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ABSTRACT

The extracellular matrix plays a pivotal role in maintaining the structural integrity
of tissues, as well as possessing the ability to modulate the behavior of the cells with which
it is associated. The extracellular matrix (ECM) is made up of various structural
components and exists in a dynamic equilibrium of degradation and synthesis that is
required for cellular homeostasis. The matrix metalloproteinases (MMPs) are a family of
zinc-dependent, calcium-stabilized enzymes that degrade various components of the
extracellular matrix in a strictly regulated manner. The interaction of the matrix
metalloproteinases with their natural tissue inhibitors, the tissue inhibitors of
metalloproteinases (TIMPs), is a key event in the regulation of the matrix-degrading
activity of these enzymes. Uncontrolled MMP activity has been shown to lead to various
pathological states, as is the case for arthritis, and an imbalance in the net MMP/TIMP
activity is thought to be a primary factor in the development of various diseases, including
cancer cell invasion and metastasis.

Although the MMP and TIMP interactions have been studied recently, specific -
details on the mechanism of action of the MMPS, as well as the mode by which the
TIMPS inhibit their enzymatic activity remain to be elucidated. One of the goals of these
studies was to analyze the inhibition of gelatinase A and B, two members of the MMP
family, in the presence of various selected inhibitors in order to determine their efficacy,
specificity, and possible mechanism of inhibition. Two distinct enzymatic assays were

utilized for the study of the kinetics of gelatinase A and B activity and their inhibition,

ix



including a protein-substrate-based tube assay, and a continuously-recording fluorescent
peptide substrate assay. The inhibitors selected for analysis were shown to selectively
inhibit the gelatinases via different mechansims of action.

A second goal of these studies was to determine the involvement of the gelatinases
and the TIMPs in primary open-angle glaucoma. Although the cause of primary open-
angle glaucoma is unclear, our working hypothesis is that the balance of MMP/TIMP
activity in the ECM of the trabecular meshwork may be disrupted causing a build-up of
ECM components at the point of aqueous humor outflow in the eye. This then may lead
to the increase in intraocular pressure seen in primary open-angle glaucoma. In order to
test this hypothesis, the same inhibitors that had been shown to inhibit the gelatinases were
put into a glaucoma model system developed in the Acott lab where the changes in the
outflow rate versus time can be measured. Purified MMPs, when added to the outflow
system, were shown to increase the flow rate gradually over time. In contrast, when a
MMP inhibitor was added to the perfusion medium, the outflow rate decreased gradually
over time, causing a “glaucomatous” state. These results have shown that the MMPs and
TIMPs may be involved in the development of this disease.

The final goal of these studies was to characterize the expression of TIMP-3 in
various eye tissues, as well as characterize the expression of a mutant TIMP-3 from skin
fibroblasts. Mutations in TIMP-3 have been shown to be associated with an autosomal
dominant disorder called Sorsby’s fundus dystrophy (SFD). SFD shares similar clinical
features with age-related macular degeneration (AMD), where affected patients develop

lipid- and ECM-containing deposits, thickening of Bruch’s membrane, and subsequent



neovascularization and atrophy of the choroid, RPE and retina. The TIMP-3 mutations
that have been found thus far in SFD patients are single mutations to a cysteine, although
how such mutations may lead to the development of the disease remains unclear.
Therefore, the aim of these studies was to determine the expression and localization of the
TIMPs, especially that of TIMP-3, in various eye tissues.

The TIMPs were found to have discrete distribution and expression patterns within
the retina and choroid. Interestingly, TIMP-3 was the predominant TIMP found localized
to Bruch’s membrane. These results suggest a possible role for TIMP-3 in the retina and
Bruch’s membrane as possible localized “protection” against MMP proteolytic activity.
The mutation in TIMP-3 may alter the proper folding of the inhibitor thereby affecting the
protein’s ability to properly inhibit an active MMP molecule. Alternative possibilities exist
for the function and role of the TIMPs in the retina and choroid. Additionally, mutant
cells were obtained from SFD patients and the TIMP-3 protein expression was analyzed
between the mutant and normal cells. In summary, no significant differences of TIMP-3
protein expression or localization were observed between the mutant and the normal. The
effects of the TIMP-3 mutations may be relatively subtle and these results are in
agreement with the clinical development of the disease, which has a relatively late age of

onset.



I. Introduction

Overview - Normal tissue architecture is maintained by interactions between cells
and the extracellular matrix (ECM). The ECM not only stabilizes the physical structure of
the tissues, but also modulates the behavior of cells, as well as serving as a barrier in order
to maintain the integrity of each cell and tissue with which it is associated. The ECM
contains primary structural components such as collagen, elastin and several
proteoglycans, as well as tissue-specific complexes of proteins such as laminin, type IV
collagen and fibronectin, that ultimately determine specific cellular properties. The ECM
plays a critical role in maintaining the structural integrity of tissues by influencing cellular
processes such as proliferation, differentiation, migration, adhesion, and embryo
development and morphogenesis. Cells produce and assemble the components of the
ECM, while simultaneously retaining the ability to produce and secrete the proteolytic
enzymes necessary for molecular disassembly of the same matrix macromolecules. Clearly,
a dynamic equilibrium exists between the synthesis and degradation of ECM
macromolecules for matrix maintenance and tissue integrity.

Collectively, the matrix metalloproteinases (MMPs) have the combined ability to
degrade the various protein components of connective tissue matrices in a controlled
manner. Although many proteinases can cleave specific ECM molecules, the MMPs are
believed to be the normal, physiologically-relevant mediators of matrix degradation.
Under normal circumstances, the enzymes are therefore important in such processes as

development and tissue remodeling, including uterine involution, wound healing, bone



morphogenesis and angiogenesis [1]. The activity of the MMPs is strictly regulated and
required for the continuation of normal processes (see reviews) [2-4]. In addition to their
 roles in normal physiologic processes, and perhaps as a consequence of uncontrolled
MMP activity, the MMPs have been found to be associated with various pathological
processes such as rheumatoid arthritis [5-7], osteoarthritis [8, 9], periodontitis [10-14],

cancer cell invasion and metastasis [15-18].

Tl;e Matrix Metalloproteinases - The matrix metalloproteinases are a family of
zinc-dependent, calcium-stabilized endopeptidases, whose natural substrates are various
ECM macromolecules. ‘This family consists of fibroblast, neutrophil and breast
carcinoma-derived collagenases [19-21], Vstromelysin-l, -2, and -3 [22, 23], 92 kDa and 72
kDa gelatinases (gelatinases B and A, respectively) [24-26], macrophage metalloelastase
(MME) [27], fnatdlysin [28], and the recently-described membrane-type
metalloproteinase-1 and -2 [29, 30].

The interstitial collagenases are the most specific of the MMPs, cleaving the native
helix of the fibrillar collagens (types I, II, and III) at a single locus. Neutrophil collagenase
is expressed by neutrophil granules and is a considerably more efficient enzyme than the
fibroblast collagenase on most substrates except for type III collagen [31, 32]. Fibroblast
collagenaée is expressed by many different cell types. The proteolytic activity of the
collagenases is not limited to types I, IT and IIT collagen, but includes other collagens,
gelatin, and proteoglycan core proteins, although their specific activities are lower on

these substrates [32]. Collagenase-3 is expressed by breast tumors and preferentially



cleaves type II collagen [33].

The stromelysins cleave a broad range of ECM protein substrates, including
proteoglycans, types IV and V collagen, fibronectin, laminin, elastin, and the propeptides
of collagenase and 92 kDa gelatjnase [34-38]. Stromelysin-1 is expressed by fibroblasts,
macrophages, endothelial cells, and cartilage [22, 39]. Stromelysin-2 has been found to be
expressed less gbundantly, but is active in normal keratinocytes and is expressed in some
human carcinomas [35, 40]. Stromelysin-3 was identified through its expression in
stromal cells surrounding invasive breast carcinomas and later in other human carcinomas,
and has therefore been implicated in tumor progression [23, 41]. It was found to have a
restricted substrate specificity and some sequence differences that make it distinct from all
other MMPs [42-44].

The gelatinases, otherwise known as the type IV collagenases, have a high affinity
for gelafin (denatured collagens), types IV, V, VII, X, and XI collagen, and elastin.
Gelatinase A (the 72 kDa gelatinase) is widely distributed and has been identified in most
normal cell types studied, as well as in some transformed cells [45-47]. Expression of
gelatinase B (the 92 kDa gelatinase) has been observed in keratinocytes, monocytes, and
in a number of malignant or transformed cell types [26, 48, 49]. There are some
differences in the gelatinase substrate specificities, though both enzymes have similar
aﬂinitieé for types IV and V collagen, gelatin, and elastin. However the activity against
other substrates, including fibronectin, laminin, and types I and III collagen was different
between the two metalloproteinases [50, 51].

Other members of the MMP family include matrilysin (or PUMP, a putative



metalloprofeinase), macrophage metalloelastase (MME), and the membrane-type
metallobroteinases. Matrilysin is normally expressed in the human endometrium and in
mononuclear phagocytes [52, 53], and has been isolated from rectal carcinoma cells [54].
Matrilysin cleaves a wide range of substrates including fibronectin, laminin, casein, gelatin
and eiastin [28, 55]. Macrophage metalloelastase wés first cloned from mouse
macrophages and was found to degrade many matrix molecules, including insoluble elastin
[27, 56]. Finally, the membrane-type matrix metalloproteinase (MT-MMP-1) has been
found recently and is expressed in stromal cells of human colon, breast, and head and neck
carcinomas [29, 57]. MT-MMP-1 was found to have gelatinolytic activity and had the
ability of degrading other matrix molecules such as fibronectin, laminin, vitronectin,
casein, and elastin, as well as being capable of activating progelatinase A [58-61].

The predicted amino acid sequences of all of the MMPs, when aligned,
demonstrate a high degree of conservation among the various members, and the MMPs
may be broadly divided into distinct domains (Fig. 1) [2-4, 16]. The MMP sequences all
contain a hydrophobic signal sequence as all of the MMPs are secreted proteins. This is
then followed by a propeptide sequence of 77-87 amino acids that makes up the amino -
terminal domain of the secreted MMP precursor. The propeptide domain, and more
specifically a highly-conserved region of this domain PRCGXPD, is important in
maintaining the enzyme in a catalytically inactive form. This propeptide domain,
consisting of approximately 80 amino acids, is lost upon activation of the enzyme [62-64].
Once the enzymes have undergone initial activation, they slowly truncate themselves

within the C-terminal domains generating small molecular weight enzymes that have
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Figure 1:  Domain Structure of the Matrix Metalloproteinases. MMP-9 and
MMP-2 are gelatinase B and A, respectively. MMP-1 and MMP-8
are fibroblast and neutrophil collagenase, respectively. MMP-3,
MMP-10, and MMP-11 are the three stromelysins. MME is the
macrophage metalloelastase, and MMP-7 is matrilysin.

(from: H. Birkedal-Hansen, “Matrix Metalloproteinases: A Review”,

Crit. Rev, Oral Biol. Med. , 4(2): 197, 1993.)



retained catalytic activity against their substrates [65].

'l:he MMPs all have a catalytic domain, which contains a conserved zinc-binding
site at its core. The crystal or NMR structures ha\;e recently been solved for matrilysin,
the catalytic domains of stromelysin, collagenase, and previously for the bacterial
endoproteinase, thermolysin [66-72]. This has provided information on the tertiary
structure of the catalytic domain of the MMPs and possible reaction mechanisms at the
active site have been proposed. The global fold of the catalytic domain for matrilysin,
stromelysin, neutrophil collagenase, and fibroblast collagenase consists of three helices‘and
a five-stranded B-sheet. The diagram in figure 2 is the catalytic domain of fibroblast
collagenase complexed with a hydroxamate peptide inhibitor, and is representative of the
MMP catalytic domains. The (-sheet consists of four parallel strands (A, B, C, and E)
and one antiparallel strand (D). The long N-terminal c-helix (I) runs along the line of -
strand B, which is twisted relative to the B-sheet. The central helix (II) lies under the 3-
sheet, at approximately a 20° rotation relative to helix I. The third helix (III) lies on the
outer surface perpendicular to helix I. The active site lies in the cleft between the [-sheet
and helix II. The catalytic zinc is located at the bottom of the cleft, and the three His
residues in the sequence HEXGHXXGXXH are the three ligands responsible for binding
to the catalytic zinc. The fourth ligand is either a H,0 molecule or a single unpaired Cys
residue in the propeptide, when the enzyme is either active or latent, respectively [69]. A
second zinc located above the P-sheet is tetrahedrally coordinated by three His residues,

and is inaccessible to solvent, suggesting its importance in stabilization of the active

enzyme [67, 70, 73].



Figure 2:
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Catalytic Domain of Human Fibroblast Collagenase Complexed to a
Hydroxamate Inhibitor. The - sheets are represented by the letters
A-E, and the a-helices are represented by the Roman numerals I-IIL.
The bound metal ions (two zincs and one calcium) are indicated in
the figure, as is the bound hydroxamate inhibitor. The Fa and Fb
regions represent proposed extensions of the substrate binding

cleft of the enzyme.

(from: J.C. Spurlino, “1.56 A Structure of Mature Truncated Human

Fibroblast Collagenase” Proteins: Structure, Function and Genetics,
19: 98-109, 1994.)



Biochemical experiments have shown that, in addition to the catalytic requirement
for zinc, MMPs are stabilized by the presence of both zinc and calcium [74-76].
Additional metal binding sites exist within the N-terminal half of the MMPs, as either one
calcium ion [69, 70, 72] or two calcium ions [66, 77] are packed against the top of the [3-
sheet and presumably function to stabilize the catalytic domain. A conserved Glu- and
Asp-rich region between the structural Zn** site and the hinge region constitutes one hexa-
or octacoordinate Ca?" binding site. Both sites shown for calcium ion binding are on top
of, and on either side of the B-sheet. Finally, the MMPs have a proline-rich region that
marks the transition to the carboxyl-terminal domain. With the exception of matrilysin, all
of the MMPs contain a C-terminal domain that consists of four repeats that share some
homology with sequences found in hemopexin and vitronectin. The C-terminal domain
has been found to play a role in substrate specificity and matrix binding [76, 78, 79]. This
domain mediates the interaction of collagenase and stromelysin to collagen [78, 79]. The
C-terminal domain in the proenzyme form of the gelatinases has been found to interact
with the specific inhibitors, the tissue inhibitors of metalloproteinase (TIMPs), which will
be described in detail below. Gelatinase A, in its proform, interacts at the carboxyl-
terminus with TIMP-2, and the proform of gelatinase B interacts with TIMP-1 [80-86].
More recently, the C-terminus of gelatinase A has been found to be involved in a binding
event at the cell surface involving MT-MMP-1, which results in activation of gelatinase A
[59, 87].

Gelatinase A and B are larger than the other MMPs and contain three additional

exons, which encode the three fibronectin type II domains inserted upstream of the



catalytic zinc binding site. The presence of these domains coincides with the ability of the
proenzyme forms of both gelatinases to bind gelatin [84, 88, 89]. Previously it had been
shown that collagenase and stromelysin bind to collagen through the hemopexin- or
vitronectin-like C-terminal domain [78], however, gelatinase A was found to interact with
collagen through its fibronectin-like domain [90, 91]. Furthermore, the fibronectin-like
domains have been shown to be required for the elastolytic activity of both gelatinase A
and B [92]. Gelatinase B has an extended hinge region that contains sequences similar to
the a2-chain of type V collagen. It is not clear if this additional type V collagen-like
domain plays any role in substrate specificity, since only subtle differences between the
activities of gelatinase A and B have been detected against the substrates tested thus far
[4, 93].

Given that the MMPs can degrade a broad array of substrates, their regulation is
necessarily stringent and occurs at several different levels. At the level of gene expression,
many of the MMPs are often coordinately regulated. Promoter regions of the genes for
stromelysin and collagenase share common features such as TATA elements, tumor
promoter-responsive elements (TRE) that bind the transcription factor AP-1, and PEA-3
sites, that interact with proto-oncogene product c-ets (Fig. 3) [94, 95]. In general, the
following factors are stimulatory for expression of the MMPs: 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), interleukin-1 (IL-1) and tumor necrosis factor-o (TNF-¢) [94,
96-98]'. The promoter regions of gelatinase and neutrophil collagenase are different from
that of stromelysin by the absence of a TATA box and AP-1 site [4, 99], and the presence

of several SP-1 sites. Other structural features include an adenovirus E1A
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Figure 3:  Comparison of the Promoter Regions of the Matrix
Metalloproteinases. TATA boxes, AP-1 motifs, PEA3 elements,
TGF-B1 inhibitory element-like sequences (TIE), AP-2 sites, and GC
box/SP-1 binding site (GC) areindicated.
(from: M. Gaire, “Structure and Expression of the Human Gene for
the Matrix Metalloproteinase Matrilysin”, J, Biol, Chem., 269(3):
2032, 1994.)



oncogene-repressible enhancer element [100] and a strong silencer downstream. IL-1[
and TNF-a are capable of inducing the expression of gelatinase B [94, 101].

An additional regulatory mechanism for controlling the activity of the MMPs is the
stepwise process of activation of the proenzymes to a fully processed and active form of
the enzyme [102]. As mentioned above, latency of the proenzyme is maintained through
a Cys-Zn*" interaction that links the unpaired propeptide Cys residue to the active site Zn**
displacing the H,0 molecule necessary for catalysis [64, 103, 104]. This is referred to as a
“cysteine-switch” mode of activation [103, 105]. Activation of the proenzyme occurs
when the H,O molecule gains access to the zinc ion as the cysteine interaction is disturbed
(Fig. 4) [106]. Disruption of the Cys-Zn** bond is achieved by chemical and physical
means sucﬁ as exposure to organomercurials, metal ions, thiol reagents and detergents,
and also by proteolytic enzymes that excise portions of the propeptide, thereby changing
the conformation of the polypeptide surrounding the active site zinc. The enzyme can
then catalyze autolytic cleavage of the remaining propeptide to generate the fully active
and processed form [102, 107-109]. Site-directed mutations of the Cys residue in the
conserved propeptide sequence RCGV/NPD has been shown to result in autocatalytically
active enzymes [110, 111]. Potential physiologic activators of the MMPs include plasmin,
trypsin, chymotrypsin, neutrophil elastase, and cathepsins B and G [5, 62]. Additionally,
some latent MMPs have been found to have different susceptibilities to various active
MMPs. For example, activation of gelatinase B may be mediated by gelatinase A or by
stromelysin [38, 50, 112, 113]. Gelatinase A does not contain some of the proteinase

cleavage sites that the are in the other MMPs. However, it can be
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Figure 4:

NEM TRYPSIN, PLASMIN
/) - Wem
Cys~
T &
+,
In

AUTOCATALYTIC CLEAVAGE

9 + HoM + E
-SH
ys-S-X Z'" y{

The Cysteine Switch Mechanism of MMP Activation.

Cysteine in the proenzyme domain contacts zinc to maintain latency
of the enzymes. Physical agents such as sodium dodecyl sulfate
(SDS), chaotropic agents, reagents that react with sulfhydryl groups
can unfold the structure or inactivate the cysteine to expose zinc.
Alternatively, proteolytic enzymes can cleave the propeptide. In a
second step, the active forms can be autolytically cleaved by the
activated MMP to remove the propeptide and confer permanent
activity.

(from: J. Woessner, “Matrix Metalloproteinases and Their Inhibitors
in Connective Tissue Remodeling”, FASEB J., 5:2145, 1991.)



activated by MT-MMP at the surface of cells and can undergo autocatalytic cleavage to
obtain the fully processed form of the enzyme [108, 109, 114, 115]. The binding
interactions of the pro-forms of gelatinase A and B and the TIMPs appear to regulate the
activation process as the TIMPs can prevent or slow down the autocatalytic cleavages that
occur after the activation has been initiated by other proteinases [80, 114, 116].

A final means of regulating the overall MMP proteolytic activity that will be
discussed here is via tile specific interactions of the tissue inhibitors of metalloproteinases
(TIMPs) and the MMPs. (The TIMPs will be described in detail below). TIMPs form
noncovalent bimolecular complexes with the active forms of MMPs and with the latent
forms of gelatinase A and B (as mentioned previbusly). Except in the latter case, the
inhibitors are thought to bind at the active site of the MMPs and to block access to
substrate. Binding is generally tight, with a K, of 10”° to 10™® M and the inhibitor binds to
the active MMP in a 1:1 molar ratio [117, 118]. The regulation of ECM degradation at
this level, therefore, is tightly controlled considering the selective inhibition of either
autoactivation or substrate catalysis by different TIMP family members, as well as

differences in specificity for different MMPs [2, 4, 106, 119].

The Tissue Inhibitors of Metalloproteinases - The TIMPs are secreted, multi-
functional proteins that play an important role in the regulation of ECM metabolism. Four
members of the TIMP family of proteins have been cloned and sequenced from human
cells [120-127]. The proteins are classified based on their structural similarities, as well as

their ability to inhibit the MMPs, as all have closely related structures and similar
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inhibitory properties. The four human TIMP sequences share a 22% identity, although
between individual members, the identity can be as high as 50%, for example, between
TIMP-2 and TIMP-4. TIMP-1, -2, and -3 appear to be distributed widely in tissues and
fluids, and expressed by many normal and transformed cell types [2, 47, 125, 127-135].

TIMP-1 expression is stimulated by a variety of agents including growth factors
(epidermal growth factor (EGF), TNF-a, IL-1, TGF-(), phorbol esters, retinoids, and
glucocorticoids (as reviewed [2, 99, 136]). The human TIMP-1 gene is located on the X
chromosome [137]. TIMP-1 is a glycosylated protein containing two N-glycosylation
sites. However, non-glycosylated, recombinant forms of TIMP-1 have been shown to
have similar inhibitory properties to the wild-type TIMP-1 suggesting that the
carbohydrate moiety is not involved in the inhibition of MMPs [119]. The wild-type
TIMP-1 (glycosylated) migrates as a 28-kDa protein on SDS polyacrylamide gels. TIMP-
1 binds reversibly to the active forms of the MMPs in a 1:1 stoichiometric complex, and
TIMP-1 binds to the proenzyme form of gelatinase B [84].

TIMP-2 expression is regulated differently from that of TIMP-1 and is largely
constitutive. TIMP-2 expression is down ;egulated by TGF-f and does not respond to
phorbol esters or other cytokines [138-140]. The human TIMP-2 gene has been localized
to chromosome 17 [141]. TIMP-2 is a nonglycosylated protein that migrates as a 20-21
kDa protein. TIMP-2 binds to and inhibits the active forms of the MMPs, as well as
selectively forming a complex with the proform of gelatinase A [80, 81]. TIMP-2 is
secreted as a complex with progelatinase A by human fibroblasts, where alveolar

macrophages secrete it uncomplexed [142].
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Regulation of expression of the human TIMP-3 gene has not been studied
extensively, however, the murine gene has been shown to be stimulated by TPA and TGF-
B [143]. The human TIMP-3 gene has been localized to chromosome 22 [124]. TIMP-3
protein has been found to have both a nonglycosylated form and an N-glycosylated form
that migrate as 24 kDa and 27 kDa proteins, respectively [144]. Interestingly, TIMP-3
was found to be associated with the extracellular matrix of cultured cells and not secreted
out into the medium, showing its localization to be distinct from that of the other TIMP
proteins [143, 145]. TIMP-3 has been shown to have inhibitory activity similar to that of
TIMP-1 against both gelatinases, collagenase, and stromelysin [144].

