars, 50 pM.

Tag numbers for each group were normalized to 100,000 transcripts. A
description of the gene product corresponding to each tag is given,
followed by alternative names in parentheses. Some uncharacterized
genes have predicted full-length coding sequence. The sequence CATG
precedes all tags, and the 15th base (11th shown) was determined as

Genes determined by SAGE analysis to be potential pan endothelial markers

Tag sequence N-ECs T-ECs HUVEC HMVEC Cell lines Description
Known genes
CATATCATTAA 247 501 130 87 2 Angiomodulin (ANG, IGFBP-7, IGFBP-rP1, Mac25, TAF)*
TGCACTTCAAG 328 141 0 0 0 Hevin*
TTITGCACCTTT 165 84 191 115 4 Connective tissue growth factor (CTGF, IGFBP-rP2)*
TTGCTGACTTT 73 131 2 14 1 Collagen, type VI, alpha 1*
ACCATTGGATT 102 67 0 0 2 Interferon induced transmembrane protein 1 (9-27, Leu 13)*
ACACTTCTTTC 104 44 60 62 2 Guanine nucleotide binding protein 11
TTCTGCTCTTG Al 67 118 72 0 Von Willebrand factor*
TCCCTGGCAGA 66 68 3 13 3 Cysteine-rich protein 2 (CRP-2, ESP-1, SmLIM)
TAATCCTCAAG 26 106 34 16 1 Collagen, type XVIII, alpha 1*
ATGTCTTTTCT 58 65 17 17 3 Insulin-like growth factor-binding protein 4*
GGGATTAAAGC 40 67 30 14 2 CD146 (S-Endo 1, P1H12, Muc18, MCAM, Mel-CAM)*
TTAGTGTCGTA 38 69 9 13 0 SPARC (osteonectin, BM-40)*
TTCTCCCAAAT 20 86 16 64 2 Collagen, type IV, apha 2*
GTGCTAAGCGG 24 74 0 10 2 Collagen, type VI, alpha 2*
GTTTATGGATA 35 56 1 1 1 Matrix Gla protein (MGP)
Novel genes
CCCTTGTCCGA 131 104 1 1 0 PEM1 ESTs
CCCTTTCACAC 52 33 0 0 0 PEM2 ESTs
CAACAATAATA 42 25 13 6 0 PEM3 ESTs
GGCCCTACAGT 26 13 2 3 0 PEM4 ESTs/KIAA0821 protein
GCTAACCCCTG 7 31 0 1 0 PEMS ESTs
GGCACTCCTGT 22 13 19 12 0 PEM6 ESTs
TCACAGCCCCC 20 15 8 5 0 PEM7 ESTs
TTTCATCCACT 20 13 0 2 0 PEM8 ESTs, KIAA0362 protein
ATACTATAATT 25 6 2 0 0 PEM9 ESTs
AATAGGGGAAA 13 19 4 1 0 PEM10 KIAA1075 protein

*Characterized genes that have previously been shown to be expressed predominantly in endothelium (10, 15-26).
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Fig. 3. Expression of TEMs. (A) RT-PCR analysis confirmed the tumor-specific expression of novel
TEMs. Semiquantitative PCR analysis was performed on cDNA generated from purified tumor
epithelial cells as a negative control (Control) or from purified ECs isolated from normal colonic
mucosa (Normal ECs} or colorectal cancer (Tumor ECs) from two different patients. Two endo-
thelial-specific markers, VWF and PEM6, showed robust amplification only in the endothelial
fractions, whereas GAPDH was observed in all samples. TEM1, TEM7, and TEMS were specifically
expressed in tumor ECs. The cDNA template was diluted 1:10, 1:100, 1:1000, and 1:10,000, as
indicated by the declining wedge. (B to J) The endothelial origin of TEMs identified by SAGE was
confirmed by in situ hybridization, as in Fig 2. Expression of TEM1 (B) and TEM7 (C) was highly
specific to the ECs in colorectal cancers; sections were imaged in the absence of a counterstain to
show the lack of detectable expression in the nonendothelial cells of the tumor. TEM7 was also
expressed in ECs from a metastastic liver lesion (D) arising from a primary colorectal cancer, and
primary tumors derived from lung (E), breast (F), pancreatic (G), and brain cancer (H), as well as in
a sarcoma (1). TEM7 expression was also localized to vessels during normal angiogenesis of human

corpus luteum (J). Bars, 50 M.

was confirmed to be endothelium by in situ
hybridization in normal and malignant colorec-
tal tissue (Fig. 2C).