TIMP-4 has only recently been cloned and sequenced from a human heart cDNA
library [127]. Its predicted sequence shows high conservation with the other members of
the TIMP family. In contrast to the findings for the other three TIMPs, tissue expression
was limited as TIMP-4 mRNA was found only in adult heart. It was shown to migrate as
a 24 kDa protein and to have general MMP inhibitofy activity in a reverse gelatin
zymogrém [127].

Based on the existing knowledge of TIMP-1, -2, and the limited information on
TIMP-3 and TIMP-4, there are several characteristics common to all members of the
TIMP family. The first is their conserved gene structure. The structure of the protein
coding exons is similar in the Timp-1, -2, and -3 genes, although the actual sizes of exons
appear to be less conserved than their exon-intron boundaries within the mRNA [140,
144]. Secondly, the TIMPs are secreted extracellularly and all have inhibitory activities

specifically against MMPs. Thirdly, twelve cysteine residues as well as their relative
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Figure 5:

Schematic of TIMP-1 Domain Structure.

The depiction of the six-loop structure is based on the assignment of
the disulfide bonds. The arrow indicates the approximate location of
the division of the C- and N-terminal domains.

(from: F. Willenbrock, “Structure-Function Relationships in the
Tissue Inhibitors of Metalloproteinases”, Am ] Respir Crit Care
Med, 150: S165,1994.)



spacing are conserved among the primary sequences of the TIMP proteins. In TIMP-1 the
12 cysteine residues have been shown to form six intra-chain disulfide bonds [146], and
presumably the same disulfide bonds are formed in the other TIMPs and all share the same
gross structural features. The disulfide bonds éppear to be essential in maintaining a highly
compact tertiary structure and two structurally distinct domains can be defined within the
molecule. The N-terminal domain-consists of loops 1-3 and the C-terminal domain of
loops 4-6 (Fig. 5) [119].

Finally, the TIMPs all share a highly conserved N-terminal domain which has been
shown, for TIMP-1 and TIMP-2, to not only fold independently of the C-terminal domain
but also to be adequate for inhibition of the MMPs [147-150]. Various mutations have
been made to determine key residues involved in inhibition, but no single amino acid
residue was found to be essential for TIMP activity [151]. The solution structure has been
solved for the N-terminal domain of TIMP-2 and consists of a five-stranded anti-parallel
sheet that is rolled over on itself to form a closed B-barrel (Fig. 6) [152]. The tertiary
structure of the N-terminal three loops of the TIMPs are expected to be similar to TIMP-2
based on their sequence similarities. The C-terminal domain has been shown to be
responsible for the interactions of TIMP-1 and TIMP-2 with the proenzyme forms of
gelatinase B and A, respectively [83, 148, 149, 153].

Although MMP inhibition is the defining feature of the TIMPs, they have also been
shown to have other properties independent of their inhibitory activity, such as growth
factor activity [154-158]. TIMP-3 has been shown to be involved in the transformation of

chick embryo fibroblasts [145] and in the progression of the cell cycle [159]. It is unclear
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Figure 6:

The Structure of the N-Terminal Domain of TIMP-2.

The backbone topology of the truncated protein is defined by a five-
stranded antiparallel (-sheet that is rolled over on itself to form a
closed B-barrel, and two short helices which pack close to one
another on the same barrel face.

(from: R. Williamson, “Solution Structure of the Active Domain of
Tissue Inhibitor of Metalloproteinases-2", Biochemistry, 33: 11745,
1994))



what roles the growth stimulatory activity of the TIMPs may play in vivo. It is possible
that in situations of tissue remodeling, the inhibitory functions of the TIMPs regulate
matrix breakdown, while the stimulatory function may contribute to cell growth in a

specific manner to promote tissue rebuilding.

MMP-TIMP Interactions - As stated above, the C-terminal domains of the
gelatinases are involved in TIMP binding events. The interactions of TIMP-1 with the C-
terminal domain of progelatinase B seem to enhance the rate of inhibition, whereas the
interactions of TIMP-2 and gelatinase B do not involve the C-terminal domain of the
enzyme [86]. In the case of TIMP-2, deletion mutants have shown that a charged C-
terminal peptide “tail”, located at the extreme end of the protein and which is nonexistent
in TIMP-1, is important for its association with progelatinase A [148]. Thus, the C-
terminal domains of enzyme and inhibitor interact together and this interaction greatly
increases the rate of inhibition. The site on TIMP-2 that forms the complex with the
progelatinase is distinct from the binding site for inhibition, thus permitting the formation
of higher order complexes where one or two molecules of inhibitor are associated with
two molecules of proteinase [82]. A progelatinase A-TIMP-2 complex can act as an
inhibitor of active MMPs forming a ternary complex that can then be activated [160]. The
rate of inhibition by TIMP-2 was found to be approximately five-fold faster than that by
TIMP-1 on several of the MMPs tested [119]. Interestingly, TIMP-2 has been suggested
to have a different binding site for stromelysin than for gelatinase A, as the C-terminal

domain of stromelysin does not appear to be involved in TIMP binding, and the C-terminal
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domain of TIMP-1 or -2 does not have a significant effect on the reaction rate [83].

Clearly, the binding interactions between the TIMPs and the MMPs are complex.
Inhibition has been suggested to occur as a result of binding at the active site of the
enzyme, although the mechanism of inhibition has only been detérmined recently for
inhibition of collagenase. TIMP-1 was found to inhibit collagenase as a noncompetitive
inhibitor in a two-step mechanism, in which an inactive, rapidly formed, reversible
complex slowly forms an inactive, tight complex [161]. As has been suggested for the
inhibition of other MMPs, the carboxyl-terminal domain of the MMP, in this case of
fibroblast collagenase, is important for the initial complex and this contributes to the
overall binding. This will be discussed in more detail in later chapters.

Clearly, though the MMPs are tightly regulated at the transcriptional level, their
interactions as degradative enzymes with cellular activators, substrate molecules, and
finally, with the TIMPs are complex and only partially understood. However, the
involvement of MMPs and the TIMPs in matrix degradation and remodeling has been
shown to be important in many normal and in some pathological processes. Degradation
and resynthesis of the extracellular matrix components depend on the net activity of the
MMPs and TIMPs. Therefore, coordinated expression and the specific interactions of the
MMPs and their tissue inhibitors, the TIMPs, mediate cellular processes involving the
active turnover of extracellular matrix. It follows that the balance between the activities
of the two components (MMPs and TIMPs) is necessary in maintaining a healthy state,
and that this balance may be upset in some disease states in which the MMPs have been

implicated.
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MMP activity has been implicated in tumor invasion and metastasis, as studies
have clearly demonstrated a positive correlation between MMP expression, invasive
behavior, and metastatic potential (as reviewed [17, 162, 163]). TIMP-1 has been shown
to inhibit in vivo metastasis in animal models [162, 164]. TIMP-2 has been shown to
successfully inhibit in vitro tumor cell invasion of ECM [141, 162]. Down-regulation of
the TIMP-1 gene in embryonic stem cells significantly increases their invasive capacity
[165]. Thus, TIMPs can suppress tumor invasion and metastastis and they have been
shown to have potent anti-angiogenic properties [166]. Imbalances in the extracellular
activities of MMPs and TIMPs have been linked with the pathological tissue destruction
seen not only in cancer, but also in arthritis and cardiovascular disease [166].

Arthritis is characterized by the irreversible loss of collagen matrix in cartilaginous
surfaces of joints. In osteoarthritic cartilage, it has been shown that TIMP levels rise, but
do not compensate for the much larger increase in degradative activity of MMPs [167].
Increased collagenase activity has been shown to exist in rheumatoid synovial fluids, and
also in human periodontal diseases. In the case of the latter disease, enzyme activity
generally increases with disease severity [2, 10]. In these cases, the apparent imbalance
of MMP-TIMP activity, or the overall net activity, may be involved in the development of
a pathological state. Given the importance of MMPs in a variety of normal and
pathological processes, it is clear that inhibitors of metalloproteinases are of considerable
clinical relevance in diseases where MMPs play a major role. Much attention has recently
been focused on elucidating the mechansim of inhibition of the TIMPs on the various

MMPs, as well as on the synthesis and testing of small, synthetic metalloproteinase
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inhibitors that may eventually be used in clinical applications for various diseases.

This body of work focuses not only on the involvement of MMPs and the TIMPs
in two distinct disease processes in the eye, but also investigates the specific interactions
of gelatinase A and B with the TIMPs, as well as with several synthetic metalloproteinase

inhibitors.
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1L Expression and Purification of TIMP-1, -2, -3, and Purification of

Gelatinase A and B

A, Introduction

The TIMP family of proteins are important for tissue homeostasis and for the
remodelling that is essential for normal development and repair [2, 136, 166]. TIMPs
block the activities of the extracellular matrix-degrading metalloproteinases. TIMP-1, -2
and -3 are able to inhibit the active forms of all MMPs, and TIMP-1 and -2 are able to
form complexes with progelatinase B and A, respectively [3, 166]. The question of
whether there is differential MMP inhibition by the TIMPs still exists. One study has
shown that TIMP-2 was 10-times more effective than TIMP-1 in inhibiting active
gelatinase A [168]. In contrast, TIMP-1 was twice as effective as TIMP-2 in inhibiting
fibroblast collagenase. TIMP-3 was shown to be a superior inhibitor of gelatinase B as
compared to either TIMP-1 or -2 by reverse zymography [166]. As for the MMP binding
interactions, several studies have shown that multiple sites on the TIMPs are involved in
contact with and inhibition of MMPs [83, 151, 153, 169].

The purpose of these studies was to obtain recombinant, purified TIMP proteins
for various biochemical, inhibitory, and kinetic analyses, in order to gain insight into their
mode of action, especially pertaining to two distinct eye disorders, which will be discussed
in more detail below. This was done by subcloning the TIMPs into various bacterial and

eukaryotic expression vectors for protein expression and subsequent purification. TIMP-
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1 cDNA was subcloned into the pMal bacterial expression vector for expression as a
fusion protein with maltose binding protein. Additionally, TIMP-1 was cloned into the
pGEXIAT expression vector. Human TIMP-1 cDNA was also cloned into the retroviral
expression vector pSFF and transfected into cocultured cells where the provirus is stably
incorporated into the host cell’s genomic DNA, a system developed by the Kabat lab
[170]. The purpose of expressing TIMP-1 protein in such a manner was primarily to
obtain permanent cell lines constitutively expressing a fully glycosylated, mature TIMP-1
that could be purified and used in further in vitro studies. In addition, the virions
expressing the TIMP-1 could be used to infect other cell lines allowing the establishment
of cell cultures constitutively expressing TIMP-1. This would allow studies to be done on
cell lines where there would be an over abundance of TIMP-1 protein expressed.
Retroviruses contain their genomic information as RNA and the virions contain
reverse transcriptase to produce a DNA copy [171]. Retroviruses have broad host and
tissue ranges and relatively mild effects on cells in culture so they are often chosen for
gene transfer studies [172]. Typically, a cell will be infected only once by a particular
retrovirus, which stably inserts itself into the host cell’s genome. The host cell’s
transcriptional machinery is then utilized to produce the viral proteins encoded by the gag,
pol and env genes, proteins which are required for the assembly of infectious virions. In
order to infect a cell, the virion uses the env proteins on its surface to bind and interact
with cell surface receptors. An infected cell will express some of the retroviral env protein
on its surface, where it appears to prevent further infection of that cell by virions using the

same type of receptors. Consequently, cells that release retrovirions cannot be super-
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infected by those virions (Fig. 7). This process is called viral interference where in figure
7 the open circles represent the virions released by the host cell [173]. Retroviruses are
often classified according to the host-range of their env proteins, for example, ecotropic
viruses are capable of infecting only murine cells, whereas amphotropic viruses infect
murine cells and most other species [174, 175]. Retroviral vectors become amplified
when they are added as calcium phosphate precipitates to cocultures of cells whose env
proteins on their surfaces have two distinct host ranges. The Kabat lab developed a means
of avoiding the intereference that results from expression of the env protein on the cell
surface, thus allowing multiple infections of cells (Fig. 8). This is called ping-pong
amplification [170, 176]. With the increased multiplicity of infection the amount of
retrovirally encoded protein rises, as compared with that of total cellular protein, to
become as high as 4-6 % of total cellular protein synthesis [170]. Obtaining permanent cell
lines which stably over-express TIMP-1 would aid in the characterization of the expressed
TIMP-1 cDNA. The cell lines could provide a means of studying cellular responses to
constitutive synthesis of TIMP-1.

Gelatinase A and B, also known as type IV collagenases, are members of the
matrix metalloproteinase family of proteins. The gelatinases hydrolyze denatured and
nonhelical collagens, and native type IV and V collagens, and are thought to interact
synergistically with collagenase in the degradation of collagens [3, 26, 51]. Many studies
have been performed to determine cleavage site requirements for the gelatinases and
different specificities for the two enzymes using small synthetic peptide substrates [24, 51,

93, 177]. Although the substrate specificities of gelatinase A and B seem similar, the two
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enzymes are known to be synthesized by different cells in vitro. Gelatinase A is
synthesized primarily by skin and gingival fibroblasts, endothelial cells, osteoblasts, and
many other normal and transformed cells, whereas gelatinase B is produced mainly by
inflammatory cells, by various tumor cells such as fibrosarcoma HT1080 or leukemic HL-
60 cells, and by normal cells such as cytotrophoblasts, keratinocytes, and osteoclasts [12,
26, 45, 48, 50, 178-184].

The purpose of purifying the gelatinases from various cell types was to analyze
their mechanism of action against a protein or peptide substrate in vitro. This was
followed by an analysis of the inhibitory action of the recombinant purified TIMPs and
several synthetic inhibitors on gelatinase A and B in order to determine specificity of the
inhibitors and their mechanism of inhibition. Gelatinase A was purified from the media of
cultured human skin fibroblasts (HS27 cells) and gelatinase B was purified from cultured
human fibrosarcoma cells (HT1080 celis) for further analysis. Enzyme assays using the

purified enzymes and various inhibitors will be described in the next chapter.

B. Materials and Methods

TIMP-1 Cloning and Expression - Human TIMP-1 cDNA was originally cloned
in the plasmid vector p-Alter-1 (Promega) by Linda Lund from the Acott lab (unpublished
data). E.coli XL1Blue cells were transformed with 100 ng of p-Alter-TIMP-1 and grown
overnight on luria-agar plates in the presence of 50 pg/ml ampicillin and 15 pg/ml

tetracycline [185]. Two colonies were selected and grown overnight in 100 ml liquid luria
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broth cultures. Total cellular nucleic acids were extracted from the cells using the
alkaline-lysis method [186, 187]. Briefly, overnight liquid cultures were centrifuged at
4000 x g for 10 minutes and the supernatant was discarded. The cell pellets were
resuspended in 15% sucrose, 25 mM Tris-HCl, 10 mM EDTA, pH 8.0. Cells were lysed
by adding a freshly-made solution of 0.2 N NaOH and 1% sodium dodecy! sulfate (SDS).
A 3 M stock solution of potassium acetate, pH 5.6 was added to the lysed cells and the
mix was incubated on ice for 30 minutes. The tube was centrifuged at 14,000 x g for 15
minutes at 4°C and the supernatant transferred to a new tube. DNA was precipitated
from the supernatant by the addition of 1 volume of 100 % isopropanol. Tubes were
centrifuged at 10000 x g for 10 minutes at room temperature to collect the DNA pellet.
After completely decanting thé tube, the pellet was resuspended in 10 mM NaCl, 10 mM
Tris-HCI, 1 mM EDTA, pH 8.0. Rnase, Dnase-free (Boehringer Mannheim) was added
and the solution was incubated at 37°C for 30 minutes. The solution was then extracted
with an equal volume of a 1:1 mix of TE (pH8)-saturated phenol:chloroform. After
centrifugation at 12,000 x g, the aqueous phase was transferred to a clean tube containing
3 M sodium acetate, pH 5.2 and 100 % isopropanol and the tubes were centrifuged at
room temperature for 5 minutes. The DNA pellet was then washed in 70 % EtOH and
allowed to dry before resuspending it in deionized H,0. The concentration and purity of
recovered DNA was determined by measuring the absorbance of the solution at 260 and
280 nm. Plasmid DNA was brought to a final concentration of 1 mg/ml, digested with
several restriction enzymes and subjected to agarose gel electrophoresis to verify

restriction sites and purity.
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For the purpose of expressing high levels of recombinant TIMP-1 protein in
bacterial cells, TIMP-1 cDNA was ligated into the pMAL C2 expression vector (New
England Biolabs) (Fig. 9a). In brief, 1 uyg pMAL plasmid DNA was digested with the
restriction enzymes Eco RI and Xmn I and electrophoresed on a 1 % agarose gel. The
expected size of the linearized plasmid was 6.64 Kb. The digested product was then
excised out of the gel and purified using the GeneClean Kit from Bio101, Inc. Briefly, the
gel slice was incubated in 6M Nal at 45°C to dissove the gel. Glassmilk was added to the
solution and the solution was vortexed and centrifuged to pellet the glassmilk beads with
bound DNA. The beads were then washed three times in New Wash and finally, the beads
were resuspended in water and incubated at 45°C for 5 minutes to dissociate the DNA
from the beads. After centrifugation the DNA was removed from the beads in the
supernatant, as described above for the ligation reactions. The TIMP-1 cDNA was PCR-
amplified using 36-mer mutagenic oligonucleotides that created novel restriction sites in
the amplified DNA. The restriction sites for Nae I and Eco RI were mutated into the 5’
and 3' ends, respectively, on the amplified TIMP-1 ¢cDNA as follows. TIMP-1 cDNA
(100 ng) was amplified by PCR using Tfl DNA polymerase (2 Units in 100 ul; Epicentre,
Madison, WI), but with the following changes: 125 nM of each (sense and antisense)
PCR primer, 0.2 mM each dNTP, 50 mM Tris (pH 9.0), 2 mM (NH,),SO, and 1.75 mM
MgCl, were used. Thirty-five PCR cycles (95°C, 15 sec ; 55°C, 1 min; 72°C, 2 min)
were used with a final extension of 5 minutes at 72°C. PCR products were
electrophoresed on 3% agarose gels in TAE buffer (40 mM Tris-acetate, 1 mM EDTA,

pH 8) with ethidium bromide staining and using a 123 bp DNA ladder for size standards
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(GIBCO/BRL). The appropriately sized PCR product of 616 bp was excised from the gel
and extracted from the agarose gel using the Geneclean kit, as described above. The final
product was then digested with the restriction enzymes Nae I and Eco RI (Boehringer
Mannheim) simultaneously for 1 hour at 37°C in order to create the compatible 5' and 3'
ends for ligation into the pMAL C2 vector. The digested products were electrophoresed
on a 3 % agarose and the band, at the expected size of 578 bp, was excised from the gel
and purified using the GeneClean Kit, as described above. The final products were ligated
in a reaction with T4-DNA Ligase (Boehringer Mannheim) as described above. Ligation
reactions were then transformed into competent XLIBlue E.coli cells as described above
[185] and plated out onto luria-agar plates with 100 pg/ml ampicillin and 15 pg/ml
tetracycline. Several transformant colonies were picked from the plates and grown up as
overnight cultures in luria broth with 100 pg/ml ampicillin and 15 pg/ml tetracycline.
Plasmid DNA was extracted and purified from the cells using the miniprep procedure
described above [188]. DNA was subjected to restriction digestion analysis with the
enzymes Xmn I and Eco RI and the products were electrophoresed on a 1 % agarose gel.
The resulting band sizes were 578 bp (TIMP-1) and 6.64 kb (pMAL). Large scale
overnight cultures were grown with the transformants of interest and DNA was extracted
and purified as described above for DNA sequencing [187]. In addition to identifying
positive tranformant clones by their restriction digestion patterns, they were also subjected
to southern blotting and hybridization [189]. In brief, the full length, purified pMal-TIMP-
1 plasmid was run on a 1% agarose gel and a positive control for TIMP-1 plasmid was run

in an adjacent lane. The gel was stained with ethidium bromide and photographed. Then
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it was denatured in 1.5 M NaCl and 0.5 M NaOH for 45 minutes. It was then neutralized
in 1 M Tris (pH 7.4) and 1.5 M NaCl for 30 muntures. The DNA was transferred
overnight to nitrocellulose using 10x SSC as transfer buffer. The filter was then dried and
the DNA fixed to the membrane by baking at 80°C for 90 minutes. The filter was wet in
6x SSC and then put into prehybridization buffer: 40 % formamide, 5x SSC, 5x
Denhardt’s solution, 0.5 % SDS, and herring sperm DNA, for 60 minutes at 42°C. The
TIMP-1 cDNA probe was synthesized by PCR (as described previously) and labeled with
32p_d ATP using the random primer extension kit from Boehringer Mannheim for 2 hours
at room temperature [189]. The probe was boiled and added to the membrane in the
prehybridization buffer and incubated overnight at 42°C. The filter was washed
extensively with 1x SSC and 0.1 % SDS and then exposed to film overnight.

In order to determine relative protein expression levels, XLI Blue E.coli cells
expfessing the pMAL C2-TIMP-1 plasmid were analyzed for the presence of the maltose
binding protein-TIMP-1 fusion protein [189]. In brief, a 10 ml overnight culture,
containing a single colony with the fusion plasmid construct, was grown in luria broth with
100 pg/ml ampicillin and 15 pg/ml tetracycline overnight at 37°C with shaking. The
overnight culture was then used to inoculate 500 mls luria broth with 1% glucose and
ampicillin/tetracycline. Cultures were grown 37°C with shaking to a cell density of
2x10°® cells/ml or to an OD,, = 0.4 to 0.6. In order to induce high levels of fusion protein
expression, isopropyl-f-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 1 mM and cultures were incubated again for 2 hours at 37°C with

shaking. Cells were then centrifuged for 20 minutes at 4000 x g. Cells were resuspended
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in a sodium phosphate lysis buffer (10 mM NaPO, buffer, pH 7.2, 0.5 M NaCl, 0.25 %
Tween 20, 10 mM EDTA, 10 mM EGTA) and frozen overnight at -20°C. Cells were
thawed on ice and sonicated in short bursts to lyse the cells. Sonicated cells were then
centrifuged for 20 minutes at 14,000 x g, 4°C. The supernatant was then subjected to
affinity chromatography using an amylose resin column (New England Biolabs, Inc) at a
rate of 1 ml/min in the same buffer [189]. After the sample was bound to the column and
the flow through collected, the column was washed with 3-5 column volumes of the same
buffer. The maltose binding protein was then eluted with the column buffer and 10 mM
maltose in 3-ml fractions. Fusion protein yield and purity were analyzed by SDS-PAGE
and Western Blot analysis [189-191]. Proteins were electrophoresed on SDS-PAGE
(12% or 15% acrylamide gels) and were electro-transferred to nitrocellulose filters
(Schleicher and Schuell). Filters were blocked in 2 % non-fat skimmed milk and probed
with primary antibodies to TIMP-1 overnight at 4°C with shaking. The antibody used to
detect the TIMP-1 fusion protein was a polyclonal peptide antibody (Triple Point
Biologics). The blots were then washed four times for 15 mins at room temperature with
1x PBS and incubated for 2 hrs at room temperature with a goat anti-rabbit secondary
antibody conjugated to alkaline phosphatase (Sigma). The immunoblot was washed four
times in PBS for 15 minutes at room temperature and developed by addition of 5-bromo-
4-chloro-3-indolylphosphate/nitroblue tetrazolium substrate for alkaline phosphatase as
recommended by the manufacturers (Sigma).

For the purpose of ligating TIMP-1 into the pGEX1AT expression vector from

Pharmacia, 1 pg of the pGEX vector (Fig. 9b) was digested with the restriction enzymes
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Bam HI and Eco RI (Boehringer Mannheim) simultaneously at 37°C for 1 hour. The
reaction was then electrophoresed on a 0.8% agarose gel. The linearized product was
4.89 kb. The TIMP-1 cDNA was PCR amplified using mutagenic oligonucleotides in
order to‘ create restriction sites compatible for ligation into the mulitiple cloning site of
pGEXI1AT. The restriction sites Bam HI and Eco RI were created at the 5' and 3' ends of
the TIMP-1 cDNA, respectively, with PCR amplification. The PCR product was
subjected to restriction digestion analysis with Bam HI and Eco RI simultaneously for 1
hour at 37°C. The products were electrophoresed on a 3% agarose gel. The digested
product of 580 bp was excised out of the gel and extracted with the GeneClean kit from
(Bio101) as described above. The pGex vector and the TIMP-1 insert were ligated with
T4-DNA Ligase (Boehringer Mannheim) as described above. Ligation reactions were
then put into transformation reactions with competent XLI Blue E.coli cells (as previously
described) and transformed cells were plated out on luria-agar plates with 100 pg/ml
ampicillin and 15 pg/ml tetracycline and grown overnight at 37°C. Colonies were
selected and placed into overnight luria broth liquid cultures with 100 pg/ml ampicillin and
15 pg/ml tetracycline. The miniprep protocol described above was used to extract the
plasmid DNA from the selected cultures. The plasmid DNA was then subjected to
restriction digestion analysis with the enzymes Bam HI and Eco RI. The digested
products were electrophoresed on a 1 % agarose gel. The resulting bands were 4.89 kb
(pGex) and 580 bp (TIMP-1). Selected transformants were then grown up in large
overnight liquid cultures and a large scale plasmid preparation and purification was

performed in order to sequence the plasmid DNA. The sequence data verified the
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presence of the TIMP-1 insert. In order to determine glutathione-s-transferase-TIMP-1
fusion protein levels, a similar procedure was followed as that described above for the
maltose binding protein ﬁxsioﬁ protein expression and analysis, except for the following
changes: the sonicated cells were applied to a glutathione-sepharose column in order to
bind the glutathione-s-transferase-TIMP-1 fusion protein. After washing several times
with PBS, the fusion protein was eluted by adding 5 mM reduced glutathione in 50 mM
Tris buffer, pH 8.0. The eluted fractions were analyzed by SDS-PAGE and Western
immunoblot, as described previously, to look for presence of GST-TIMP-1 fusion protein
[189]. Additional steps were taken to purify the GST-TIMP-1 fusion protein using anion
exchange chromatography [191, 192]. DES52 resin (Whatman) was washed alternately in
0.5N HCI and water several times. The resin was then washed in binding buffer: 10 mM
sodium phosphate (pH 7.2), 1 mM NaCl and a slurry of the resin was added to soluble
extracts from tranformant cells. Protein was bound overﬁight at 4°C. The resin with
bound protein was then washed in several volumes of binding buffer with increasing NaCl
concentrations and the eluted fractions were analyzed by SDS-PAGE and Western
analysis as described previously.

For the purpose of expressing the recombinant TIMP-1 in a mammalian expression
system, the procedure began with ligating TIMP-1 cDNA into the pSFF expression vector
(Fig. 10). Briefly, 1 ug of pAlter-TIMP-1 was digested simultaneously with the restriction
enzymes Bam HI and Eco RI (Boehringer Mannheim) at 37°C for 1 hour. The digested
product was electrophoresed on a 2 % agarose gel with ethidium bromide at a final

concentration of 100 ng/ml in TAE buffer. The digested product was a linear DNA
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fragment of 680 bp in length. The vector pSFF was also digested with Bam HI and Eco
RI simultaneously, which cleave the 5' and 3' ends of a multiple cloning site located in the
env gene region [170, 176]. The restriction digestion products were electrophoresed on a
0.8 % agarose gel with ethidium bromide. A linear band was observed at approximately 9
kb containing compatible sites (5' and 3') for ligation with the TIMP-1 fragment described
above. The appropriate bands were excised out of the gel and the DNA was eluted from
the gel slices using the GeneClean Kit from Bio101, Inc, as was described above.

TIMP-1 ¢cDNA was ligated into pSFF using T4-DNA Ligase (Boehringer
Mannheim, Inc.) overnight at 16°C [185]. DK-1 E. coli cells were made competent using
the CaCl, method [185], frozen at -70°C, and thawed on ice immediately prior to use for
transformation. To transform the competent cells with the ligated DNA, an estimated 10-
50 ng of ligated plasmid DNA was added to 100 pl of DK-1 cells, incubated on ice for 30
minutes, heat shocked for 90 seconds at 42°C and put onto ice for 2 minutes. Then 900
ul of luria broth was added to the cells and incubated for 1 hour at 37°C. After
incubation, cells were spread onto luria-agar plates containing 100 pg/ml ampicillin and
grown overnight at 37°C [185].

Several of the colonies growing on the plates were selected and grown up in
overnight luria broth liquid cultures and the plasmid DNA was isolated using a mini-prep
protocol [188, 189]. Plasmid DNA from the mini-preps was digested with Eco RI and
Bam HI and electrophoresed on a 1 % agarose gel. Of the colonies that yielded bands of
the expected sizes (ie 9 kb for pSFF and 0.68 kb for TIMP-1), two were selected for

further analysis by restriction digestion, grown up in larger quantities and the plasmid
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DNA was purified using the alkaline lysis method as previously described. Additionally,
the selected clones were analyzed using PCR amplification to detect the presence of the
TIMP-1 insert. Purified plasmids were used as the cDNA template and PCR amplification
was conducted as described above. The products were electrophoresed on a 2 % agarose
gel containing ethidium bromide and photographed. A negative control, the pSFF vector
without the TIMP-1 insert, was run in the PCR reaction and in an adjacent lane on the gel.
In order to make cocultures for transfections, ¥-2 and PA-12 packaging cell lines
[170, 176] were trypsinized, counted with a hemocytometer and seeded 1:1 in T-25 flasks
at a final cell density of 50,000 cells per flask. Cocultures were grown for 48 hours in S
mls Dulbecco’s Modified Eagle Medium (DMEM) before transfecting. DNA for
transfection was precipitated as a calcium phosphate aggregate by mixing 10 pg plasmid
DNA with 0.5 ml of 250 mM CaCl, and adding 0.5 ml phosphate buffer (50 mM HEPES,
250 mM NaCl, 1 mM NaH,PO,, pH 7.1) dropwise, with mixing, to the solution. Medium
was aspirated from flasks, 1 ml of DNA precipitate was added per flask and flasks were
incubated at room temperature for 20 minutes. Three ml of transfection medium (DMEM,
10 mM HEPES, 10 % FBS, 0.12 % NaH,CO,, pH 7.1) was added, flasks were tightly
capped and incubated for 4 hours at 37°C. The cells were glycerol-shocked by aspirating
off the medium, rinsing with phosphate buffered saline (10x solution: 10 mM NaH,PO,,
1.3 M NaCl, 30 mM KCl, 0.3 M HEPES, 0.1 M glucose) and incubating with 10 %
glycerol in phosphate buffered saline at room temperature for 2 minutes. The glycerol
solution was removed, growth medium added back to the cells and they were grown for

several days before passaging [193, 194]. Mock transfected cells were transfected in the
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absence of any retroviral vector as a negative control.

In order to establish clonal cell lines of retrovirally infected cells, cocultures were
limit-dilution cloned. To achieve this, they were trypsinized as for passaging, the cells
were counted with a hemocytometer and then diluted to a final concentration of 30 cells
per 20 mls of media. The diluted cells were then plated into a 96-well tissue culture plate
(Falcon, Inc.) at 0.2 ml media per well and incubated for ten days. At the end of that time,
wells with colonies growing in them (typically 10-20 % of all wells) were trypsinized,
reseeded into 24 well tissue culture plates,‘incubated for 1-2 days, and then passaged into
T-25 flasks.

RT-PCR was used to screen transfected cocultures for SFF-TIMP-1 positive
cocultures. Total RNA was isolated and purified from cultured cells [195] . In brief,
monolayers of cells were washed in PBS and then a solution of 4 M guanidinium
isothiocyanate was added to lyse the cells. Lysed cells were transferred to 1.7 ml tubes
and B-mercaptoethanol and sodium acetate, ph 4 were added. Phenol and chloroform
were added to the tubes and tubes were vortexed and incubated on ice. After
centrifugation the upper aqueous phase, containing nucleic acids, was removed to a new
tube and isopropanol was added to precipitate the RNA. Tubes were centrifuged again to
pellet the RNA, which was then washed in 70 % EtOH, resuspended in deionized H,0 and
subjected to reverse transcription with MMLYV reverse transcriptase (Gibco BRL, Inc.).
RNA was reverse transcribed for 90 minutes at 37°C in 50 mM Tris-HCI (pH 8,3), 75
mM KCl, 10 mM dithiothreitol, 3mM MgCl, and 0.5 mM of each dNTP. Specific

fragments of TIMP-1 cDNA (100 ng) were amplified by PCR using Tfl DNA polymerase
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(2 Units in 100 wl; Epicentre, Madison, WI), as follows: 125 nM of each (sense and
antisense) PCR primer, 0.2 mM each dNTP, 50 mM Tris (pH 9.0), 2 mM (NH,),SO, and
1.75 mM MgCl, were used. Thirty-five PCR cycles (95°C, 15 sec ; 55°C, 1 min; 72°C, 2
min) were used with a final extension of 5 minutes at 72°C. PCR products were
electrophoresed on 3% agarose gels in TAE buffer with ethidium bromide staining and
using a 123 bp DNA ladder for size standards. (GIBCO/BRL).

Positive clones were grown up in T-25 flasks until confluent and passaged to T75-
flasks. Cells were grown in DMEM without serum for 2-3 weeks. Medium was
collected and concentrated 10-100x by centrifuging at 3000 x g using a centricon-10
(Amicon), and analyzed by SDS-PAGE and Western blotting in order to detect
recombinant TIMP-1 protein.

TIMP-2 Expression - Human TIMP-2 cDNA was originally cloned into
the pMALC2 expression vector (New England Biolabs) by Lisa Parshley (unpublished
data). The pMAL-TIMP-2 construct was transformed into XLI Blue E. coli cells and the
maltose binding protein-TIMP-2 fusion protein was expressed in the cytoplasm of the
bacterial cells upon induction with isopropyl-B-D-thiogalactopyranosid (IPTG). The
procedure described above for the expression and purification of the MBP-TIMP-1
protein is the same that was followed for the purification of the MBP-TIMP-2 fusion
protein [189]. At this stage the purified fusion protein was detectable on Western Blots
using a polyclonal rabbit anti-TIMP-2 peptide antibody (Triple Point Biologics) and was
detectable on SDS-denaturing polyacrylamide gels by Coomassie Blue staining. Attempts

were made to cleave the maltose binding protein moiety from TIMP-2 by Factor Xa
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cleavage [189, 191, 196]. The Factor Xa was purchased from Boehringer Mannheim, Inc.
Briefly, the recombinant protein sample was dialyzed overnight at 4°C against the
following cleavage buffer: 20 mM Tris-Cl, pH 8.0, 100 mM NaCl, 2 mM CaCl,, and 1
mM sodium azide. Then the Factor Xa was added to the dialyzed sample at a final
concentration of 200 pg/ml and incubated overnight at room temperature. The products
were then electrophoresed on an SDS-PAGE gel and analyzed by Coomassie Blue staining
and by Western analysis. This procedure was also performed on recombinant protein
samples that had previously been denatured in 8 M, 6M, 4M, or 2M urea, or 6 M
guanidinium-HCI, and renatured, prior to dialysis against the cleavage buffer and cleavage
with the Factor Xa.

TIMP-3 Cloning and Expression - For the purpose of ligating the human TIMP-
3 ¢cDNA into the eukaryotic expression vector pCEP4 (In Vitrogen) (Fig. 11), 1 pg
pCEP4 was digested with the restriction enzymes Bam HI and Eco RI (Boehringer
Mannheim) simultaneously at 37°C for 1 hour. The digested product was electrophoresed
on a 1% agarose gel and the size was 10.35 kb. The band was excised out of the gel and
extracted from the agarose using the GeneClean kit as described previously. The human
TIMP-3 was originally obtained as a gift from S. Apte [124, 144]. The TIMP-3 cDNA
was PCR amplified using mutagenic oligonucleotides that created novel restriction sites in
the amplified cDNA. The sites Nhel and BamHI were created at the 5' and 3' ends,
respectively, of the PCR-amplified DNA. The products were electrophoresed on a 2 %
agarose gel with ethidium bromide and the fragment at the expected size of 747 bp was

excised from the gel and purified with the GeneClean kit. The TIMP-3 cDNA was the
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subjected to restriction digestion with the enzymes Nhe I and Bam HI (Boehringer
Mannheim) simultaneously and the digested products were electrophoresed on a 2 %
agarose gel with ethidium bromide. The fragment, at the expected size of 714 bp, was
excised from the gel and purified as descibed previously for ligation into the pCEP4
vector. The ligation reactions and subsequent transformations into competent DHS« cells
(from Gibco BRL, Inc.) were performed as described previously. Transformant colonies
were selected and grown overnight at 37°C in liquid cultures of luria broth with 100
pg/ml ampicillin. Plasmid DNA was extracted and purified using the miniprep procedure,
as described above [188], and was then subjected to restriction digestion analysis with .
Nhe I and Bam HI. The resulting bands were 10.35 kb (pCEP4) and 714 bp (TIMP-3) as
expected. Further restriction digestion analysis (with Pst I or Bgl IT) was performed with
the plasmid in order to verify the correct orientation of the TIMP-3 insert. Using these
criteria two colonies were further selected and grown in overnight liquid cultures with
ampicillin. The plasmid DNA was purified as described previously and sequenced.

In order to express the recombinant protein in mammalian cells, the DNA was then
prepared for transfection into the mammalian cell cultures 293-EBNA (InVitrogen, Inc.).
Transfections were performed as described previously [193, 194]. Transfected cells were
grown for up to 30 days in serum-free medium and the medium was analyzed regularly for
the presence of TIMP-3 protein. The extracellular matrix (ECM) of the transfected cells
was also tested for the presence of the TIMP-3 protein. TIMP-3 protein appeared in the
media at around 10 days post-transfection, however by approximately day 21 the TIMP-3

protein was localized in the ECM of the transfected cells and was no longer detectable by
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Western Blot analysis in the media of the cells [197]. The TIMP-3 protein was detected
using a polyclonal, rabbit anti-TIMP-3 peptide antibody (Triple Point Biologics). The
TIMP-3 protein was purified from the media of the cells by binding to cation exchange
chromatography [192]. Carboxy-methyl support is a weak cationic exchanger and was
purchased from BioRad, Inc. The TIMP-3 protein has a pI = 9.07 allowing for separation
of TIMP-3 from the other TIMPs based on the charge of the protein. For purification,
batches of media were concentrated 10-100x on centricon-10 concentrators (Amicon,
Inc.) and then dialyzed overnight in binding buffer: 20 mM Bicine, 50 mM NaCl, 0.05%
Brij, pH 8.5 at 4°C. Then a slurry of buffer-equilibrated carboxy-methyl matrix was
added to the dialyzed samples and incubated with shaking 2-4 hours at 4°C. The tubes
were centrifuged for 1 minute, the supernatant collected for analysis, and the beads were
washed several times with the Bicine binding buffer. The TIMP-3 protein was eluted in
binding buffer with increasing concentrations of salt up to IM NaCl. Eluted fractions
were electrophoresed on a 13 % acrylamide SDS-PAGE gel and detected by Western
immunoblot analysis using a polyclonal antibody against the TIMP-3 protein. Fractions
containing the highest concentrations of TIMP-3 were subjected to reverse zymogram
analysis in order to detect TIMP-3 inhibitory activity [197, 198]. SDS-PAGE gels were
prepared with the incorporation of purified matrix metalloproteinases and substrate
(gelatin) into the acrylamide matrix of the gel. SDS (0.1%), 12% polyacrylamide gels
were prepared, except that a semi-purified sample containing several matrix
metalloproteinases was also added into the acrylamide mix and the water volume was

reduced accordingly. Gelatin substrate was added to a final concentration of 0.1 mg/ml
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prior to polymerization of the gels. Samples were electrophoresed at 4°C, gels were
washed in 2.5% Triton X-100, 50 mM Tris-HCI (pH 7.5), and 5 mM CaCl, once for 15
min and then again overnight at room temperature with shaking. Gels were then rinsed
three times in deionized H,0, incubated in 50 mM Tris-HCI (pH 7.5) and 5 mM CaCl,, 10
uM ZnCl, for 24 hrs at 37°C with shaking and then stained with Coomassie blue stain.

Gelatinase A and B Purification - Several cell lines were cultured for the
sole purpose of purifying the gelatinases from their media. It had been shown previously
that various cell lines express relatively high levels of secreted matrix metalloproteinases
[50, 199, 200]. HT1080 cells (from ATCC) were found to express predominantly
gelatinase B, into the media of the cells, whereas HS27 cells (from ATCC) expressed
mainly gelatinase A (also secreted into the media of the cells). Both cell lines were grown
in Dulbecco’s modified eagle medium (DMEM) supplemented with 10 % fetal calf serum
until 80-90 % confluence. The cells were then made serum-free, and the media was
collected from the cells 24-48 hours later for purification. The media was concentrated
10-100x by centrifugation at 5000 x g on Centricon-10 concentrators (Amicon, Inc.) The
concentrate was then subjected to affinity chromatography by applying to a gelatin-
agarose matrix (Sigma). The gelatin-agarose with bound enzyme was washed extensively
with PBS and the gelatinases were eluted with 10 % dimethyl sulfoxide (DMSO).
Gelatinolytic activity of fractions was analyzed by gelatin zymography (described below)
and fractions with peak activity were pooled and dialyzed extensively against 20 mM Tris-
Cl (pH 7.5), 150 mM NaCl and 5 mM CaCl,, to remove all traces of DMSO.

Gelatin zymograms were prepared like standard SDS-PAGE gels but with the
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following changes: 0.1 mg/ml gelatin substrate (final concentration) was added in with the
acrylamide and volume of water was decreased accordingly prior to polymerization [201-
203]. Enzyme samples to be electrophoresed were boiled in SDS-PAGE loading buffer
without reducing agents and loaded on to gel. The gel was run as usual but then put into
a 2.5 % Triton X-100 solution and washed with shaking at room temperature twice for 15
minutes. The gel was then washed in deionized H,O twice for 15 minutes and finally the
gel was incubated overnight at 37°C with shaking in 50 mM Tris-Cl (pH 7.5), 5 mM
CaCl,, and 10 uM ZnCl, buffer. The gel was then briefly washed in deionized H,0 and
then put into Coomassie blue stain.

Further purification steps were made in order to separate the gelatinases from each
other. Concanavalin A is used in the purification of glycoproteins and will bind reversibly
to glycosylated proteins [204-206]. A Con A Sepharose 4B (from Pharmacia) column
was prepared and a sample containing a mixed population of gelatinases was added to the
matrix. Gelatinase A was expected to flow through and gelatinase B, because of its
glycosylations, was bound to the Con A Sepharose. The flow through was collected and
the column washed in 20 mM Tris pH 7.4 buffer with 0.5 M NaCl. Elution of bound -
protein was acheived using 0.5 M methyl-a-D-mannopyranoside in Tris buffer. Lentil
Lectin-Sephafose 4B (Pharmacia) binds a-D-glucose and o-D-mannose residues and is
used for the purification of glycoproteins [207, 208]. A lentil lectin sepharose column was
prepared and a sample containing a mixed population of gelatinases was added to the
matrix. Some gelatinase B was bound to the column and eluted in a similar manner as

with the Con A Sepharose. Partially-purified gelatinases were analyzed by Western
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analysis using polyclonal rabbit antibodies to gelatinase A and gelatinase B (Biogenesis)

[191].

C. Results

TIMP-1 Cloning and Expression in Bacterial Expression Systems -TIMP-1
cDNA was cloned into the maltose binding protein fusion protein expession vector by
PCR amplification of the TIMP-1 cDNA and subsequent restriction digestion with Eco RI
and Nae I (Fig. 12). The pMAL C2 expression vector was digested with Eco RI and Xmn
I creating compatible ends for ligation of the TIMP-1 insert into the vector (Fig. 13).
After ligation reactions, XL1-Blue E.coli cells were transformed with the recombinant
plasmid containing the TIMP-1 insert and resultant colonies were screeened for TIMP-1
expression by PCR amplification with specific TIMP-1 primers (Fig. 14). Several positive
clones were chosen and screened by restriction digestion analysis in order to verify correct
orientation of the insert (data not shown). Additionally, plasmids were electrophoresed
on an agarose gel, transferred to nitrocellulose, and probed with a TIMP-1 probe to detect
positive clones (Fig. 15). Plasmid DNA from selected individual clones were also purified
and then sequenced for verification of the full-length TIMP-1 insert.