‘We next identified transcripts that were dif-
ferentially expressed in endothelium derived
from normal or neoplastic tissues. This compar-
ison revealed 33 tags that were elevated at least
10-fold in normal endothelium and 46 tags that
were elevated 10-fold or more in tumor endo-
thelium (28). Because transcripts expressed at
higher levels in tumor endothelium are most
likely to be useful for diagnostic and therapeu-
tic purposes, our subsequent studies focused on

this class. Of the top 25 tags most differentially
expressed, 12 tags corresponded to 11 previous-
ly identified genes, 1 containing alternative
polyadenylation sites (Table 2). Of these 11
genes, 6 were previously recognized as markers
of angiogenic vessels (16, 22, 29-33), and at
least 7 encode proteins involved in extracellular
matrix formation or remodeling. These matrix-
related processes are likely to be critical to the
growth of new vessels. The remaining 14 tags
corresponded to uncharacterized genes, most of
which have been deposited as ESTs (Table 2).

To validate the expression patterns of

these genes, we focused on nine tumor endo-
thelial markers (TEM1 through TEM9) for
which EST sequences but no other informa-
tion was available (Table 2). RT-PCR anal-
ysis was used to evaluate the expression of
the corresponding transcripts in purified ECs
derived from normal and tumor tissues of two
patients different from the original one used
to construct the SAGE libraries. As expected
on the basis of the SAGE data, von Wille-
brand Factor (vWF) and PEM6 were ex-
pressed at similar levels in normal and tumor
ECs from both patients. These controls were
not detected in purified tumor epithelial cells
(Fig. 3A). In contrast, all nine TEMs chosen
for this analysis were prominently expressed
only in tumor ECs, but were absent or barely
detectable in normal ECs (Fig. 3A). These
RT-PCR assays were sensitive indicators of
expression, and the absence of detectable
transcripts in the normal endothelium, com-
bined with their presence in tumor endothe-
lial RNAs even when diluted 100-fold, pro-
vides important confirmation of their differ-
ential expression. These results also show
that these transcripts were not simply ex-
pressed differentially in the ECs of the orig-
inal patient, but were characteristic of colo-
rectal cancer endothelium in general.

To exclude the possibility that the differ-
entially expressed transcripts were derived
from contaminating nonendothelial cells, we
performed in situ hybridization on normal
and neoplastic colon tissue. In every case
where transcripts could be detected (TEM 1,
3,4,5,7, 8, and 9), they were specifically
localized to ECs (34) (Fig. 3, B and C).
Although caution must be used when inter-
preting negative in situ hybridization results,
none of the TEMs were expressed in vascular
ECs associated with normal colorectal tissue
even though vWF and Hevin were clearly
expressed (34).

To determine whether TEMs were specif-
ically expressed in the endothelium from pri-
mary colorectal cancers, or whether they
were characteristic of tumor endothelium in
general, we studied the expression of a rep-
resentative TEM (TEM?7) in a liver metasta-
sis from a colorectal cancer, a primary sarco-
ma, and in primary cancers of the lung, pan-
creas, breast, and brain. As shown in Fig. 3,
the TEM?7 transcript was expressed specifi-
cally in the endothelium of each of these
cancers, whether metastatic (Fig. 3D) or pri-
mary (Fig. 3, E to I). Analysis of the other six
TEMs (TEM 1, 3, 4, 5, 8, and 9) revealed a
similar pattern in lung tumors, brain tumors,
and metastatic lesions of the liver (34).