Large scale cultures were grown up with the selected colonies and recombinant
MBP-TIMP-1 protein was detected in the bacterial soluble extracts by Western analysis
with a TIMP-1 antibody (Fig. 16). The observed size of the MBP-TIMP-1 fusion protein

was approximately 69-70 kDa, as expected, however, there was an additional unidentified,
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Figure 12: PCR amplification of TIMP-1 ¢DNA for the purpose of subcloning.
~ The two lanes are identical samples of the 616 bp PCR product.
DNA molecular weight standards are in the first lane.
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a radiolabeled TIMP-1 DNA prabe. The first lane
is a positive control of an uncut plasmid of pSelect-TIMP-1,
the second lane is a positive control of the TIMP-1 PCR
product, and the third lane is the selected pMAL-TIMP-1
plasmid which migrates as a circular plasmid (upper band)
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lower molecular weight band at 50 kDa. The recombinant protein did not apear to be
inducible with IPTG (data not shown). The fusion protein was then subjected to
purification by harvesting the soluble extract from the lysates and applying to amylose
affinity resin. Flow-through and eluted fractions were collected and analyzed by western
analysis to determine relative purity of the TIMP-1 fusion protein. Insoluble extracts from
the bacterial cells were also analyzed for the presence of the fusion protein. Nearly equal
amounts of the recombinant protein were detected in the soluble and insoluble extracts
from cell lysates by western analysis (data not shown), however, only soluble extracts
were used for purification attempts of the fusion protein. The recombinant MBP-TIMP-1
fusion protein did not appear to bind to the amylose matrix. In an attempt to improve
fusion protein binding with the amylose resin, the recombinant protein was denatured and
slowly renatured in binding buffer prior to column binding [209]. This did not help in the
purification of the fusion protein. The approximate yield of crude, recombinant protein
from this expression system was 0.2-2mg per 1 liter culture, as estimated from Coomassie
blue staining of the fusion protein.

TIMP-1 cDNA was also cloned into the glutathione-s-transferase fusion protein
vector, by the same methods described above except that the restriction enzymes used for
cloning were Bam HI and Eco RI (Fig. 17). XL1-Blue cells were transformed with the
recombinant plasmid and clones were selected based on restriction digestion analyses in
order to verify correct orientation and sequence of the TIMP-1 insert. pGex1-TIMP-1
clones were digested with Pst I (Fig. 18a) and with Eco RI and Bam HI (Fig. 18b) yielding

the expected fragment sizes. Individual clones were grown in large overnight cultures for
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Figure 17:  Restriction digestions of the pGEX
vector with EcoRI and BamHI.
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recombinant protein expression. Cultures were analyzed by SDS-PAGE and Coomassie
blue staining to determine relative levels of induced fusion protein expression. The
recombinant protein did not appear to be inducible with IPTG (not shown).

In order to purify the GST fusion protein, crude cell lysates from the soluble
fraction were applied to the glutathione column. The insoluble fraction was also analyzed
for the presence of TIMP-1 fusion protein. Again it appeared that roughly half of the
recombinaht protein was found in the insoluble extract, however, only the soluble fraction
was used for affinity purification. Flow through and eluted fractions were collected from
the glutathione column and analyzed for the presence of GST-TIMP-1 fusion protein by
Western immunoblot analysis. The fusion protein only appeared in the flow through and,
although conditions were optimized for binding interactions, the GST-TIMP-1 fusion
protein did not bind to the glutathione-sepharose for purification (data not shown).
However, it was possible to achieve partial purification of the GST-TIMP-I fusion protein
by subjecting the soluble extracts to anion exchange chromatography on a DE 52 column.
Increasing concentrations of NaCl were used to elute the protein. Fractions were analyzed
by SDS-PAGE, Coomassie blue staining (Fig. 19a), and Western analysis using an anti-
TIMP-1 antibody (Fig. 19b). The recombinant protein eluted at salt concentrations of
approximately 200-300 mM NaCl and migrated at an approximate molecular weight of 55
kDa. There was an additional unidentified band detected at approximately 97 kDa in the
Wesern blot (Fig. 19b). The final yield of partially pure recombinant protein was 0.2 mg
per liter of culture, as estimated by Coomassie blue staining.

TIMP-1 Cloning and Expression in the Retroviral expression system - TIMP1
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Figure 19: Purification of GST-TIMP-1 fusion protein by DE52
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(B) Western immunoblot with TIMP-1 antibody.
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protein was also expressed in a retroviral expression vector in a mammalian cell culture
system [170, 176]. The TIMP-1 cDNA was cloned into the expression vector pSFF by
initially PCR-amplifying the TIMP-1 cDNA and then digesting the TIMP-1 cDNA with
BamHI and EcoRI (Fig. 20). The pSFF vector was constructed so that the gag, pol and
env genes are no longer capable of producing functional retroviral gene products. The
multiple cloning site is localized to the env gene region. The pSFF vector was digested
with BamHI and EcoRI to create compatible ends for ligation with the TIMP-1 insert
(Fig. 20). Following ligation of the excised TIMP-1 cDNA into pSFF, DK-1 cells were
transformed and several individual clones were selected for further analysis by restriction
digestion and sequencing in order to determine the proper orientation and sequence of the
TIMP-1 insert. In addition, plasmids from selected clones were purified and then
subjected to PCR amplification using primers specific for TIMP-1sequences. The pSFF
vector was used as a negative control in the reactions. Two distinct TIMP-1 primer sets
were used to amplify two fragments of approximately 406 bp and 711 bp (Fig. 21).
Cocultures of the packaging-defective cell lines, ¥-2 cells and PA-12, cells were
seeded at the appropriate density 48 hours prior to transfection. They were then
transfected with the recombinant plasmid as a calcium phosphate precipitate. Mock
transfected controls did not receive any vector DNA. After transfection, the cocultures
were grown and maintained for several weeks to allow the infection process to continue.
The infection process was stopped, typically 3-4 weeks later when high levels of TIMP-1
mRNA expression could be detected by RT-PCR (Fig. 22) To stop the cross-infection

process, the cells were limit-dilution cloned in 96-well tissue culture plates.
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Figure 21: PCR amplification of pSFF-TIMP-1 transformants with
primer pairs specific for TIMP-1 DNA sequences, as indicated.
A negative control of the pSFF plasmid without the
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Approximately 15 wells per plate contained single cells which were grown up as clonal
cell lines. Established clonal cell lines expressing TIMP-1 at reasonable levels were used
to characterize the production of TIMP-1 at both the mRNA level and the protein level.
Endogenous TIMP-1 from the mock transfected cells was not detectable by either RT-
PCR or Western blot analysis. However, when the media from the TIMP-1 transfected
cell lines was concentrated 10-100x, TIMP-1 protein was only faintly detectable (data not
shown). Purification by TIMP-1 binding to heparin sepharose [198] was attempted, but
levels of TIMP-1 protein expressed in this system were low and yield was not enough for
further protein analysis.

TIMP-2 Fusion protein expression and purification - The TIMP-2 cDNA was
cloned into the pMAL C vector and expressed in XL1-Blue cells by Lisa Parshley in the
Acott lab (data not shown). Individual clones expressing high levels of the recombinant
MBP-TIMP-2 were selected and grown in large overnight cultures for purification.
Soluble cellular extracts were collected and applied to the amylose affinity resin. Fractions
were collected and analyzed by SDS-PAGE and Western analysis using an antibody to
TIMP-2. The recombinant protein was purified to >85% homogeneity as determined by
Coomassie blue staining (data not shown). In order to cleave the maltose binding protein
from the TIMP-2, the purified protein was incubated with Factor Xa and later analyzed by
Western analysis. Although the cleavage reaction was optimized, and the MBP-TIMP-2
fusion protein was partially unfolded in urea in order to make the Factor Xa cleavage site
more accessible to the enzyme, it was not possible to obtain cleavage of the MBP-TIMP-2

fusion protein with the Factor Xa enzyme (Fig. 23). The yield of the fusion protein was
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Figure 23: Western immunoblot of purified MBP-TIMP-2
in varying urea concentrations with an antibody
to TIMP-2. MBP-TIMP-2 cut with 200 ug/ml
Factor Xa is in the far right lane.



approximately 20 mg per liter, and purified fusion protein was subsequently analyzed for
inhibitory activity in enzyme kinetic assays (see below).

TIMP-3 Cloning, Expression and Purification - TIMP-3 cDNA was originally
obtained from S. Apte and consisted of a mouse/human DNA chimeric construct in which
the expressed protein retains all of the correct amino acids as in the endogenous human
sequence [124, 144]. The cDNA was PCR-amplified and restriction digested with Nhel
and BamHI for ligation into the pCEP4 vector (InVitrogen) (Fig. 24a). The pCEP4
vector was digested with the same restriction enzymes- (Fig. 24b) and the excised
fragments were ligated together and transformed into competent DHS ¢ cells.
Transformed colonies were selected and analyzed by restriction digestion with either Pst I
(Fig. 25a) or Sal I (Fig. 25b). In addition, the correct orientation of the TIMP-3 insert
was verified by DNA sequencing. Individual clones were selected and large amounts of
the plasmid were purified for transfection. For transfections, 293-EBNA (InVitrogen)
cells were seeded at the appropriate density and the plasmid was transfected in a calcium
phosphate precipitate. As a positive control for transfection and expression, cells were
transfected with a pCEP4-CAT construct. Cells expressing the plasmid were selected -
based on resistance to hygromicin B. Surviving cells were then cultured in DMEM and 10
% fetal calf serum for several weeks and analyzed for TIMP-3 mRNA expression levels by
RT-PCR (data not shown) and for TIMP-3 protein levels (Fig. 26a), or CAT protein for
the control (Fig. 26b), by western analysis. TIMP-3 protein was found secreted into the
media of the transfected cells at approximately three weeks post transfection in both its

nongylcosylated form (24 kDa) and glycosylated form (27 kDa) in a 2:1 ratio.
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Unidentified, high molecular weight bands were detected as well (Fig. 26a). The CAT
protein was detected as a 25 kDa band (Fig. 26b). The media was collected from cells
grown serum- free for concentration and purification of the TIMP-3 protein. Beyond four
weeks post transfection, the levels of TIMP-3 protein in the media decreased dramatically,
however, the protein was still detectable at reasonable levels in the extracellular matrix of |
the transfected cells. TIMP-3 was purified from the media by binding the protein to a
carboxy-methyl support (a cationic exchanger from BioRad, Inc.) The isoelectric point of
TIMP-3 (pI = 9.1) is higher than that of TIMP-1 (pI = 8.0) or TIMP-2 (pIl = 7.4), and it
can therefore be purified away from the other TIMPs based on charge alone. TIMP-3
protein binds at low NaCl concentrations to the cation exchange resin, and elutes at 0.5-
1M NaCl (Fig. 27), although approximately half of the TIMP-3 protein did not bind to the
cation exchange column under the conditions tested. The purity and concentration of the
TIMP-3 protein was determined by silver staining of SDS-PAGE gels (Fig. 28) and
Western analysis, however, only the 27 kDa band was detected by silver stain. The
protein was estimated to be 70% pure and the approximate yield was 500 ng partially-
purified TIMP-3 protein per liter of media. The TIMP-3 protein could also be extracted
from the extracellular matrix of the transfected cells using 1 % SDS in buffer and
electrophoresed on an SDS-PAGE gel. The recombinant TIMP-3 was analyzed for its
inhibitory activity against the MMPs in a reverse zymogram (Fig. 29). TIMP-3 extracted
from the ECM, in both its glycosylated and nonglycosylated forms, was active on the
reverse zymogram. Mock transfected cells showed approximately five fold less inhibitory

activity, suggesting the presence of endogenous TIMP activity in the cells.
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Figure 28: Silver stained SDS-PAGE of purified TIMP-3
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Gelatinase A and B purification from cultured cells - In order to purify
gelatinase B and A for use in enzymatic assays and for kinetic analysis, HT1080 cells
(human fibro- sarcoma cells from ATCC) and HS27 cells (human foreskin fibroblasts from
ATCC) were cultured. The HT1080 celis have been shown to express high levels of
gelatinase B, and gelatinase A was expressed at much higher levels than gelatinase B in the
HS27 cells allowing purification of the individual gelatinases from the different cell lines
[50, 199, 200]. The media was collected from the cells and concentrated 10-100x prior to
applying it to gelatin-agarose. Concentrated media was then applied to gelatin-agarose
and washed extensively before eluting the gelatinases with 10% dimethyl sulfoxide. The
eluted fractions were analyzed by gelatin zymography (Fig. 30a) and Western analysis of
gelatinase A (Fig. 30b) and gelatinase B (Fig. 30c) to determine relative enzymatic activity
and yield. At this stage of purification the peak fractions contained predominantly
gelatinase A or gelatinase B with no detectable contamination of other matrix
metalloproteinases. Though the gelatinases were purified from cells that predominantly
expressed either gelatinase A or gelatinase B, often it was difficult to obtain a completely
homogeneous sample of either one or the other enzyme. Therefore, other methods were
employed in order to separate the two gelatinases from each other based on their
differences in glycosylations. Gelatinase B is a glycosylated protein, whereas gelatinase A
has no glycosylations. Concanavalin A-sepharose is used in the purification of
glycoproteins. Lentil-Lectin Sepharose binds a-D-glucose and o-D-mannose residues
and, like Con A, is used for purification of glycoproteins. Both resins were used in order

to bind to gelatinase B and separate it from gelatinase A (data not shown). Although
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gelatinase B appeared to bind to both affinity columns and could later be eluted off the
columns, gelatinase A was also bound at lower levels to both column matrices. It has
been difficult to distinguish between the gelatinases by zymography because of the
presence of the active forms of the enzymes and their multiple breakdown products,
whose sizes have not been unambiguously assigned. The sizes of the lower molecular
weight forms that exist for gelatinase A are 62-65 kDa, 43-45 kDa and 36-38 kDa [108,
109, 114]. The sizes of the lower molecular weight forms that exist for gelatinase B are
80-82 kDa, 66-68 kDa or 62 kDa, and 50-53 kDa or 45 kDa [38, 113, 210].

However, gelatinase A and B were able to be separated from each other based on
their differences in activation [206]. Gelatinase A has been shown to have maximum
enzymatic activity after a 2 hour incubation with APMA at 37°C, whereas gelatinase B
activitiy is undetectable after a 2 hour incubation with APMA at 37°C. In contrast,
gelatinase B has maximum enzymatic activity after an 18-24 hour incubation with APMA
at 37°C and gelatinase A activity is nonexistant after more than 4 hours incubation under
the same conditions. Although both enzymes were purified simultaneously using gelatin-
agarose afiinity chroma-tography, it was possible to separate the gelatinase A and B
enzymatic activities using different conditions for their activation, prior to kinetic analysis

in subsequent enzymatic assays.
D. Discussion

The tissue inhibitors of metalloproteinases are a family of secreted proteins that are
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recognized for their inhibitory activity against the matrix metalloproteinases. Based on
their inhibitory action, the TIMPs play pivotal roles in controlling the rate of extracellular
matrix metabolism in both normal physiologic processes, as well as in disease states [136,
166]. It has therefore been of interest to clone and express the various TIMPs in
expression systems in order to further study their modes of action.

The data presented above demonstrate that human TIMP-1, TIMP-2 and TIMP-3
have been expressed in various prokaryotic and eukayotic expression systems at differing
levels. The expressed TIMP proteins have been partially purified with varying levels of
success. TIMP-1 was expressed as a fusion protein in two distinct prokaryotic expression
vectors, the maltose binding protein and the glutathione-s-transferase fusion protein, and
was detected as an expressed protein in the cell lysates. However it was not possible to
purify the protein using affinity chromatography in either system. The TIMPs normally
form a highly compact tertiary structure containing six disulfide bonding interactions. The
TIMP-1 portion of the fusion protein may have been incorrectly folded during protein
synthesis and this may have interefered with the ability of the maltose binding protein or
glutathione-s-transferase protein to interact with their appropriate affinity resins. In spite
of these difficulties, it was possible to obtain a partially purified TIMP-1 fusion protein by
anion exchange chromatography. This fusion protein was not analyzed for inhibitory
activity.

TIMP-2 was previously expressed as a fusion protein with the maltose binding
protein in prokaryotic cells at relatively high levels (unpublished data). The fusion protein

was purified by adding the soluble cell extracts to an amylose affinity column and eluting
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in 25 mM maltose. The purified fusion protein was subjected to cleavage by Factor Xa, in
order to obtain purified TIMP-2 protein lacking the maltose binding protein. Although
conditions were optimized for cleavage, the proteinase was unable to cleave the fusion
protein away from TIMP-2. Various strategies were used to denature and renature the
fusion protein in order to improve Factor Xa cleavage, however the enzyme did not cleave
the fusion protein. The fusion protein was analyzed and shown to have inhibitory activity
in an enzymatic assay with gelatinase A, as will be described below.

TIMP-3 was cloned and expressed in a mammalian expression system. The
protein has been shown to exist in a glycosylated and non glycosylated form [144, 211],
and in this expression system both forms were expressed simultaneously in the transfected
cells in a 2:1 ratio. The recombinant TIMP-3 protein was secreted out into the media of
the transfected cells for up to approximately 4 weeks, after which it was only detectable in
the ECM of the same cells. TIMP-3 has an unusually high isoelectric point (pI = 9.1) as
compared with either TIMP-2 (pI = 7.4) or TIMP-1 (pI = 8.0), which allowed for
separation of the three inhibitory activities. TIMP-3 protein was bound to a cationic
exchange matrix and eluted at high salt concentrations and the eluted, partially-purified
TIMP-3 protein was detected by silver stain. The TIMP-3 protein localized to the ECM
of the cells was extractable with 1 % SDS and contained predominantly the
nonglycosylated form of the protein. The partially purified TIMP-3 was then analyzed for
inhibitory activity against the MMPs on a reverse gelatin zymogram.

Gelatinase A and B are two members of the MMP family of proteins. The

expression of both gelatinase A and gelatinase B has been shown to be upregulated in
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tumor cells or the stroma surrounding tumor cells, and their expression and activity
correlate with the invasive potential of various tumor cells [46, 49, 182, 184, 212]. Their
activities against various protein and peptide substrates have been investigated, although
no mechanisms have been proposed for their mode of action [24, 177, 213, 214].
Additionally, the mode of inhibitory action of the TIMPs on the gelatinases is unknown.
In order to better understand the enzymatic actitivity of the gelatinases and the
mode of action of various inhibitors on the gelatinase activity, it was necessary to purify
gelatinase A and B from cultured cells. Various cell lines had been shown previously to
express moderate to high levels of either gelatinase A or gelatinase B [50, 199, 200].
Gelatinases were partially purified from the medium of the cultured cells by binding to,
and eluting from gelatin-agarose chromatography [206]. The enzymes were both shown
to have enzymatic activity on a gelatin zymogram, prior to their use in the enzymatic
assays that will be described in the following chapter. As will be discussed, the gelatinase
A and B activies were analyzed using gelatin as a substrate. In order to avoid possible
contaminating gelatinase activity, for example, either gelatinase A contaminating the
gelatinase B preparation, or vice versa, the enzymes were activated differentially. As
mentioned previously, the enzymes have different requirements for their activation steps
where gelatinase A is activated within a two-hour incubation period with APMA, but
gelatinase B requires an eighteen to twenty-hour incubation for optimal enzyme activity
[38, 90, 114, 210]. In this way it was possible to assign gelatinolytic activity
unambiguously as either gelatinase A or gelatinase B activity in enzymatic assays that will

be described below.
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HOI.  Gelatinase A and B Inhibition Kinetics; A Glaucoma Model System

A, Introduction

Gelatinase A (72 kDa gelatinase) and gelatinase B (92 kDa gelatinase) are two
members of the matrix metalloproteinase family. The gelatinases share several common
features with other members of the MMP family, including an N-terminal domain
responsible for the maintenance of the proenzyme state, a zinc-binding domain that
comprises the active center of the enzyme, and finally a hemopexin-like C-terminal
domain. Unique to gelatinase A and B is an additional domain composed of three
fibronectin type II-like repeats inserted in tandem within the zinc-binding catalytic domain
[25]. Gelatinase B also contains an a2(V) collagen-like domain not found in any of the
other family members [26].

Both enzymes hydrolyze type IV, type V, type VII, and type X collagens,
fibronectin, elastin, and a variety of gelatins [25, 26, 215, 216]. The C-terminal domain of
the gelatinases has been shown to differ from collagenase and stromelysin in that it has no
collagen binding properties [80]. Several recent studies have demonstrated the
importance of the fibronectin-like domains in gelatin binding. Recombinant proteins
corresponding to the fibronectin-related regions of gelatinase A and B were found to have
high affinity for gelatin and elastin, as well as for native type I collagen [88, 91, 216, 217].
Conversely, recombinant gelatinase A lacking the fibronectin type IT units was shown to

lack affinity for gelatin or type I and type IV collagens and its ability to degrade gelatin
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was impaired, indicating that the fibronectin-like domain is the site of collagen and gelatin
binding [90]. A catalytic domain of gelatinase A with deletion of the fibronectin-like
repeats was constructed and shown to be functionally active against a peptide substrate
and had reduced activity; against gelatin and casein [218]. Additionally, these domains
have been shown to be crucial for elastin binding and elastolytic activity [92]. The
fibronectin-like domains of the gelatinases have been proposed to form an extension of the
substrate binding cleft in which all three type II units contribute to gelatin binding [219].
Substrate specificities of many of the MMPs have been investigated using short
synthetic peptides as model substrates. Cleavage site specificity of gelatinase was
determined using small collagenous peptides with varied sequences around Gly-Leu or
Gly-Ile [24]. Subsite specificities of gelatinase A and B were systematically examined
using synthetic oligopeptides covering the P, through P,' subsites of the substrate, where
P, and P,’ represent the amino acid residues in the substrate on either side of the scissile
bond. The reference peptide was modeled after the collagenase cleavage site in the e:1 (I)
chain of collagen (Gly-Pro-Gln-Gly-Ile-Ala-Gly-Gln) [93, 213, 214]. With respect to
amino acid preferences in peptide substrates, gelatinase A and B are very similar [93].
They both prefer hydrophobic residues in subsites P, and P,', and Pro is preferred by both
in subsite P;. The largest differences in the subsite specificities of the MMPs occur at
subsites P, P,', and P,'. The gelatinases tolerate only small amino acids in subsite P, and
Ile appears to be the best amino acid at subsite P,', and may be replaced only by Met. As
for the P,' subsite, the only replacement for Gly that was tolerated was Ala or Ser [93].

Optimization of substrate structure has provided a convenient method for studying

80



enzyme mechansims of action as well as affording information of inhibitor design. In
order to facilitate kinetic studies of the MMPs, quenched fluorescent substrates have been
created. These substrates consist of a short sequence of amino acids containing the
scissile peptide bond which separates the naturally flourescent amino acid tryptophan from
a dinitrophenyl (Dnp) group that acts as an internal quencher [177, 213]. Quenching
occurs by resonance energy transfer and is mostly unaffected by the intervening amino
acids. More recently, an MMP substrate was developed and tested on various MMPs
where the tryptophan was replaced by derivatives of 7-methoxycoumarin, which are highly
fluorescent and efficiently quenched by the Dnp group. The substrate, (7-methoxy-
coumarin-4-yl) Acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-I1-2,3-diaminopropionyl)-
Ala-Arg-NH,, was used to analyze enzymatic activity of collagenase, stromelysin,
gelatinase A and matrilysin in continuous assays [220]. In addition to a fluorescently-
labeled gelatin protein substrate, this peptide substrate has been used in enzymatic assays
to characterize the activity of the gelatinases and the inhibitory activity of various
inhibitors of the gelatinases, as will be described later in this chapter.

The MMPs play a fundamental role in the pathophysiology of rheumatic disease
and are involved in tumor cell invasion and metastasis [8, 9, 16, 221, 222]. As a result,
considerable effort has been devoted to the development of synthetic peptides designed to
specifically inhibit metalloproteinases [223]. Natural inhibitors of the MMPs exist and are
known as the tissue inhibitors of metalloproteinases (TIMPs), as described previously.
Efforts to produce active fragments of the TIMPs have not succeeded and little has been

known about their mechanism of action [224]. Only recently has there been proposed a
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mechanism of inhibition of collagenase by TIMP-1 involving a noncompetitive two-step
process in which an inactive, rapidly formed, reversible complex slowly forms an inactive,
tight complex [161]. However, much work has been focused on the search for synthetic,
low molecular weight MMP inhibitors as drug targets. In vivo inhibition of the MMPs
using small, potent, synthetic inhibitors has become a therapeutic goal for modulation of
connective tissue degradation in various disorders. Several antibiotics and synthetic
peptides have been shown to specifically inhibit various matrix metalloproteinases. Of the
antibiotics, tetracycline and its synthetic forms minocycline and doxycycline have potent
matrix metalloproteinase inhibitory activity. Studies have demonstrated that tetracyclines
can inhibit collagenase as well as gelatinase A both in vitro and in vivo [223, 225-228].
Minocycline was chosen in order to test for inhibitory activity against gelatinase A and B
in our enzyme-inhibition assays.

As for the synthetic peptides, small molecule inhibitors of matrix
metalloproteinases have been reviewed and the largest group are the collagen substrate
analogs [223]. To the extent possible from available information, the design of many of
these was intended to mimic transition-state analogs. Most classes contain a zinc-
coordinating ligand, such as a thiol [66, 177, 229, 230], hydroxamic acid [66, 68, 224,
231-234], carboxylate [66, 235-237], phosphinate, phosphonate or phosphonamidate
group [238-242]. The zinc-coordinating ligand is attached to a peptidic residue containing
a hydrophobic side chain recognized by the enzyme’s active site. Up to 3 of the amino
acid residues in the peptide inhibitors are found on either side of the collagen scissile bond

(Fig. 31). The left-hand side inhibitors contain amino acid residues N-terminal to the
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collagen cleavage site with the zinc-binding molecule at the C-terminus of the peptide,
whereas right-hand side inhibitors are in the opposite orientation with the zinc ligand at
the N-terminus of the peptide (Fig. 32a). Current theory suggests that these compounds
act by chelating the catalytic zinc molecule thereby inactivating the enzyme [223]. Most
of the X-ray structures of MMP inhibitor complexes published show a substrate-like
binding of the inhibitor along the active site cleft and a zinc-binding group which is in most
cases a hydroxamic acid group (Fig. 32b) [68-70, 72, 73, 77, 243]. Most inhibitors in
these structures are right-hand-side inhibitors with large hydrophobic P1' residues
occupying the S1' pocket of the protein. The crystal structure of neutrophil collagenase
complexed to a hydroxamate inhibitor was recently described in which the inhibitor binds
to the S1-S2' sites and coordinates to the catalytic zinc via the hydroxyl and carbonyl
oxygens of the hydroxamate [244]. The crystal structures of matrilysin complexed to
hydroxamate, carboxylate or sufodiimine inhibitors were also recently determined [66].
Each inhibitor was shown to interact with the active site zinc in a unique manner, the
hydroxamate inhibitor being the most potent inhibitor [66]. This emphasizes the
dominant role the zinc-coordinating group plays in determining the relative potencies of
the various inhibitors, and there is an interplay between zinc coordination and the exact
orientation of the other atoms in the inhibitor. Much less is known about the interactions
of synthetic inhibitors with the gelatinases since no crystal structures of the catalytic
domain of the gelatinases have yet been determined. It is hypothesized that because of
overall similarities in the MMP active site, the synthetic inhibitors interact at the gelatinase

active site in a similar manner as with collagenase. Based on this information, several
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synthetic inhibitors, were selected for studies on their interactions with gelatinase A and B
in enzymatic assays.

In addition to the above-mentioned classes of substrate analog MMP inhibitors,
peptides that mimic sequences in the conserved region of the propeptide domain of the
matrix metalloproteinases have been shown to have inhibitory activity against stromelysin
and collagenase, as well as inhibiting tumor cell invasion [245-249]. In these studies it has
been suggested that the propeptide binds to the active site and inhibits the enzyme in either
a mixed or competitive mode of inhibition [246]. However, recent findings propose that
with thermolysin, whose active site interactions differ slightly from the other MMPs [71],
the prosequence may interact with enzyme at a region distinct from the active site in a
noncompetitive mode of inhibition [249]. Propeptides were synthesized and used for
analysis in the enzymatic assays with gelatinase A and B.

Therefore, of the various inhibitors mentioned above several, including
minocycline, tryptophan-hydroxamate, a collagenase inhibitor, and a propeptide inhibitor
were analyzed to determine their mechanisms of inhibition of, and specificity for,
gelatinase A and B in the protein and peptide substrate enzymatic assays.

In addition to their roles in various connective tissue disorders and in tumor
invasion and metastasis, the MMPs have been proposed to play a role in the development
of primary open angle glaucoma [250]. Primary open angle glaucoma (POAG) is a major
blinding disease and the incidence increases dramatically with aging. The primary risk
factor for glaucoma is increased intraocular pressure [251]. Aqueous humor is made by

the ciliary body and flows into the anterior chamber of the eye where it bathes the lens, iris
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and cornea (Fig. 33). It exits the eye through a porous filtering tissue called the trabecular
meshwork (TM) and then flows out into Schlemm’s canal where it enters the venous
drainage system (Fig. 34). In glaucoma the aqueous humor outflow is typically reduced,
while aqueous humor production by the ciliary body is nearly normal. Resistance to
aqueous outflow through the TM is increased causing a subsequent increase in the
intraocular pressure. Ultimately, it’s the increased intraocular pressure which causes
irreparable damage to the optic nerve producing loss of vision. The cause of the
obstruction of the TM has not been determined, although outflow pathway ECM has been
implicated as a major component of the normal aqueous humor outflow resistance [252,
253). The normal turnover and replacement of outflow pathway proteoglycan side-
chains, glycosaminoglycans, by TM cells is 1.5 days as compared with 10-14 days in the
cornea or sclera [254].

Trabecular ECM turnover is initiated by members of the MMP family, and the
MMP activity has been shown to be tightly controlled by the inhibitory action of the
TIMPs in many other systems [2, 252, 253]. Disruption of the normal ECM turnover by
these MMPs, possibly caused by an imbalance in the MMP-TIMP net activity, within the
aqueous humor outflow pathway is hypothesized to be a primary cause of the elevated
intraocular pressure observed in POAG [250].

In order to test this hypothesis, it has been necessary to manipulate the outflow
pathway MMP activity and determine the effects in a perfused human anterior segment
organ culture system, which has been described previously [250, 255-257]. Thus,

increasing metalloproteinase activity, for example by the addition of purified
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metalloproteinases to the outflow system, should increase the outflow rates causing the
opposite of glaucoma. Moreover, decreasing the metalloproteinase activity, for example
by treating with specific inhibitors of metalloproteinases, should reduce outflow rates
producing glaucoma. Therefore, in order to test the hypothesis that an imbalance in the
overall MMP-TIMP activity leads to glaucoma, or its opposite, and in conjunction with
the enzyme inhibitor and gelatinase A and B activity assays, the same inhibitors (described

above) were tested in the perfused anterior segment organ culture system.

B. Materials and Methods

Kinetic Assays - Purified enzymes (gelatinase A and B) were activated prior to
their kinetic analysis in enzymatic assays. Gelatinase A was activated with 1 mM amino
phenyl mercuric acetate (APMA from Sigma) for 2 hours at 37°C in 150 mM NaCl, 50
mM Tris, pH 7.5, 10 mM CaCl,. Gelatinase B was activated for kinetic studies with 1
mM APMA for 18 hours at 37°C in the same buffer.

The FITC-gelatin assays to study enzyme and enzyme inhibition utilized
fluorescein isothiocyanate (FITC) conjugated to gelatin as a protein substrate for the
gelatinases [258, 259]. FITC was conjugated to gelatin by first adding 1 gram of gelatin
(Sigma) to 100 mls 50 mM sodium bicarbonate, pH 9.5 and 150 mM NaCl. The gelatin
was dissolved by warming the mix and stirring. Then 40 mg of FITC (Sigma) was added
to the gelatin, mixed together, and incubated for 1 hour in the dark. At 1 hour, Tris base

was added (to a final concentration of 50 mM) to stop the reaction. The FITC-gelatin was
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then dialyzed extensively against 50 mM Tris, pH 8.5 in the dark for 18 hours, followed by
dialysis against 50 mM Tris, pH 7.2 for another 18 hours in the dark. The dialysis buffers
were changed frequently. To check if the dialysis was complete, a small aliquot was
removed and precipitated with 10% trichloroacetic acid (TCA). Afier it was centrifuged,
absorbance readings were taken of the supernatant to measure background. When the
background levels were low, the FITC-gelatin was used as the substrate in the following
kinetic assays. In brief, the enzyme was incubated with the FITC-labeled gelatin at 37°C
for various time points in the following buffer: 150 mM NaCl, 50 mM Tris-Cl, pH 7.5, 10
mM CaCl,, and 100 pM ZnCl,. The reaction was stopped by adding an equal volume of
10 %TCA and incubated from 3-18 hours at 4°C. The reaction was then centrifuged at
4°C for 20 minutes at 12,000 x g. The supernatant was removed to a fresh tube and the
pH was adjusted to >8 by adding NaOH from a 5 N stock solution. The absorbance was
then measured at a wavelength of 494 nm, thereby giving a measure of cleaved product.
Standard kinetic curves were generated from the data and optimum reaction times,
enzyme concentrations and substra'ge concentration ranges were established for subsequent
inhibition reactions. Gelatinase A and B were determined to be in the linear range when
used at concentrations between 100 pM and 1 nM. When reactions were performed in
the presence of various inhibitors, enzyme was combined in the reaction buffer (described
above) with the inhibitor and they were preincubated for 15 minutes at 37°C before
adding substrate and starting the reaction. Data was collected and analyzed by graphic
analysis as described above. The peptide inhibitors analyzed for their inhibitory activity

against gelatinase A and B included: Minocycline (Sigma), L-Tryptophan-Hydroxamate
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(Sigma), p-Hydroxyl benzoyl-Alanine-Phenyalanine (Sigma), a collagenase inhibitor, (2R)-
2-Mercaptomethyl-4-Methylpentanoly L-Phenylalanyl-L-Alanine Amide (Peptides
International), and the propeptides Ac-RCGVP-, -RCGVPD-, and -RCGNPD-NH,
(synthesized and hplc-purified by members in the Acott lab). Figures of the inhibitors
studied in the enzymatic assays and outflow system are shown in Fig. 35a-c and Fig.36a-b.

In addition to the protein substrate assays, continuously-recording fluorescent
peptide assays were also used for kinetic analysis of gelatinase A and B activity and their
inhibition. Gelatinases were activated as described above. A methoxycoumarin-labeled
peptide substrate, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH,, available from Peninsula
Labs, was utilized in the kinetic assays and has been described previously as a substrate for
stromelysin and collagenase [220, 260]. Progelatinases for the peptide substrate assays
were purchased from Biogenesis. Analysis of the proenzymes and the activated enzymes
by gelatin zymography was performed prior to the enzymatic assays. The enzymes were
activated with APMA as previously described, or gelatinase B was activated with the
active form of stromelysin in a 1:40 ratio, respectively, for two hours at 37°C [38]. The
active or proforms of the gelatinases were electrophoresed on a 10 % SDS-PAGE gel
containing 0.1 mg/ml gelatin as a substrate. The gel was incubated overnight in reaction
buffer and then stained with Coomassie blue stain, as has been described in the previous
chapter .

For the purpose of their kinetic analysis in enzyme assays, active gelatinase A or B
was incubated in the following reaction buffer: 150 mM NaCl, 50 mM Tris-Cl, 10 mM

CaCl,, and 0.01 % Brij, pH 7.5 at 37°C for 15 minutes prior to adding the peptide
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substrate. The peptide substrate was solubilized in 100 % DMSO and then diluted >2000-
fold in reaction buffer prior to use in the enzyme reactions. The initial rate of cleavage of
the enzyme was then measured in a continuously-recording assay using a Perkin-Elmer
Luminescence Spectrometer LS50B. The peptide substrate Mca-Pro-Leu-Gly-Leu-Dpa-
Ala-Arg-NH, has an excitation wavelength of 328 nm and an emission wavelength of 393
nm. A known concentration of the product peptide Mca-Pro-Leu (Peninsula Labs),
solubilized in 100 % DMSO and diluted 1000-fold, was used to quantitate units of
fluorescence. When enzyme inhibition was being analyzed, the selected inhibitor was
incubated in the presence of the enzyme in the same reaction buffer for 30-60 minutes at
37°C prior to adding substrate and starting the reaction. Data was recorded as was
described for the enzyme assays.

Data Analysis -The data, from both the protein-substrate and peptide substrate
enzyme assays, were corrected for background fluorescence and then converted to units of
product (nM) per second. The resulting data were then analyzed using the Grafit software
(3.03 version from Erithacus Software Ltd., 1989-1994). Linear fits and subsequent
kinetic constants were obtained for the individual enzyme assays in the absence, as well as
in the presence of various selected inhibitors. The equations used for the linear fits are
described in detail in the results section of this manuscript. The different types of
inhibition, to be discussed below, have characteristic effects on plots of [S]/v versus [S] or
1/V versus 1/[S] (Fig. 37) and these criteria, as well as the linear fits and subsequent
kinetic inhibition constants, were used to determine the type of inhibition for each inhibitor

on the gelatinases.
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Outflow System - Human anterior segment explants, including the intact cornea,
undisturbed trabecular outflow pathway and a 5010 mm rim of sclera were subjected to
stationary organ culture for 48 hours and then perfused organ culture for approximately 5
days until flow rates stabilized. The perfusion apparatus and culture conditions have been
described and characterized in detail elsewhere [254-257, 261]. Briefly, explants were
mounted on a polycarbonate pedestal and perfused with serum-free Dulbecco’s modified
Eagle medium (DMEM) with Penicillin G (100 units/ml) and Streptomycin sulfate (100
pg/ml) at 37°C, 100% humidity and 5% CO,/95% air (Fig. 38). Perfusion fluid has been
shown to flow almost exclusively through the normal trabecular outflow pathway at
approximately in vivo outflow rates (approximately 2.5 ul/min). Morphology, cellular
ultrastructure and biosynthetic profiles are essentially identical to those of fresh tissue for
at least three weeks in this culture system. Outflow facility was measured gravimetrically
to = 10 ul approximately twice daily and is presented as %Co. C is normalized to the
percentage of baseline or pre-treatment facility and calculated from the standard outflow
expressions:

Q=PR

C=Q/P
Where Q is the flow rate in pl/min, P is the perfusion head expressed in mm of mercury, R
is the flow resistance and C is the outflow facility expressed in (ul/min)/mm Hg.

Average outflow rates stabilize after a few days in culture at approximately 3
pl/min, although individual explants stabilized at flow rates between 1 and 8 ul/min. The

average normal in vivo flow rate is ~2.4 ul/min. Except as indicated, the experimental
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perfusion head was 10 cm of water (7.35 mm Hg), approximating the pressure drop across
the trabecular meshwork in vivo. Manipulative agents or control vehicle were added to
the perfusion medium providing continuous exposure to the explants for the times
indicated in the figures. The inhibitors were dissolved in water or absolute ethanol (at
10,000x) and diluted into culture medium for use. Parallel vehicle controls were analyzed
in all cases. Inhibitor concentrations utilized in the outflow apparatus were similar, if not
identical to, those utilized in the enzyme assays. In other words, IC,, values of the
inhibitors were determined on gelatinase A and B in the enzyme inhibitor assays, and
inhibitor concentrations close to or equal to those values were selected for the outflow

system.

C. Results

FITC-Gelatin Assays and Graphic Data Analysis - Purified gelatinase A or B
was activated as described above and the activated products were initially analyzed on a
gelatin zymogram to determine the size of the active enzyme species as shown in the
previous chapter (Fig. 30a). For the purpose of kinetic analysis of the gelatinases, the
active enzymes were then incubated in the appropriate reaction buffer at various
concentrations of the FITC-labeled gelatin, as described in the methods section. Cleaved
product was determined from the absorbance values of the reactions following the
stopping point of the assay. Several assays were run at different time points and at

different enzyme concentrations in order to determine the optimal conditions for first

99



order reaction kinetics. Gelatinase A and B were found to be in the linear range for intial
rates of cleavage when used at concentrations of 0.1-1 nM. Optimal reaction time was
found to be 30 minutes at 37°C. After establishing those conditions, assays were run at
various substrate concentrations and kinetic constants were determined based on graphical
representation of the data fits using the Grafit program for fitting kinetic data.

Briefly, enzyme kinetics can usually be described by simple models because the
enzyme acts on only one substrate molecule at a time [262]. When the enzyme
concentration is kept constant and the substrate concentration [S] is varied, provided that
[S] is always greater than the enzyme concentration, the velocity v of the enzyme-
catalyzed reaction varies according to the Michaelis and Menten equation:

v =V[SV(K., +[S])
or v = [E]o[S]k../(Ky +[S])
where k,[El; = Vo

At high substrate concentrations the velocity approaches a limiting maximum value
V, whereas at low concentrations the velocity is proportional to [S]. The Michaelis
constant K, is defined as the concentration of substrate at which the velocity is half the-
maximum value. The kinetic constants V and V/K, are the basic kinetic parameters that
characterize the enzyme and substrate interaction [262-264]. Usually the values of V and
K, may be determined graphically by fitting the data directly to the Michaelis Menten
equation, graphed as V versus [S], or by transforming the data and obtaining constants
from linear plots of either 1/v versus 1/[S] (the Lineweaver Burk plot) or of [S]/v versus

[S] (the Hanes plot). The k_,, constant is a first-order rate constant that refers to the
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properties and reactions of the enzyme-substrate, enzyme-intermediate, and enzyme-
product complexes. It is often considered to be the turnover number of the enzyme
because it represents the maximum number of substrate molecules converted to products
per active site per unit time [263]. Finally, the k_,/K,, constant, usually given in the units
of sec’"M™, may be referred to as the “specificity constant” because it determines the
specificity for competing substrates [262, 263].

For the FITC-gelatin assays, enzyme concentrations were estimated primarily from
their absorbance values, as well as from amounts of Coomassie stain per enzyme on SDS-
PAGE gels. Their concentrations were confirmed later based on their specific activities as
compared to known amounts of the same enzymes. Kinetic constants were averaged from
several independent assays, and were determined from the Michaelis Menten plot, as well
as from the two linear plots, the Lineweaver Burk, and Hanes plots for gelatinase A (Fig.
39) and for gelatinase B (Fig. 40), as mentioned above, and are summarized in the table
(Fig. 41). The K, and V_,, values were obtained from the absorbance values of product
released as determined by the following equation, where V,,,, is defined as nM product per
second:

Vax = ((OD go5/€ 495 gelatin M™-cm™)*10°nM/M)/(4.5 moles FITC/moles gelatin)(1800 sec)

As shown in the table in Figure 41, kinetic constants determined for gelatinase A
averaged from five independent assays were as follows: K, =11.87 uM, V,_, . =82.03
nM/sec, and k,, = 8.20 sec”, whereas kinetic constants determined for gelatinase B,

averaged from five independent assays, were K, =15.02 pM, V= 97.71 nM/sec
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and k., = 9.78 sec™. Enzyme concentration was determined to be approximately 10 nM
per enzyme per reaction. The kinetic constants of K, and k_,, determined on gelatinase A
and B suggest that the gelatinases have similar affinities for the substrate, as well as similar
enzymatic activities on the substrate molecule, respectively.

Enzyme-Inhibition Assays - After establishing initial cleavage rates of the
reactions and relative binding affinities of the enzymes for the protein substrate, various
inhibitors, antibiotics as well as synthetic peptides, were selected for analysis in subsequent
enzyme-inhibition assays. Of the antibiotics, tetracycline and its synthetic forms
minocycline and doxycycline have potent matrix metalloproteinase inhibitory activity [225,
228]. Minocycline was chosen in order to test for inhibitory activity against gelatinase A
and B in the enzyme-inhibition assays. As for the synthetic peptides, synthetic small
molecule inhibitors of matrix metalloproteinases contain a zinc-coordinating ligand, such
as a thiol, hydroxamic acid, carboxylate, or phosphinate group attached to a short peptide
sequence [223]. Based on the available information on potency of MMP inhibitors, a few
commercially-available, synthetic peptide inhibitors were chosen to analyze in the enzyme-
inhibition assays described above. These were a mercaptopeptide collagenase inhibitor
(HS-CH,-R-CH(CH,-CH(CHj,),)CO-Phe-Ala-NH,), L-tryptophan-hydroxamate, and p-
Hydroxyl benzoyl-alanine-phenylalanine. In addition, peptides that mimic sequences in the
conserved region of the propeptide domain of the matrix metalloproteinases have been
shown to have inhibitory activity against stromelysin and collagenase [245, 247].
Therefore, three different propeptides, Ac-cRCGVP-, -RCGVPD- and -RCGNPD-NH,,

were synthesized and tested for inhibitory activity on gelatinase A and B in the same
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enzyme inhibition assays.

For the actual inhibition assays, either activated gelatinase A or activated
gelatinase B was preincubated with a specific inhibitor in the reaction buffer at 37°C for
up to 60 minutes. The FITC-labeled gelatin substrate was then added to initiate the
reaction, as was described for the enzyme alone. In the initial enzyme inhibition assays,
enzyme and substrate concentrations were kept constant while inhibition concentration
was varied over a range of inhibitor concentrations in order to obtain data for kinetic
constants, as well as to determine the IC,, value for each inhibitor. The IC,, value is the
concentration of inhibitor required to decrease the enzyme activity by 50%. The IC,
value, however, gives no information on the mechanism of inhibition and the equation for
determining an IC,, value relative to a K changes according to the types of binding and
inhibiton events that occur. Moreover, the measured IC,, value depends on the substrate
concentration. In the case of the inhibition assays presented in this text, IC,, values were
determined in order to estimate an effective range of inhibitor concentrations for the
inhibition of the two gelatinases in subsequent assays for determination of kinetic
inhibiton constants, as well as for their analysis in the explant outflow system, as will be
described below. Resulting data was analyzed, graphed, and IC,, values were determined
for each inhibitor on both gelatinase A (Fig. 42) and gelatinase B (Fig. 43). IC, values for
gelatinase A and B are summarized in the tables in Figure 51 and Figure 52, respectively,
and will be discussed in combination with the kinetic data.