Finally, we investigated whether these
transcripts were expressed in angiogenic
states other than that associated with tu-
morigenesis. As assessed by in situ hybrid-
izations, these transcripts were generally
expressed both in the corpus luteum and in

18 AUGUST 2000 VOL 289 SCIENCE www.sciencemag.org



Table 2. SAGE tags elevated in tumor endothelium. The top 25 tags with the
highest tumor EC (T-ECs) to normal EC (N-ECs) tag ratios are listed in
descending order. To calculate tag ratios, we assigned a value of 0.5 in cases
where zero tags were observed. The SAGE libraries are the same as those

REPORTS

transcripts. A description of the gene product corresponding to each tag is
given, followed by alternative names in parentheses. TEM9 was uncharacter-
ized at the outset of these studies but was recently characterized as a lectin
present on ECs in culture and on microvascular vessels of human placenta in

listed in Table 1. Tag numbers for each group were normalized to 100,000 vivo (47).

Tag sequence Name Acc. # N-ECs T-ECs HUVEC HMVEC  Cell lines Description
GGGGCTGCCCA  TEM1  AF279142 0 28 0 2 0 ESTs, similarity to thrombomodulin
GATCTCCGTGT TEM2  AF279143 0 25 0 0 0 ESTs, similarity to rat Rhes ras-related protein
CATTTTTATCT TEM3  AF070526 0 23 0 0 0 ESTs
CTTTCTTTGAG 0 22 6 20 1 Regulated in glioma-like 7-1 (Dkk-3/REIC)
TATTAACTCTC TEM4  AB002335 0 21 1 3 1 ESTs, similarity to JNK interacting protein-3a
CAGGAGACCCC 0 16 2 0 0 MMP-11 (stromelysin 3)

GGAAATGTCAA 1 31 53 22 1 MMP-2 (gelatinase A, 72-kD type IV collagenase)*
CCTGGTTCAGT 0 15 0 0 0 ESTs

TTTTTAAGAAC TEM5  AB040964 0 14 1 4 0 ESTs

TITGGTTTTCC 5 139 0 16 0 Collagen, type 1, alpha 2, transcript A*t
ATTTTGTATGA 0 13 4 8 0 Nidogen (enactin)*

ACTTTAGATGG 1 23 0 15 0 Collagen, type VI, alpha 3*

GAGTGAGACCC 3 63 0 0 1 Thy-1 cell surface antigen*

GTACACACACC 0 10 0 0 0 Cystatin S

CCACAGGGGAT 2 38 0 2 1 Collagen, type lli, alpha 1

TTAAAAGTCAC TEM6  AK001539 1 19 1 3 1 ESTs

ACAGACTGTTA TEM7  AF279144 4 74 0 0 0 ESTs, similarity with sea squirt nidogen
CCACTGCAACC 1 18 0 1 0

CTATAGGAGAC TEM8  AF279145 1 18 1 1 0 ESTs, similarity with homeobox protein DLX-3
GTTCCACAGAA 0 9 0 3 0 Collagen, type |, alpha 2, transcript B*{
TACCACCTCCC 0 9 4 1 1 ESTs

GCCCTTTCTCT TEM9  AB014609 1 17 3 1 2 Endo180 lectin (macrophage mannose receptor family)
TTAAATAGCAC 2 33 0 4 0 Collagen, type 1, alpha 1*

AGACATACTGA 1 16 1 0 0 ESTs, DKFZP434G162 protein

TCCCCCAGGAG 1 16 0 0 0 Bone morphogenetic protein 1 (metalloprotease)

*Genes previously shown to be up-regulated in angiogenic vessels (76, 22, 29-33).

the granulation tissue of healing wounds
(34) (Fig. 3]). One possible exception is
TEMS, which we failed to detect in corpus
luteum. In all tissues examined, expression
of the genes was either absent or confined
to the EC compartment.

The studies described above provide a de-
finitive molecular characterization of ECs in an
unbiased and general manner. They lead to
several important conclusions that have direct
bearing on long-standing hypotheses about an-
giogenesis. First, normal and tumor endotheli-
um are highly related, sharing many endothelial
cell-specific markers. Second, the endothelium
derived from tumors is qualitatively different
from that derived from normal tissues of the
same type and is also different from primary
endothelial cultures. We identified 46 tran-
scripts that were expressed at substantially
higher levels (>10-fold) in tumor endothelium
than in normal endothelium, and 33 transcripts
that were expressed at substantially lower levels
in tumor than in normal endothelium. Most of
these genes were either not expressed or were
expressed at relatively low levels in ECs main-
tained in culture. Third, these genes are charac-
teristically expressed in tumors derived from
several different tissue types, demonstrating
that tumor endothelium, in general, is different
from the endothelium in surrounding normal
tissue. Fourth, most of the genes expressed
differentially in tumor endothelium are also
expressed during angiogenesis of corpus lu-
teum formation and wound healing. This is

consistent with the idea that tumors may recruit
vasculature by means of the same signals elab-
orated during other physiological or pathologi-
cal processes. Indeed, the notion that tumors
represent “unhealed wounds” is one of the old-
est ideas in cancer biology (35). However, the
fact that TEM8 expression was not detectable
in developing corpus luteum suggests that there
may be discrete differences between tumor an-
giogenesis and normal angiogenesis.

Finally, it is perhaps not surprising that so
many of the endothelial-specific transcripts
identified in this study, whether expressed
only in neovasculature or in endothelium in
general, have not been previously character-
ized, and some are not even represented in
EST databases. ECs represent only a minor
fraction of the total cell population within
normal or tumor tissues, and only those EC
transcripts expressed at the highest levels
would be expected to be represented in librar-
ies constructed from unfractionated tissues.
The genes described in the current study
should therefore provide a valuable resource
for basic and clinical studies of human angio-
genesis in the future.
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Dampened by

Gelatinase A Cleavage of
Monocyte Chemoattractant
Protein-3

G. Angus McQuibban,’ Jiang-Hong Gong,? Eric M. Tam,’
Christopher A. G. McCulloch,* lan Clark-Lewis,?
Christopher M. Overall'-3*

Tissue degradation by the matrix metalloproteinase gelatinase A is pivotal to
inflammation and metastases. Recognizing the catalytic importance of sub-
strate-binding exosites outside the catalytic domain, we screened for extra-
cellular substrates using the gelatinase A hemopexin domain as bait in the yeast
two-hybrid system. Monocyte chemoattractant protein-3 (MCP-3) was iden-
tified as a physiological substrate of gelatinase A. Cleaved MCP-3 binds to
CC-chemokine receptors-1, -2, and -3, but no longer induces calcium fluxes or
promotes chemotaxis, and instead acts as a general chemokine antagonist that
dampens inflammation. This suggests that matrix metalloproteinases are both
effectors and regulators of the inflammatory response.

Degradomics, the identification of biologically
relevant substrates for the increasing number of
recognized proteinases, is a challenge of pro-
teomics. Although yeast two-hybrid screening
(I) has identified intracellular protein-protein
interactions, a screening rationale with a pro-
teinase catalytic domain as target is tenuous
because cleavage of library-encoded substrate
would preclude detection. Therefore, to identify
potential matrix metalloproteinase (MMP) sub-
strates, we used a substrate-binding exosite do-
main, the hemopexin COOH-terminal (C) do-
main (2, 3), that is structurally and functionally
distinct from the catalytic domain in a two-
hybrid screen. Collagen binding by this domain

'Department of Biochemistry and Molecular Biology,
2Biomedical Research Centre, 3Department of Oral
Biological and Medical Sciences, University of British
Columbia, Vancouver, BC V6T 1Z3, Canada. *Medical
Research Council Group in Periodontal Physiology,
University of Toronto, Toronto, ON M5S 3E8, Canada.

*To whom correspondence should be addressed. E-
mail: overall@interchange.ubc.ca

of collagenolytic MMPs is a prerequisite for
cleavage. Therefore, other proteins that bind to
this domain may also be MMP substrates.

To determine the suitability of the two-
hybrid system for extracellular proteins, we as-
sessed the interaction between the single—disul-
fide-bonded gelatinase A (MMP-2) hemopexin
C domain and the C domain of the tissue inhib-
itor of metalloproteinase-2 (TIMP-2), which
contains three disulfide bonds. Deletion (4) and
domain-swapping (5) studies indicate that these
domains interact in the cellular activation and
localization of gelatinase A to cell surface mem-
brane type (MT)»-MMPs (6). Association was
detected (Fig. 1, A and B), indicating that in
yeast at 30°C, a stable, functional protein fold in
domains that normally contain disulfide bonds
was achieved.

A cDNA library was constructed from
human gingival fibroblasts treated with con-
canavalin A (Con A), a stimulant of extracel-
luar matrix degradation through the activa-
tion of gelatinase A (7). Using the human
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