In order to determine kinetic constants of the gelatinases in the presence of the

various inhibitors, the enzyme and inhibitor concentrations were kept constant in the
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kinetic assays, whereas the substrate concentrations were varied over a wide range.
Resulting data were analyzed, graphed, and fit using the Grafit software program.
Michaelis Menten plots, and linear plots, such as the Lineweaver Burk plot and Hanes
plot, were used to fit the transformed data. These results helped to determine efficacy and
specificity of inhibition on both gelatinase A and B for each inhibitor tested. The types of
inhibition were also determined based on the graphical representation of the data, as the
different types of inhibition have characteristic effects on the various linear plots [262].
Equations for competitive, as well as uncompetitive and mixed types of inhibition, were
used to determine the inhibition constants of the various inhibitors on the gelatinases [262,
264].

Inhibitors may be classified into various types according to whether there is an
effect on the apparent values of K, k,, , or on both parameters [262, 264]. If an inhibitor
binds reversibly to the active site of the enzyme and prevents the substrate from binding,
the inhibitor and substrate compete for the active site and the inhibitor is said to be a
competitive inhibitor. Competitive inhibition affects thg K,, only, with no accompanying
effect on the k,,,. For a competitive inhibitor K, is the inhibition constant [262, 263] and
the following equations may be written:

Ko M Yo = (1 + (VK (/K )
Ko = [1]/ [(keat Ked Ko/ Kea)inn = 1]
Some inhibitors are at the other extreme from competitive inhibition decreasing the
value of the apparent k_, but leaving the k_,/K_ unaffected. This is considered to be

uncompetitive inhibition and the following equations may be written, where K, is the
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uncompetitive inhibition constant:
(ke mn = (1 + 1V K ke,
Koo = [ (K (Ko - 1

On the other hand, some inhibitors have both specific and catalytic effects, or, competitive
and uncompetitive components, respectively. These are said to be mixed inhibitors,
where both the k_/K,, and k_,, values vary with the inhibitor concentration, although the
inhibition may be predominantly of one type or the other depending on the relative values
of the inhibition constants. (For example the predominant type of inhibition will be the
lower value of the two K;’s determined.) [262, 263, 265]

In summary, from the graph panels, consisting of Michaelis Menten, Lineweaver
Burk and Hanes plots of gelatinase A and B uninhibited and inhibited activity (Fig. 44-50),
it is apparent that some inhibitors analyzed in these studies were better inhibitors, in
general, as well as more specific for either gelatinase A or B. ICs, data was represented
graphically for gelatinase A (Fig. 42) and gelatinase B (Fig. 43) in order to determine how
well the fits correlated with the data. Kinetic constants and IC,, values for gelatinase A
(Fig. 51) and gelatinase B (Fig. 52) were determined based on graphical analysis and linear
fits. Equations used for determining the K; values were dependent on the type of
inhibition each consecutive inhibitor demonstrated on the gelatinases.

Minocycline was one of the first inhibitors tested and had similar IC,, values (near
100 uM) for both gelatinases on the gelatin substrate. In contrast, although it was a
mixed inhibitor for both enzymes, the K values of minocycline were quite different for

gelatinase A, with a K; of 449 pM and for gelatinase B, with a K, of 178 uM. The
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collagenase inhibitor was analyzed for inhibitory activity on either gelatinase in these
assays and was found to act as either a competitive or mixed inhibitor based on the linear
plots. The K values were 129 uM or 264 uM for gelatinase A or B, respectively. The L-
tryptophan-hydroxamate inhibitor, which was found to be a competitive inhibitor for
gelatinase A with a K| of 123 pM had an IC,, of 30 pM. It was determined to be a mixed
inhibitor of gelatinase B with an IC,, of 50 yM and a K| of 586 uM. The synthetic
inhibitor, p-Hydroxyl benzoyl-alanine-phenylalanine, was analyzed and found to inhibit
gelatinase A as a competitive inhibitor with a K; of 300 uM, but did not have any
inhibitory activity towards gelatinase B in these assays.

Synthetic peptides were synthesized to the propeptide domain of the gelatinases
and tested for their inhibitory activity on gelatinase A and B, as has been shown previously
for stromelysin [246]. First, a five amino acid peptide, RCGVP, was tested for inhibitory
activity. It was found to inhibit gelatinase A with an IC,, of 94 uM and gelatinase B with
an ICy, 0f 50 pM. The K; values were significantly higher, when using the equation for a
mixed inhibitor as was the apparent mode of inhibition, inhibiting gelatinase A with a K, of
974 uM and a K; of 800 pM for gelatinase B. Subsequently, two, distinct six-amino acid
peptides were synthesized, RCGVPD and RCGNPD, and analyzed for their mode of
inhibition of gelatinase A and B. The valine in the peptide sequence is conserved in the
propeptide sequence of all of the matrix metalloproteinases, except in gelatinase A where
it is replaced by an asparagine residue. Interestingly, when both inhibitors were tested for
inhibitory activity, the RCGVPD peptide inhibited gelatinase A better than gelatinase B

with a K; of 61 uM versus a K; of 271 uM, respectively. Additionally, the propeptide,
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RCGNPD, was a better inhibitor of gelatinase B, with a K; of 47 uM, than it was of
gelatinase A, having a K of 185 uM. These results were unexpected as the inhibitors
were worse for their corresponding gelatinase than vice versa. However, both peptides
acted as mixed inhibitors on both gelatinase A and gelatinase B.The IC,, values correlated
with the K; values for both gelatinases and were between 30-90 uM.

Fluorescent-Peptide Substrate Assays and Graphical Data Analysis - Two
different sources of enzyme were used in these assays. First, gelatinase A and B, purified
from cultured cells as was described for the FITC-gelatin assays, were analyzed for
enzymatic activity on a quench-release peptide substrate [260] . Assays were run and
analyzed on a LS50B luminescence spectrometer (fluorometer) and kinetic constants were
obtained for both enzymes. Gelatinase A, purified from the media from HS27 cells as
described previously, had a K, of 10 uM, a V,,,, of 0.64 nM/sec and a k_,, of 0.64 sec™.
These results maybe directly compared with the kinetic results from the gelatin-substrate
data because the enzyme source was the same in these sets of assays. The results suggest
that although gelatinase A may have a similar affinity for the peptide and protein
substrates, as shown by similar K, values, the actual turnover number of the enzyme (k_,)
on the two substrates is quite different, as it prefers the gelatin substrate. In order to
determine whether the enzymatic activity was solely due to MMP activity, and not to
other nonspecific proteinase activity, assays were run in the presence of the zinc chelating
agent, 1,10-O-phenanthroline (Fig. 53a), the serine proteinase inhibitor, PMSF (Fig. 53b),
and the chelator, EDTA (Fig. 53c). As expected, the phenanthroline completely

abolished the gelatinase activity, the PMSF had no effect on gelatinase activity, and the
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EDTA inhibited the gelatinase activity to approximately 10 % of its original activity.
Gelatinase B, purified from cultured cells as described in the previous chapter, was not
nearly as active on the same peptide substrate as the gelatinase A and kinetic constants
were unable to be determined for gelatinase B from this source.

Gelatinase A and B were subsequently purchased from a commercial source
(Biogenesis) as proenzymes and utilized in the remainder of the fluorescent peptide assays
in the absence or presence of inhibitors. Both enzymes were initially analyzed by gelatin
zymography to determine the sizes of the activated enzyme species, and to determine
whether there was any contaminating metalloproteinase activity (Fig. 54). As expected,
APMA-activated gelatinase A gave several active enzyme species consisting of a 62 kDa
form, a 45 kDa form , and a 38 kDa form on a gelatin zymogram. The APMA-activated
gelatinase B existed predominantly as an 82 kDa species, whereas only a minor band was
present at approximately 66 kDa. The stromelysin-activated gelatinase B gave an
approximate equal ratio of the 82 kDa form and the 66 kDa form. Gelatinase A was used
at a final concentration of 100 pM and gelatinase B was used at a final concentration of 1
nM. It is of note that despite the new source of purified enzyme, there was a significant
difference in the substrate specificity of gelatinase A and B, the peptide substrate being a
better substrate for gelatinase A than it was for gelatinase B. This may explain why
different concentrations of gelatinase A and B were necessary in order to obtain similar
activities in the enzyme assays.

The enzymes were activated as was described previously for the purified

gelatinases. Briefly, gelatinase A and B were incubated with 1 mM APMA at 37°C for 2
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hours and 18 hours, respectively. Active enzymes were run in enzymatic assays where the
enzyme concentrations were varied and the substrate concentration was kept constant.
Initial rates of cleavage were recorded and data was graphed in order to determine the
optimum enzyme concentrations where the resulting cleavage rates are linear (Fig. 55).
From these graphs, the optimal concentration of gelatinase A was determined to be 100
pM per assay, and 1 nM per assay for gelatinase B. Kinetic constants were then
determined, as shown graphically for gelatinase A (Fig. 56) and gelatinase B (Fig. 57)
from several assays (n = 5). Gelatinase A was found to have aK_, 0of2.8 uyM, a V,,, of
0.24 nM/sec and a k,,, of 2.4 sec™ (Fig. 58). Gelatinase B was found to have a K_ of 2.76
1M, a V,,,, of 0.16 nM/sec and a k,, of 0.16 sec™ (Fig. 58).

Enzyme-Inhibition Assays - In order to determine the kinetic inhibition constants
for the same inhibitors that had been analyzed in the FITC-gelatin, each inhibitor was
preincubated with either active gelatinase A or active gelatinase B prior to beginning the
enzymatic cleavage reaction with the peptide substrate and product released was
monitored on the fluorometer. Data was analyzed and linear fits were made using the
Grafit program, as was described for the FITC-gelatin assays. Kinetic inhibition constants
were then determined for each inhibitor on gelatinase A and B from the linear fits of the
data, as shown graphically in Figures 59-68 and as summarized in the tables in Figures 69-
70. As described for the previous section, IC,, data was represented graphically for each
inhibitor on gelatinase A (Fig. 59) and gelatinase B (Fig. 60) in order to determine how
well the curve was fit to the data.

In summary from the tables (Fig. 69-70), minocycline was found to have a K, of 55
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uM and an IC,, of 65 uM on gelatinase A, and a K;of 65 pM and an IC,, of 82 uM on
gelatinase B (Fig. 61). The graphical representation of the inhibition suggests that it may
be acting as a noncompetitive or uncompetitive inhibitor and the data show some
differences in the type of inhibition on gelatinase A as compared with gelatinase B. The
peptide inhibitor L-tryptophan-hydroxamate was analyzed and found to act as a
predominantly competitive inhibitor with a K, of 217 uM for gelatinase A and a Ki of 88
uM for gelatinase B (Fig. 62). The collagenase inhibitor was found to have inhibitory
activity against both enzymes, with K; ‘s of 1.4 yM and 0.8 uM on gelatinase A and B,
respectively, and demonstrated noncompetitive inhibition on both enzymes. (Fig. 63). The
IC,,'s for both of the enzymes were approximately 5-10 times their K, values. Finally, the
synthetic propeptides RCGVPD and RCGNPD were analyzed for inhibitory activity and
found to act as mixed inhibitors (Fig. 64 and Fig. 65). The K values were found to be 0.9
puM and 2.7 pM, respectively, on gelatinase A, and 0.71 uM and 0.042 uM, respectively,
on gelatinase B.

In addition to the synthetic inhibitors analyzed, the inhibitory activity of the
endogenous inhibitors, the tissue inhibitors of matrix metalloproteinases (TIMPs), was
tested. Human recombinant TIMP-1 protein, expressed in mammalian cells and purified
from the medium by heparin-sepharose chromatography, was a generous gift from the
Sakai lab. The TIMP-1 protein concentration was determined by amino acid analysis and
the inhibitor was used to titrate the gelatinases to check the accuracy of the concentration
of gelatinase utilized in the enzymatic assays (data not shown) [198, 206]. Subsequently,

TIMP-1 was analyzed for inhibitory activity against gelatinase A and B as has been shown
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previously in different enzymatic assays as reviewed [119, 136, 166, 198] . Recently,
TIMP-1 has been shown to inhibit collagenase as a slow, tight-binding noncompetitive
inhibitor in a two-step process [161]. TIMP-1 was found in these assays to inhibit
gelatinase A with a K; = 45 pM and gelatinase B with a K; = 184 pM on the fluorescent
peptide substrate. The inhibitor was utilized at a concentration of 200 pM and acted as a
noncompetitive inhibitor on both enzymes (Fig. 66).

In addition, TIMP-3 was purified from human placenta (from Xianghong Zhu in
the Acott lab) and from mammalian cells expressing recombinant TIMP-3 (purification
steps were described in ‘Materials and Methods’) using carboxymethyl chromatography
(unpublished data) and the purified protein was analyzed for inhibitory activity against
gelatinase A. Recombinant TIMP-3 had been shown previously to inhibit stromelysin and
collagenase with a specific activity similar to that of TIMP-1 [144]. After estimating the
purified TIMP-3 protein based on absorbance values, the protein was analyzed and found
to inhibit gelatinase A with a Ki of 32 nM as a noncompetitive inhibitor (Fig. 67)
suggesting that the different TIMPs may inhibit the metalloproteinases in a similar manner,
but may have different affinities for the various MMPs.

Additional linear plots may be utilized to help fit the data in order to determine the
mechanism through which the inhibitor is acting. Some inhibitor data, with minocycline or
the Trp-hdroxamate inhibitor on gelatinase B activity, was plotted for this purpose in a
Dixon plot (1/V vs. [1]) or in a Cornish-Bowden plot ([S]/V vs [I]) (Fig. 68). In this way,
it was possible to observe the effects of increasing the inhibitor concentration on velocity

at fixed values of enzyme and substrate [262]. The results confirmed that both
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minocycline and tryptophan-hydroxamate are competitive inhibitors of gelatinase B
activity on the peptide substrate, as determined by previous fits and summarized in the
tables in Figures 69 and 70.

Outflow system - The inhibitors analyzed above in the enzyme-inhibition assays
were also analyzed in a glaucoma model system. This was done in order to test the
hypothesis that disruption of the normal extracellular matrix turnover by the matrix
metalloproteinases within the aqueous humor outflow pathway may cause the increase in
intraocular pressure observed in primary open-angle glaucoma. Outflow rates change in
response to changes in perfusion head, as has been described previously [255-257].
Perfusion head pressure was maintained for several days, and outflow rate per mm Hg
perfusion head was found to be constant. Stable outflow rate and normal morphology
were maintained for several weeks in this culture system. This outflow model system was
set up and tested by members of the Acott lab. The following inhibitor data was also
performed by the same members of the Acott lab [250].

Flow rate was normalized to the 7.35 mm Hg flow value (Fig. 71a). A mixture of
purified matrix metalloproteinases containing a 1:1:1 ratio of stromelysin, gelatinase A and
gelatinase B was added to the perfusion medium and the outflow rates over time were
evaluated (71b). The outflow was found to increase gradually to a plateau by around
three days. Perfusion with no additions or with bovine serum albumin produced no
significant changes in outflow (Fig. 71b). Recombinant human IL-1a was added to the
perfusion medium at time = 0 and outflow rate increased gradually over time, as expected

(Fig. 71c). Various inhibitors were then added to the perfusion medium on stabilized
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explants and outflow rates were evaluated for each inhibitor. Minocycline added to the
perfusion medium (to a final concentration of 100 uM) produced a significant decrease in
outflow facility by 24 hours (Fig. 72a). Addition of L-tryptophan hydroxamate (to a final
concentration of 50 uM) to the perfusion medium produces a gradual and sustained
depression in outflow facility over several days following treatment (Fig. 72b). Addition
of IL-1 reverses the outflow depression. In ad\dition, the small pro-peptide inhibitor, Ac-
RCGVP-NH,, was added to the perfusion medium, at a final concentration of 200 uM,
and was found to depress outflow facility in a fairly rapid and reversible manner (Fig. 72c).
Purified human TIMP-2 (50 nM) was added to perfusion medium and outflow was
monitored for 120 hours. Medium was then replaced with TIMP-2-free medium and
outflow monitored until recovery to pre-treatment levels (Fig. 72d). In separate studies,
IL-1 and TIMP-2 were added together to stabilized explant perfusion medium and outflow

was measured over time (Fig. 72d).
D. Discussion

The data and results presented above demonstrate that the enzymatic activities of
gelatinase A and B are somewhat different from each other and vary according to the
substrate selected for enzymatic cleavage. The gelatinases had similar affinities for the
protein and peptide substrates, as shown by their similar K, values. However, their rates
of proteolysis were different by a factor of approximately 100 as the rate of the enzymatic

cleavage of the gelatin substrate, or k_,,, was much faster than that for the peptide
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Figure 71:  Graphical representation of outflow rate changes in response to
various modulators; work represented here was performed and the data were
collected and analyzed by John Bradley and Ted Acott in the Acott Lab. (A) Flow
rate (Qo) was normalized to the 7.35 mm Hg flow value. Points are mean +SEM
for n = 4-8 experiments. (B) After outflow had stabilized, 20 pg of purified
metalloproteinases (1:1:1 of gelatinase A, B, and stromelysin) (solid circles) or of
bovine serum albumin (solid squares) were added per ml of perfusion medium.
Values are mean outflow facility + ranges for two explants; P<0.0001, comparing
pre- and post-treatment values by student’s t analysis. (C) Recombinant human
IL-1a (40 U/ml) was added to the perfusion medium at time = 0. Values are mean
%CoxSEM of four explants; P<0.0001 comparing pre- and post-treatment values
via student’s t-test.
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Figure 72:  Graphical representation of outflow rate changes in response to various

modulators; work presented here performed by John Bradley and Ted Acott. (A)
Stabilized explants were treated with minocycline (100 pM) and outflow facility
measured. Mean %Co+SEM is shown for four explants; P<0.0001 for pre- compared to
post-treatment explant outflow facility. (B) Stabilized explants were treated with
tryptophan hydroxamate (50 uM) and outflow facility was measured (solid squares).
Mean %Co+SEM is shown for three explants; P<0.001 for pre-compared to post-
treatment explant outflow facility. In additional experiments, IL-1¢ (50 U/ml) was added
to the perfusion medium without removal of the hydroxamate (solid triangles, n = 1 added
as marked by the dashed arrow or solid circles, n = 3 with vertical bars showing +SEM,
added as marked by the dotted arrow). Addition of IL-1 reverses the outflow depression.
(C) Stabilized explants were treated with a short peptide (Ac-RCGVP-NH,; 200 pM)
from the pro-peptide sequence of the MMPs and outflow facility measured; after 60 hours,
media without the inhibitory peptide was perfused to evaluate recovery from the inhibition
(arrow). Mean %Co+SEM is shown for three explants. (D) Purified human TIMP-2 (50
nM) was added to perfusion medium and outflow was monitored for 120 hours (solid
circles). Medium was then replaced with TIMP-2-free medium and outflow monitored
until recovery to pre-treatment levels (approximately 100 hours; data not shown). In
separate studies, S0 U/ml of IL-1e and 14 nM TIMP-2 were added together to stabilized
explant perfusion medium and outflow measure for 120 hours (open circles). Inhibitors
were dissolved in water or absolute ethanol (at 10,000x) and diluted into culture medium;

parallel vehicle controls were analyzed in all cases.



substrate. It was also of note that the gelatinases had very similar activities on the gelatin
substrate, whereas the peptide substrate was clearly a better substrate for gelatinase A
than it was for gelatinase B, as determined by their respective k_, /K, values.

Additionally, several inhibitors of different classes were selected and analyzed for
their inhibitory activity against gelatinase A and B in assays with the gelatin substrate and
also in the fluorescent peptide substrate assays. Many studies have been devoted to the
analysis of the inhibitory activity of MMP inhibitors in the search for more potent
inhibitors that may have possible therapeutic value in the treatment of clinical disease as
reviewed [223]. In addition to improving our understanding of the general mechanism of
action of the gelatinases, understanding the modes of inhibition of not only the TIMP
activity on the gelatinases, but also of various synthetic inhibitors, may help in the future
to develop more potent MMP inhibitors.

Several different classes of inhibitors have been developed based on different
strategies. Some chemotherapeutic agents, antibiotics, and synthetic peptides have been
found to inhibit the MMP activity [223, 225, 228]. Some of the inhibitors have been
developed as substrate analogs [230, 231, 243]. Other inhibitors have been developed
based on the propeptide domain of the MMPs [245-248]. Inhibition of gelatinase A and B
activity was achieved with the following compounds, 1) minocycline, a tetracycline
derivative, 2) L-tryptophan-hydroxamate, 3) p-hydroxyl benzoyl-Ala-Phe, a substrate
analog, 4) a collagenase inhibitor, 5) the propeptide sequences RCGVP, RCGVPD, and
RCGNPD. TIMP-1, TIMP-2 and TIMP-3 were expressed and/or purified from various

sources and their inhibitory activities against gelatinase A and B were also evaluated in the
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same assays. When FITC-gelatin was selected as the substrate, the most potent inhibitor
of gelatinase A was the propeptide inhibitor, RCGVPD, which appeared to inhibit as a
mixed inhibitor. The most potent inhibitor of gelatinase B was the propeptide, RCGNPD,
which also acted as a mixed inhibitor. These results are interesting considering the
propeptide sequences of the respective gelatinases: gelatinase A has an Asn residue at the
fourth position of the peptide, whereas gelatinase B has a Val residue in the same position.
These results were consistent with those found in the peptide substrate assays and
demonstrate the preferences of the propeptides for the two gelatinases. The significance
of these results may be that in vivo the proenzyme with its respective propeptide is more
easily activated than it would otherwise be with a more tightly associated propeptide. It is
thus likely that chimeric forms of the enzymes with the switched propeptides would be
difficult to activate. Presumably these natural sequence differences give a selective
physiological advantage.

Of the other inhibitors analyzed in the protein substrate assays, minocycline was
also one of the more potent inhibitors against gelatinase A and B and acted as a mixed
inhibitor in both cases. In contrast, Trp-hydroxamate appeared to be a competitive
inhibitor against gelatinase A and had better inhibition on gelatinase A than gelatinase B.

It is important to note that despite the linear fits of the enzymatic activity of the
gelatinases on the gelatin substrate in the absence or the presence of inhibitors, the data
were not always linear indicating the possibility of a more complex mechanism of action
than previously described. Since the mechanism of action of the gelatinases is as yet

undetermined, it is possible that a higher than first order reaction may be occurring during
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the proteolysis of protein substrates. Another possible reason for the nonlinearity in the
linear plots may be that insufficient data points were collected and the variance from a
straight line may be within the standard error of the data. This could be addressed by
additional replicates of the assays and more substrate concentrations tested within the
range studied.

The inhibition results from the peptide substrate assays demonstrate that the same
inhibitors that were analyzed in the protein substrate assays had lower K; values, and
therefore better inhibitory activity in general against the gelatinases in the peptide substrate
assays. It follows that the interactions of a peptide substrate with the enzyme’s active site
may be easier to disrupt than the interactions of a protein substrate and the active site of
the enzyme. As for the specificity and type of inhibition against gelatinase A or B, there
were occasional differences in the peptide substrate data. The most potent inhibitor of
gelatinase A, excluding the full length TIMP proteins, was the propeptide RCGVPD,
whereas for gelatinase B it was the propeptide RCGNPD, and both inhibitors acted as
noncompetitive inhibitors on the gelatinases. These results were the same as those for the
protein substrate data and the significance was discussed above. The collagenase inhibitor
was one of the better inhibitors as it was shown to be a noncompetitive inhibitor of
gelatinase A and B with a K, of 1 pM in the peptide substrate data. Minocycline was a
decent inhibitor and had approximately equal effectiveness on gelatinase A and B,
although higher concentrations of inhibitor were necessary to inhibit the gelatinases. It
appeared to act as a competitive inhibitor against gelatinase B in the peptide substrate

assays.
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These results are similar to those discussed above. However as compared with the
protein substrate data, in most cases the data from the peptide substrate assays fit well
with the linear fits. This implies first order reaction kinetics of the gelatinases on the
peptide substrate. In the presence of the inhibitors, the data tended to become somewhat
more nonlinear in the linear fits indicating a possibly more complex mode of inhibition than
previously discussed. However, as mentioned above, the nonlinearity may also result from
standard error incorporated into the assays and/or insufficient data points within the range
of substrate and inhibitor concentrations analyzed.

Finally, recombinant TIMP-1 was analyzed in the peptide substrate assays in order
to correlate determined K, values on gelatinase A and B with those that had been
published previously [3, 119]. As expected, the TIMP-1 had a K, in the subnanomolar
range and inhibited active gelatinase A and B with approximately equal effectiveness.
Additionally, a purified recombinant TIMP-2 fusion protein was shown to have good
inhibitory activity against gelatinase A. Purified TIMP-3 was also shown to have
inhibitory activity against gelatinase A with a K in the nanomolar range and acted as a
noncombetitive inhibitor.

The variety of types of inhibition demonstrated in this study, from competitive to
noncompetitive to mixed, suggest complexities in the modes of inhibition of structurally
different inhibitors, and even possible differences in the mechanism of action of the
gelatinases on different substrates. A recent finding has shown that three peptide
inhibitors, all containing different functional groups, interacted with different residues at

the active site of matrilysin [66]. There are subtle differences that exist in the structures of
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not only gelatinase A and B, but also of the other MMP family members. How the family
of TIMP proteins interacts with the gelatinases is still ambiguous, although more
biochemical and kinetic data will help to address these concerns. The study recently
published on the mechanism of TIMP-1 inhibition of collagenase activity on a peptide
substrate suggests that TIMP-1 binds to the free enzyme and to the enzyme-substrate
complex in a noncompetitive manner when a peptide substrate is used [161]. It is possible
that the physiological substrates of the enzyme might compete more effectively with
TIMP-1 binding and that this may affect the mode of inhibitor binding.

A glaucoma model system, in the form of a perfused anterior segment explant
organ culture was recently constructed and tested by members of the Acott lab and has
been described previously [250]. Obstruction of the normal aqueous humor outflow
pathway is thought to be a primary cause of the increase in intraocular pressure seen in
glaucoma. This model system was utilized in order to test the following hypothesis: an
imbalance in the net MMP/TIMP activity in the ECM of the trabecular meshwork or in the
aqueous outflow pathway may cause a change in the intraocular pressure as observed in
primary open-angle glaucoma. Outflow rates have been shown to change in response to
changes in perfusion head pressure [254, 256, 257]. Outflow rate was found to be
constant in the system when perfusion head pressure was maintained, and stable rates of
outflow and normal morphology were maintained in this culture system for several weeks.

For the purpose of testing the hypothesis stated above, a mixture of purified
MMPs was added to the perfusion medium and the resulting outflow rates were evaluated.

As expected, the rates increased gradually over time demonstrating that MMP activity has
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a definite effect on the outflow rate. To further determine the involvement of specific
MMPs in the system, the inhibitors that had been analyzed in the kinetic assays were
analyzed in the outflow system at similar concentrations. The inhibitors were shown to
decrease the outflow rate in general, causing a ‘glaucomatous state’ in the explant system.
The different inhibitors had varying effects on the outflow rates and the propeptide
inhibitor, RCGVP seemed to be the most effective inhibitor tested. Its effects were
reversible as it could be removed from the system and the normal outflow rates were
regained. These inhibitor results help demonstrate the direct involvement of specific
members of the MMPs in the outflow pathway, and therefore, as stated in the hypothesis,
in primary open angle glaucoma, as observed in the explant outflow organ culture system
described here. All studies undertaken and data collected from the outflow system were

performed by other members of the Acott lab.
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Iv. Patterns of Expression of human TIMP-3

A. Introduction

The macular dystrophies represent a large group of disorders that affect central
vision. Age-related macular degeneration (AMD) is a leading cause of blindness and has
an estimated prevalence of 20 % for individuals over 65 years of age in developed
countries [266, 267]. Although a strong genetic component exists, AMD gene defects
have yet to be identified. Sorsby’s fundus dystrophy (SFD) is less common thén AMD, has
an earlier age of onset, is an autosomal dominant disorder, and shares most of the clinical
and pathophysiological features of AMD [268]. Early manifestations of both AMD and
SFD include Bruch’s membrane thickening and the formation of extracellular matrix- and
lipid-containing deposits [269], and subsequent neovascularization and atrophy of the
choroid, retinal pigment epithelium (RPE), and retina [270]. Cause-and-effect has not
been established, although these deposits are thought to impair the normal functions of the
choriocapillaris and RPE. In both diseases, subretinal neovascularization and atrophy of
the choriocapillaris, RPE and photoreceptors can ultimately result in central vision loss
[267].

Bruch’s membrane is a multi-layered structure located between the single layer of
RPE and the choroidal microvasculature (Fig. 73) [271, 272]. Photoreceptor nutrients,
including retinol, and retinal cellular wastes, both of which are processed by the RPE,

must traverse Bruch’s membrane going from or to the choriocapillaris. This ECM
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structure is composed of a variety of basement membrane and stromal ECM proteins, such
as collagens, fibronectin, laminin and proteoglycans. Remodeling of the ECM is critical
for normal development and is a continuous process of degradation and replacement
biosynthesis of ECM molecules in normal adult tissues. This process of remodeling
requires the tightly regulated activity of the MMPs, as described previously. The complex
regulation of the MMPs occurs at the levels of transcriptional regulation, activation of the
latent proenzymes, and constraint of activity by their interactions with the TIMP, as
described earlier [2-4, 136, 273]. It has been shown that the disruption of normal
homeostatic ECM remodeling also plays a role in the etiology of several diseases,
including cancer and arthritis [15, 162, 163, 166, 274].

TIMP-1 and TIMP-2 have been relatively well characterized, as reviewed [119,
136, 166]. All of the TIMPs bind to and inhibit the activated MMPs with a 1:1 molar
stoichiometry and subnanomolar K; values [144, 148]. The C-terminus or putative
‘regulatory’ domain of TIMP-1 and -2 also bind to the C-termnal domains of gelatinase B
and A, respectively, as has been described previously. Recently, the sequences for mouse
and human TIMP-3 have been reported [124, 126, 275]. Less is known about TIMP-3-
than the other members of the TIMP family. However, it is unique in having a strong
affinity for the ECM, while the other two TIMPs are found predominantly in the media
from cultured cells [143, 276]. TIMP-3 shares considerable sequence homology with the
other TIMPs, but the regulation of each is different [143, 144, 277].

In humans, TIMP-3 was mapped to chromosome 22q13 [124], as was the

Sorsby’s fundus dystrophy (SFD) locus [278]. Patients with SFD have been shown to
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have specific mutations in TIMP-3 [278, 279]. Several similar, but distinct point
mutations have been identified in exon 5 in different families, for example a serine or
tyrosine to a cysteine mutation has been observed near the carboxyl terminal of this
protein [278, 279]. Recently, another similar mutation, a glycine to a cysteine mutation,
has been identified in another family [280, 281]. These TIMP-3 mutations in SFD
demonstrate a critical role for TIMP-3 in the retina, although the functional details remain
to be determined.

The TIMPs share 12 conserved cysteine residues, which are involved in 6 disulfide
bonds [169]. The TIMP-3 mutations seen in patients with SFD are near the C-terminus in
the ‘regulatory’ domain. The mutations all result in an extra cysteine, which may disrupt
the tertiary structure of the protein by introducing new, incorrectly formed disulfide
bridges during folding of the protein. They may also change the ECM binding properties
of the TIMP-3 protein, or possibly affect some other function of the protein.

Since little is known about TIMP-3 expression in the retina or choroid, studies
were undertaken to examine TIMP-3 expression at both the transcriptional and protein
levels and localization of TIMP-1, -2 and TIMP-3 proteins to specific cellular layers in the
human eye [282]. The questions to be addressed in performing these studies were: 1)
what is the normal function of TIMP-3 versus that of TIMP-1 and -2 in the eye tissues
surrounding Bruch’s membrane, and 2) why might particular cysteine mutations in TIMP-
3 cause the pathological features seen in patients with SFD. Further confocal microscopy -
studies were performed to compare the patterns of expression of TIMP-3 from normal cell

lines versus the TIMP-3 expression in cell lines from SFD patients with a mutant TIMP-3.
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B. Materials and Methods

Tissue and Cell Culture - Human RPE and choroidal microvascular pericytes and
endothelial cells were cultured as previously described [283]. For preparation of RNA,
these cells were grown to confluence in 75-cm? culture flasks in Dulbecco's modified
Eagle medium (DMEM) supplemented with 10% fetal calf serum. For analysis of the
basal levels of TIMP-1, 2 and 3 and glyceraldehyde-3-phosphate dehydrogenase (GAPD)
transcripts in these cells, they were used at confluence without prior serum-free culture.
For the treatments, the cells were rendered quiescent by incubation in serum-free DMEM
for 18-24 hrs and then treated with the phorbol mitogen, 12-O-tetradecanoylphorbol-13-
acetate (TPA) (1 «M, Sigma, St Louis, Md), bFGF (10 ng/ml; R&D Systems,
Minneapolis, MN), both TPA and bFGF together, serum (10%), all-trans retinol (200
ng/ml; Hoffmann-LaRoche, Nutley, NIJ), or vehicle, all in fresh medium, for various times
prior to isolation of total RNA as detailed below. Tissues for similar transcript analysis
were simply dissected from whole human donor eyes by rinsing the vitreous from the
bisected globes, teasing the retina from the choroid, dissecting the choroid and isolating
the total RNA from each as detailed below. For protein studies, cells were grown to
confluence in DMEM with 10% FCS, maintained serum-free in DMEM for 24 h, and then
exposed to similar treatments (see above) for 36 hrs. Media was removed and frozen until
use for TIMP-1 or TIMP-2 analysis and TIMP-3 was extracted from ECMs as detailed

below.
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RNA preparation, RT-PCR and Northern Analysis - Total cellular RNA was
isolated and prepared from dissected retinal tissues and from cultured cells as described
previously [189, 195]. In brief, cells or tissue were rinsed in PBS. In order to lyse the
cells, a stock solution of 4 M guanidinium isothiocyanate was added and the cells were
incubated at room temperature for 5 minutes. The tissue was sonicated at this stage in
short 2 second bursts for a total of 60 seconds. Then f-mercaptoethanol was added to the
lysed cells or tissue and finally a solution of 2 M Na Acetate, pH 4.0 was added. The
tubes were vortexed and the nucleic acids extracted by adding an equal volume of a 1:1
phenol:chloroform . The tubes were vortexed for 10 seconds and then incubated on ice
for 15 minutes. They were then centrifuged at 12,000 x g for 20 minutes at 4°C and the
aqueous phase was removed to a clean tube. The RNA was precipitated by adding an
equal volume of 100% isopropanol and incubation at -20°C overnight. The RNA was
pelleted by centrifugation at 12,000 x g for 20 minutes at 4°C and the pellet was washed
with 70 % EtOH.

For the RT-PCR experiments, the RNA was reverse transcribed to cDNA for 90
min at 37°C with M-MLYV reverse transcriptase (1 Unit in 20 xl; GIBCO/BRL, Grand
Island, NY) and 0.25 ug oligo-dT in 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 10 mM
dithiothreitol (DTT), 3 mM MgCl,, and 0.5 mM of each dNTP. Aliquots of these cDNAs
(2 wl) were amplified by PCR using Tfl DNA polymerase (2 Units in 100 wul; Epicentre,
Madison, WI), but with the following changes: 125 nM of each (sense and antisense)
PCR primer, 0.2 mM each dNTP, 50 mM Tris (pH 9.0), 2 mM (NH,),SO, and 1.75 mM

MgCl, were used. Thirty-five PCR cycles (95°C, 15 sec ; 55°C, 1 min; 72°C, 2 min)
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were used with a final extension of 5 minutes at 72°C. PCR p;oducts were
electrophoresed on 3% agarose gels in TAE buffer (40 mM Tris-acetate, 1 mM EDTA,
pH 8) with ethidium bromide staining and using a 123 bp DNA ladder for size standards
(GIBCO/BRL). TIMP-3 PCR product bands were excised from the gel and cleaned
(Gene Clean; Bio101, La Jolla, CA) prior to restriction digestion. The DNA was then
digested with Pst I, Bbv I or Nsi I (Boehringer Mannheim, Indianapolis, IN) overnight at
37°C and the fragments were electrophoresed on 3% agarose gels in TAE buffer and
photographed. For all semi-quantitative comparisons of transcript levels, dilution curves
(of both RNA and cDNA) were used to determine the linearity ranges of the methods.
Glyceraldehyde 3-phosphate dehydrogenase (GAPD) primers were used as a
“housekeeping” gene for comparison of RNA levels.

Northern analysis of RNA from cell cultures and from tissue samples was
performed using 10 pg of total RNA electrophoresed on 1 % agarose gels containing 0.4
M formaldehyde, followed by transfer to positively charged nylon membranes (Boehringer
Mannheim) [189]. The TIMP-3 cDNA probe was amplified by PCR from human cDNA
using a 36-mer sense and a 36-mer antisense primer specific for the human TIMP-3
sequence. The PCR product was cleaned (Gene Clean) and then subjected to random-
primed radiolabeling using **P-dATP (kit from Boehringer Mannheim) to a specific
activity of > 10’ CPM/ug [189]. The blot membranes were prehybridized in a buffer
containing 50 % formamide, 5x Denhardt's solution, 5x SSC, 25 mM potassium phosphate
and 50 pg/ml salmon sperm DNA for 2 hr. at 42°C. TIMP-3 probe was then added to the

prehybridization mix and hybridized at 42°C overnight. Membranes were washed twice in
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1x SSC, 0.1% SDS at room temperature for 15 minutes, and then twice in 0.2x SSC and
0.05% SDS for 10 minutes at room temperature. Membranes were then sealed in plastic
and autoradiographed for 24-48 hr. Some membranes were then stripped and reprobed
with similar specific TIMP-1, TIMP-2 or GAPD cDNA probes.

Protein Isolation and Purification - For TIMP-3 analysis, RPE cells that had
been treated as detailed above, were washed twice in PBS with S mM EDTA, 5 mM
EGTA and were then incubated at 37°C until they were released from the flask [197,
276]. Residual cells were removed by rinsing again in PBS. Flasks were then rinsed with
deionized water, and the extracellular matrix was extracted with SDS sample buffer. The
samples were then boiled for 10 minutes under reducing conditions (ie, in the presence of
10 mM DTT), and subjected to SDS-PAGE and Western analysis using a polyclonal rabbit
antibody made to TIMP-3 (Triple Point Biologics). TIMP-3 protein standards were
purified from human placenta or were purified recombinant mouse TIMP-3 obtained from
UTI (Calgary, Canada). TIMP-1 and 2 were analyzed directly in culture medium
conditioned by the cultured cells.

Immunoblots of Western transfers - Media or ECM extracts (see above) were
electrophoresed on SDS-PAGE (12% or 15% acrylamide gels) and proteins were electro-
transferred to nitrocellulose (Schleicher and Schuell). Filters were blocked in 2 % non-fat
skimmed milk and probed with primary antibodies to TIMP-1, 2 or 3 overnight at 4°C
with shaking. The blots were then washed four times for 15 mins at room temperature
with 1x PBS and incubated for 2 hrs at room temperature with goat anti-rabbit secondary

antibody conjugated to alkaline phosphatase (Sigma). The immunoblot was washed four
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times in PBS for 15 minutes at room temperature and developed by addition of 5-bromo-
4-chloro-3-indolylphosphate/nitroblue tetrazolium substrate for alkaline phosphatase as
recommended by the manufacturers (Sigma).

Reverse Zymogram of TIMPs - Reverse zymography was used to analyze TIMP-
1, 2 and 3 activities from culture medium or extracted from the cellular ECM. SDS-
PAGE gels were prepared with the incorporation of purified matrix metalloproteinases and
substrate (gelatin) into the acrylamide matrix of the gel [197, 198]. SDS (0.1%), 12%
polyacrylamide gels were prepared, except that the metalloproteinases were also added
into the acrylamide mix and the water volume was reduced accordingly. Gelatin substrate
was added to a final concentration of 0.1 mg/ml prior to polymerization of the gels.
Samples were electrophoresed at 4°C, gels were washed in 2.5% Triton X-100, 50 mM
Tris-HCI (pH 7.5), and 5 mM CaCl, once for 15 min and then again overnight at room
temperature with shaking. Gels were then rinsed three times in deionized H,0, incubated
in 50 mM Tris-HCI (pH 7.5) and 5 mM CaCl,, 10 pM ZnCl, for 24 hrs at 37°C with
shaking and then stained with Coomassie blue.

Immunohistochemistry - All immunohistochemistry experiments were performed
by Elaine Johnson, Ph. D., and the Morrison lab. Donor human eyes were dissected,
immersed in O.C.T., frozen in 2-methyl butane chilled in liquid nitrogen and stored at -
70°C. The eyes that were analyzed were from nine different individuals, 4 female and 5
male, ranging in age from 55 to 89 years of age; death to enucleation ranged from 2 to 14
hours, and storage at 4°C at the eye bank before fixation ranged from 4 to 10 hours.

Longitudinal- and cross-sections (3 pm) were cut on a cryostat and placed on y-
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aminopropyl! triethoxysilane-coated glass slides. Primary antibodies were produced in
rabbits against unique 15 or 16 amino acid peptides synthesized from unique sequences for
human TIMP-1, 2 or 3 (Triple Point Biologics, Forest Grove, OR). Antibodies were
peptide-affinity purified and have been described previously. Sections were washed in
phosphate-buffered saline (PBS), fixed in 4°C methanol for 5 min, washed in PBS, blocked
with 20% normal goat serum in PBS with 1% bovine serum albumin (BSA) for 30 min,
and incubated overnight with primary antibody (2 mg/ml stock soutions were diluted
1/1000 for TIMP-1, 1/2500 for TIMP-2, or 1/1000 or 1/2500 for TIMP-3 in PBS/BSA) at
4°C. Sections were then washed in PBS containing 0.01% Triton X-100, incubated for 30
min with biotinylated secondary antibody (diluted 1/200; Vector Labs, Burlingame, CA),
washed in PBS/BSA for 45 min, and developed in 0.05% 3,3-diaminobenzidine with
0.03% H,0, in Tris-buffered saline (pH 7.2) for 3 min. Sections were then rinsed in
deionized water and nuclei were counterstained with 50% Gill #3 hematoxylin (Sigma, St.
Louis, MO). Sections were dehydrated in ascending concentrations of ethanol, cleared in
xylene and coverslipped for photography. Controls included substitution of pre-immune
rabbit antibody for primary antibody and pre-absorption with the peptide antigens (0.5
mg/ml).

Confocal Microscopy - Cultured cells (either RPE or skin fibroblasts) were
seeded on 2- or 4-well chamber slides (Nunc) and grown in DMEM and 10 % fetal calf
serum to confluency. Cells were rinsed in PBS and then incubated in 4%
paraformaldehyde (in 100 mM sodium phophate buffer, pH 7.4) for 1 hour at room

temperature to fix the cells. The cells were washed three times for five minutes in 100
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mM Tris buffer, pH 7.6. They were then digested with 0.3 Units/ml hyaluronidase
(Sigma) at 37°C for 15 minutes. Cells were washed three times in 100 mM Tris buffer,
pH 7.6 and 0.1% Triton X-100 and then blocked in 2% goat serum for 15 minutes. The
primary antibody (of either TIMP-3 or Fibronectin) was then added at a dilution of 1/100
(from a 2 mg/ml stock concentration) and the cells were incubated overnight at 4°C with
shaking. The cells were then washed in 100 mM Tris buffer, pH 7.6 three times, followed
by incubation with 2% goat serum for 10 minutes. The secondary antibody, with a
conjugated FITC label, was then added at a dilution of 1/25 (goat anti-rabbit Ig G) and
incubated for 30 minutes. The cells were washed again three times in 100 mM Tris buffer,
pH 7.6. Propidium iodide, a nuclear staining agent, was then added to the RPE cells at a
concentration of 2 mg/ml and incubated for 10 minutes. Finally, the cells were washed
several times in 100 mM Tris buffer, pH 7.6, equilibrated in Slow Fade buffer (from
Molecular Probes, Inc.), and covered with a coverslip in Slow fade buffer with glycerol.
Tissue or cell specimens were viewed using a Leica 900 confocal laser scanning
microscope ( New Jersey) and analysis system consisting of an inverted Leitz fluovert-FU
microscope, a krypton-argon laser, a simultaneous dual channel (PMT) detector and a 24
bit imaging system. Appropriate filter sets were used to distinguish between fluorescein
(FITC) and propidium iodide (PI) light emissions. The two data sets were merged using
Leica Scanware software function. A 63x - 1.3 NA oil objective lens was used and
pinhole settings were maintained at optimal levels for minimal slice thickness resolution.
For the optical z-series, slices were taken every 1-2 microns over 6 microns of thickness

and transferred to an IBM computer and recorded on Kodak ektachrome 100 film before
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being stored on a WORM drive. Settings were optimized using the positive tissue and
maintained during scanning of the control tissue to utilize relative brightness as an
indication of increased production of the target protein. The excitation wavelength of the
FITC-labeled antibody was 496nm and the emission wavelength of the FITC label was 518
nm. One- and two-color confocal images were obtained using the image manipulation
program, Adobe Photoshop (Adobe Systems, Inc., 1993). Samples viewed on the
confocal microscope were also viewed at lower magnification and acquired as fluorescent

photomicrographs using a Zeiss Axiskop microscope.

C. Results

RT-PCR and Northern Analysis - TIMP-1, -2 and -3 mRNA levels were
analyzed in human retinal and choroidal tissue and in cultured RPE and choroidal
microvascular pericytes and endothelial cells by RT-PCR (Fig. 74). The three transcripts
were found to be expressed differentially at varying levels in different tissues. TIMP-1
transcript levels were highest, using equal amounts of total RNA, in retinal extracts and
pericyte cell cultures, and at slightly lower levels in the cultured RPE cells. Very little
TIMP-1 was detected in the capillary endothelial cells (data not shown). Although present
at lower levels than the faster-migrating artifact band, the authentic TIMP-1 PCR product
is present in the choroid. TIMP-2 transcripts were present predominantly in RPE cells,
with much lower levels being expressed in the neural retina, pericytes, and capillary

endothelial cells. TIMP-3 transcripts were present at moderately high levels in the RPE,
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Figure 74: RT-PCR of TIMP mRNA expression by retinal cells and tissues.
RT-PCR products were amplified from untreated tissue or cells,
with the primer pairs for TIMP-1, -2, -3, or GAPD. Sources of
RNA are indicated above the lanes. Choroid and retina were
extracted from human tissue after dissection by John Bradley
as described in the "Methods' section.



neural retina and pericytes. Moderate levels were also detected in the choroid and TIMP3
mRNA levels were the lowest in the capillary endothelial cells. Total RNA from the
choroid, RPE cells, and the capillary endothelial cells was also analyzed by northern
analysis using cDNA probes to TIMP-1, TIMP-2 and TIMP-3 (Fig. 75). TIMP-1 mRNA
was detected as a 0.9 kb band in moderate levels in the choroid and RPE, and at very low
levels in the capillary endothelial cells. Two TIMP-2 transcripts were present at 3.5 and 1
kb, at moderate levels in the RPE and at faintly-detectable levels in the choroid. Several
TIMP-3 transcripts were detected at moderate levels in the RPE and choroid, however,
the predominant band was at the size of 4.5 kb. The other faintly detectable bands were
seen in the RPE at 2 and 2.3 kb, and may represent alternatively-spliced TIMP-3
transcripts (data

not shown). GAPD transcripts were also analyzed in both the RT-PCR and the northern
blots as a housekeeping gene in order to verify that the cDNA or RNA was loaded in
equal amounts.

Restriction digestion analysis of the TIMP-3 PCR products, extracted from the
gels, showed that Pst I and Bbv I were able to cleave the cDNA, as expected according to
the published TIMP-3 DNA sequence [144]. Pst I cleaved the TIMP-3 PCR band of 236
bp once into fragments of 158 bp and 78 bp (Fig. 76a). BbVI cleaved the TIMP-3 PCR
product into two fragments of 169 bp and 67 bp (Fig. 76b). These results verified that the
PCR product using the TIMP-3 primers was the authentic TIMP-3 product.

Human RPE cultured cells were stimulated with various typical modulators and

mRNA levels of the TIMPs were evaluated by RT-PCR (Fig. 77). As expected, TIMP-1
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Figure 75: Northern analysis of TIMP mRNA expression
by retinal cells and tissues. RPE cell cultures
or dissected choroid tissue extracts are indicated.
Total RNA (10 ug) was loaded per lane.



Figure 76: Restriction digestion of the TIMP-3 PCR product from
human cells. The 236 bp PCR product was digested
with Pst I (A) or Bbv I (B) and loaded adjacent to the
uncut PCR product in both panels.



Figure 77:

RT-PCR of mRNA from cultured RPE cells that
were treated with various modulators (as indicated)
and TIMP-1, -2, -3, or GAPD primer pairs were
selected for the PCR. Cells were serum-free prior
to treatments, which were conducted for 5 hours;
serum was added at 10%, bFGF was added at

10 ng/ml, TPA was added at 1 uM and retinol

was added at 200 ng/ml.



transcripts are low in untreated cells and increased by the treatment with phorbol
esters(TPA), basic fibroblast growth factor (bFGF) and by serum. TIMP-2 transcipt levels
are higher initially and less affected overall by any of these treatments. TIMP-3 transcript
levels appear to be slightly stimulated by the various treatments, but levels in untreated
cells are high. Repeated experiments confirmed that TIMP-3 transcripts were only mildly
affected by various typical modulators, suggesting a more constitutive pattern of
expression.

Immunohistechemistry and Confocal Microscopy - TIMP-1, -2 and -3 proteins
were localized in human retina/choroid cryo-sections by immunohistochemistry using
antibodies made to unique peptide sequences from these proteins. Immunohistochemistry
experiments (in Fig. 78) were performed by Dr. Elaine Johnson and the Morrison lab.
TIMP-1 immunostaining is pronounced in the optic nerve (data not shown), but is not
detectable in Bruch’s membrane or consistently present in other regions of the retina or
choroid (Fig. 78a). Some TIMP-2 immunostaining is found in Bruch’s membrane (Fig.
78b). This immunostaining is uneven, somewhat punctate and appears to be more in the
center of Bruch’s membrane rather than in the presumed basement membranes near the
cellular surfaces. TIMP-2 immunostaining is associated with a few cells of the choroid
and of the sensory retina, perhaps including some of the photoreceptor nuclei.

In contrast, TIMP-3 stains Bruch’s membrane very intensely (Fig. 78¢c). This
staining appears to be more intense at the margin of Bruch’s membrane, presumably where -
the RPE and endothelial cell basement membranes are than in the central layers of Bruch’s

membrane, as seen at higher magnification (Fig. 78d). The presence or absence of TIMP
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Figure 78: Immunohistochemical localization of TIMPs in the human retina

and choroid. All data was collected by Dr. Elaine Johnson.
Cryosections of human posterior segments of the eye were
immunostained with antibodies to TIMP-1 (A), TIMP-2 (B), or
TIMP-3 (C and D). A portion of the sensory retina, including the
outer nuclear layer, is seen in the upper portions of A, B and C
with Bruch's membrane (indicated by the arrowheads) and the
choroid in the lower portion. (D) TIMP-3 staining at higher
magnification. The RPE can be seen above Bruch's membrane
although it has pulled away in several places during processing,
and the choroidal microcapillaries can be seen below Bruch's
membrane. TIMP immunostaining is brown.



immunostaining in the interphotoreceptor matrix, was difficult to determine in the
cryosections, which are not optimum for this task. A portion of the larger choroidal blood
vessels, perhaps one in ten, also stain intensely for TIMP-3, but the other vessels of the
choroid do not (data not shown). However, this TIMP-3 choroidal immunostaining could
not necessarily by associated with any specific type of blood vessel. Some
immunostaining for TIMP-3 in the sensory retina can not be ruled out, but no appreciable
retinal blood vessel immunostaining for TIMP-3 was apparent. The controls for these
antibodies show minimal non-specific tissue staining (data not shown). The three TIMPs
clearly show very different retinal/choroidal distribution patterns.

Confocal microscopy was performed on cultured RPE cells using the same TIMP-
1, -2, and -3 primary antibodies. The secondary antibodies were labeled with FITC and
proteins were detectable by confocal microscopy. As a control the secondary antibody
was reacted with the cells in the absence of the primary antibody and there was no
detectable signal. Target proteins were detected by FITC-staining (green stain), whereas
nuclei were detected by propidium iodide staining (red stain). As expected from the
immunohistochemistry data, the TIMP expression levels varied among the TIMP
members. TIMP-1 protein expression was not detectable in the RPE cells (Fig. 79a).
TIMP-2 protein was strongly detected in the cytoplasm of the RPE cells, but not
detectable in the nucleus (Fig. 79b). TIMP-3 was also detected in the cytoplasm of the
cells, and in contrast to TIMP-2, appeared to be localized to the nucleus as well (Fig.
79c). These results appear to support the immunohistochemistry data in terms of

detection of the TIMPs in the RPE. In order to determine whether the ECM of the RPE
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Figure 79:

Confocal microscopy of unstimulated, cultured RPE cells
with antibodies for TIMP-1 (A), TIMP-2 (B), TIMP-3 (C),
and fibronectin (D). The target protein are detected by
FITC staining (green stain) and the nuclei are stained
with propidium iodide (red stain).



cells could be visualized using this technique, fibronectin was stained for in the RPE cells
grown under the same conditions as for TIMP detection. As expected, some fibronectin
staining was detected on the basal side of the cells in a combination of a filamentous and
punctate form (Fig. 79d) and is thought to be predominantly extracellular. An additional
experiment was performed to detect TIMP-3 in RPE cells that were seeded very densely
and subsequently grown beyond confluence prior to treatment with the TIMP-3 antibody.
These cells show a very distinct pattern of TIMP-3 expression and localization where most
of the protein is localized to the ECM on the basal side of the cells (Fig. 80). The panels
in Fig. 80 represent laser scans at approximately 1um apart as the laser moves
directionally from the apical side to the basal side of the cells.

Immunoblot and Reverse Zymogram Analysis of TIMP Proteins - TIMP-3
protein was purified from the extracellular matrix or from the medium of RPE cultured
cells and then analyzed by SDS-PAGE and immunoblotting of Western tranfers utilizing
the same TIMP-3 antibody as was used for the immunohistochemistry and confocal
microscopy. TIMP-3 protein was present in the extracellular matrix extract of RPE cells
but could not be detected in the culture medium from the same cells by Western
immunoblot analysis, even with 20x concentration (Fig. 81a). Localization of TIMP-3 to
the extracellular matrix has been shown previously [143, Staskus, 1991 #224]. TIMP-1
and TIMP-2 proteins could be detected in concentrated culture medium, as expected, but
not in the concentrated extracellular matrix extracts (data not shown). Reverse
zymography was also performed with the extracellular matrix extracts or with media

samples from the RPE cells in order to determine whether TIMP proteins found in either
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Figure 80:

Confocal microscopy of TIMP-3 protein in unstimulated,
densely-confluent human RPE cells. TIMP-3 was detected
by the FITC staining (green stain) in the cytoplasm and in
the ECM of the cells. Nuclei were detected by propidium
iodide staining (red stain). The four panels (beginning at
the upper left corner and moving clockwise) represent
optical slices taken lum apart through the whole cell,
from the apical to the basal side of the RPE cells.



sample had inhibitory activity. TIMP-1 and -2 from the concentrated culture medium and
TIMP-3 from the extracellular matrix all had inhibitory activity (data not shown). TIMP-
1, -2 and -3 proteins migrated at apparent molecular weights of approximately 29, 20 and
24 kDa for the nonglycosylated TIMP-3, respectively.

Treatment of RPE cells for 36 hours with TPA, bFGF, or serum, had minimal
effects on media TIMP-2 or ECM TIMP-3 protein levels (Fig. 81b). Media TIMP-1
protein levels were increased with TPA or TPA/bFGF treatment, but were not appreciably
affected by bFGF treatment alone (Fig. 81b).

Analysis of mutant TIMP-3 - It has recently been shown that at least four
distinct point mutations in TIMP-3 are in affected members of separate families with
Sorsby’s Fundus Dystrophy [279, 284]. These mutations suggest that heterozygous
mutations in TIMP-3 are causally responsible for the SFD phenotype. All of the mutations
found to date are mutations to a cysteine and are near the carboxy terminus of the protein
in the “regulatory domain” of the TIMPs. One of the mutations in TIMP-3, a Gly167 to a
Cys, creates a new Bbv I restriction site in the DNA.

Skin fibroblast cell lines were obtained from affected individuals with the
Gly167Cys mutation. Total RNA was prepared from the cells and RT-PCR analysis and
restriction digestion was performed on the PCR band excised from the gel in order to
verify the creation of the new Bbv I restriction site (Fig. 82). The normal PCR product is
only cut once to give two fragments of 169 bp and 67 bp. The mutant TIMP-3 PCR
product has two BbvlI sites producing three fragments of 135bp, 67 bp and 34 bp. Similar

analysis was done on skin fibroblasts from unaffected patients as a control (data not
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Figure 81: Western immunoblot analysis of TIMP expression by cultured
human RPE cells. (A) RPE cell ECM extract and culture
medium probed with a TIMP-3 antibody. (B) RPE cell media
or ECM extract, as indicated, probed with antibodies to TIMP-1,
-2, or -3. Cells were serum-free for 24 hrs prior to a 36-hr
treatment, as indicated, with the same concentrations of
modulators as described in Figure 77.
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Figure 82: Restriction digestions of TIMP-3 PCR product from the
RNA of mutant cells. RT-PCR was performed on RNA
extracted from skin cells originally obtained from patients
with Sorsby's fundus dystrophy. PCR products were
analyzed for a mutation creating a novel Bbv I restriction
site. The normal 236 bp TIMP-3 PCR product is cut once to
give two fragments of 169bp and 67bp. The mutant TIMP-3
is cut twice yielding three fragments of 135bp, 67bp, and
34bp. Samples were from two different mutant cell lines
with the same TIMP-3 mutation.



shown). After the mutation was verified by restriction digestion, the cells were analyzed
for TIMP-3 protein expression levels in both the extracellular matrix of the cells and in the
medium from the cells by immunoblotting (Fig. 83) and by reverse zymography (data not
shown). TIMP-3 protein was localized to the extracellular matrix of the cells from SFD-
affected patients (with the Gly167Cys), as it was in the normal cells. Moreover the levels
of protein expression did not appear to be different between the mutant and the normal
cells, although detection of minor differences may be beyond the limitations of this
method. From the reverse zymography it was apparent that the TIMP-3 expressed from
the mutant cells had inhibitory activity similar to that of the normal cells. Additionally, the
medium from the mutant cell lines was analyzed for possible TIMP-3 activity, but all
expressed TIMP-3 protein was found localized to the ECM of the cells. Attempts were
made to identify whether mutant TIMP-3 protein existed as some fraction of the total
detected TIMP-3 protein in the ECM from the mutant cell lines. However, levels of
expressed protein were too low to purify in significant quantities to detect any differences.
In order to determine whether differences in TIMP-3 protein expression levels or
localization could be detected in the mutant cell lines versus the normal cell lines, confocal
microscopy or immunostaining was performed on slides of monolayers of cultured cells.
TIMP-3 staining appeared to be approximately of equal intensity when comparing the
normal cell line with the mutant cell line at two different magnifications (Fig. 84, 85). The
staining appeared to be both cytoplasmic and also possibly localized to the extracellular
matrix of the cells with a somewhat punctate pattern of staining not apparent at lower

magnifications. TIMP-3 protein was also localized to the nucleus, although it is possible

180



>
=

S = 7

N

£ 0w F5 L © vy £ B0
a4 O 4 O A o 6 5
Lc'r}n"'_al'u'sn"'_b LI-Eu.u.&u.
= I W -~ 8 O - o

- e e - o e e

Figure 83: Western immunoblots using an antibody to TIMP-3
on the ECM from normal fibroblasts (A) and
mutant fibroblasts (B). Cells were treated with various
modulators, as described in Figure 77, but for the
times indicated above the lanes.



Figure 84: Confocal microscopy of TIMP-3 protein in normal (A) and
mutant (B) skin fibroblasts. TIMP-3 protein was detected
by FITC staining (green stain) in the cytoplasm and in the
ECM of the cells. TIMP-3 staining appears to be slightly
more intense in the normal cells (A) as compared with the
mutant cells, however, no other significant ditfferences are
apparent. Punctate TIMP-3 staining appears to be
predominantly ECM-localized.



Figure 85: Photomicrograph of TIMP-3 staining in monolayers of normal (A)
and mutant (B) skin fibroblasts. Samples that had been analyzed
by confocal microscopy were visualized at lower magnification
using a Zeiss Axiskop microscope and photographed, as shown
here. TIMP-3 protein was detected by FITC staining (green stain)
in the cytoplasm, the nucleus, and at lower levels in the ECM
of the cells. The intensity of TIMP-3 staining was similar in the
normal (A} and (B) mutant skin fibroblasts.



that some of the staining was nonspecific.

In addition to the monolayers of stained cells, cells were seeded at much higher
densities and grown as a multilayer for two days prior to treating and staining as
previously described. The resulting patterns of TIMP-3 expression were similar to the
monolayers except more fibrous, as is seen with some extracellular matrix proteins such as
fibronectin. This data did not reveal any significant differences between the normal (Fig.
86a) and the mutant cells (Fig. 86b) when grown in a multilayered form. The same cells
were analyzed at higher magnifications by confocal microscopy, but no apparent
differences in the TIMP-3 staining were apparent (Fig. 87a, b). In order to visualize
fibronectin, an extracellular matrix protein using confocal microscopy, an antibody to
fibronectin was utilized. As expected, the fibronectin staining was very fibrous and
apparently not associated with the cytoplasm of the cells grown in multilayers (Fig. 87c).

In spite of the strong expression levels and staining of TIMP-3 with both the RPE
and fibroblast cells, there were difficulties in determining which stained proteins were
considered to be cytoplasmic versus those that were distinctly extracellular. For the
purpose of determining whether there was TIMP-3 staining in the ECM, and to distinguish
it from the cytoplasmic staining, the cells were seeded in monolayers, grown, and treated
as before except the fixative step was omitted. This was intended to avoid permeabilizing
the cells such that the TIMP-3 antibody had no access to intracellularly expressed
proteins. Although most of the cells were lost during the procedure, of the cells that
remained TIMP-3 protein was faintly detectable in a punctate pattern associated with the

outside of the cells (Figs. 88).
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Figure 86: Photomicrograph of TIMP-3 staining in normal (A) and
mutant (B) skin fibroblasts grown in multilayers. TIMP-3
proteii is detected by FITC staining (green stain) in cells
that had been densely seeded and cultured as described in
the ""Materials' section. Normal (A) and mutant (B) cells
show similar TIMP-3 staining patterns as the protein is
clearly localized to the ECM of the cells in long fibrils,
as well as localized to the cytoplasm of the cells.

The morphology of the cells was affected by processing.



Figure 87:

Confocal microscopy of TIMP-3 staining in normal (A) and
mutant (B and C) cells grown in multilayers. The samples
shown in Figure 86 are the same shown here, but at higher
magnification. No significant differences are apparent in
the TIMP-3 staining from the normal (A) versus the
mutant (B) cells. Fibronectin (C) was stained as a
representative ECM protein. TIMP-3 or fibronectin

is detected by FITC staining (green stain).



Figure 88: Confocal microscopy of TIMP-3 protein staining in
monolayers of unfixed fibroblasts. Fibroblasts were
grown under identical conditions as described for
the cells in Figure 84, however they were not fixed
prior to incubation with the primary antibody.

The purpose was to aveid permeabiliztion of the cells.
Cells were lysed at the coverslip-stage of the procedure
with glycerol and resultant '"ghosts" were analyzed.
Extracellular TIMP-3 protein was detected at low levels
by FITC staining (green stain) in a distinct punctate
pattern associated with the cells.



D. Discussion

TIMP-3 is found predominantly in Bruch’s membrane and is expressed by cultured
RPE and to a lesser extent by choroidal microvascular pericytes and endothelial cells. The
data shown above, using immunohistochemistry, RT-PCR and Northern analysis of
mRNA, and immunoblots of Westerns, are in general agreement. More TIMP-3 mRNA is
seen in isolated retina than expected, based on the other observations mentioned earlier.
A similar observation was recently reported [285]. TIMP-1 is expressed at low levels by
the RPE cells, when unstimulated, and is found only occasionally within most o\f the retina
or choroid. TIMP-2 is found at moderate levels in Bruch’s membrane and is expressed
primarily by RPE. Both TIMP-1 and TIMP-2 exhibit dense immunostaining in the optic
nerve (data not shown), suggesting important roles in these tissues and some TIMP-2
immunostaining may be present in the photoreceptor nuclei. Thus, the distribution and
expression of the three TIMPs is discrete within the retina and choroid. Confocal
microscopy and immunostaining experiments have shown that TIMP-3 can be localized to
the ECM of densely confluent RPE cells, although its distribution pattern in less confluent
RPE cells is not so distinct, as it is found in the cytoplasm, the nucleus and the ECM. The
patterns of expression of TIMP-1, -2, and -3 are distinct from each other in RPE cells, as
well as in skin fibroblasts and this is in agreement with earlier findings. In fibroblast cells,
shown to express mutant TIMP-3, from SFD patients, the TIMP-3 protein staining does
not appear to be significantly different than from that in normal cells.

SFD and AMD share several characteristics. Increases in lipid and ECM deposits
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and thickening of Bruch’s membrane are early events in both SFD and AMD [269, 271,
272]. Bruch’s membrane is composed of basement membrane and stromal ECM elements.
As in other tissues, these ECM associated with these tissues likely undergo a continuous
homeostatic cycle of degradation and biosynthetic replacement. The activated MMPs
initiate ECM turnover and TIMP-3, perhaps with help from the other TIMPs, restrains
and provides one level of regulation of this degradation. The relatively high TIMP-3
levels in Bruch’s membrane, particularly in what appears to be the two basement
membranes suggests that ECM turnover in this region may be normally very limited or
occurs via a carefully-regulated mechanism. The recent identification of TIMP-3
mutations in patients with Sorsby’s fundus dystrophy and our observations on TIMP
distribution within the retina and choroid coincide and provide the first step in explaining
the pathophysiology of this disease.

Beyond the observation that TIMP-3 activity must be crucial for the normal
maintenance and/or function of Bruch’s membrane, the molecular explanation for how the
identified TIMP-3 mutations cause the SFD pathophysiology is unclear. SFD normally
requires approximately 40 years to develop. Since the SFD defect exhibits autosomal
dominant inheritance, both normal and mutant TIMP-3 should be expressed in patients
with SFD. Bruch’s membrane thickening in SFD suggests that there may be too little
MMP activity, rather than a defective metalloproteinase inhibitor, although how these
tissues may respond to various external stimuli is unknown.

Since the reported mutations in TIMP-3 result in an extra cyteine, the simplest

conclusion is that the mutant TIMP-3 folds incorrectly and may form incorrect disulfide
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bonds. This could alter the secondary and/or tertiary structure of this protein and affect
some aspect of its inhibitory activity, or possibly some other function of the protein.
Another possibility is that TIMP-3 protein is synthesized, but due to the misfolding is
degraded instead of being secreted, or is secreted but is less stable extracellularly and thus
its extracellular half-life is reduced. Alternatively, the extra unpaired cysteine residue in
the mutant could be affecting the protein’s foldiﬁg state or 3-D structure. Dominant
negative effects, which can not be ruled out, usually occur because the mutant protein
interferes, often by complexing with, the activity of the normal form. Little evidence for
TIMP homo-dimerization has been presented, however this possiblity can not be excluded.

If the mutant TIMP-3 is secreted and does not interfere directly with the activity of
the normal TIMP-3, these mutations could produce SFD in several ways. Mutant TIMP-3
could be less active as an inhibitor, thereby allowing excessive MMP activity. This could
could disrupt the structural organization of Bruch’s membrane. By inference from other
cells and their ECMs, Bruch’s membrane is probably highly organized at the
supramolecular level and its functions and those of the RPE and choroidal microcapillary
endothelium are most likely dependent on such organization. It seems probable that a
complex regulatory mechanism controls ECM turnover and biosynthetic replacement and
thus maintains the structure of Bruch’s membrane. A TIMP-3 defect could disrupt this
homeostatic balance and thus allow a slow thickening of Bruch’s membrane, even in the
presence of excess ECM turnover.

Mutant TIMP-3 could be active as an inhibitor of the metalloproteinases, but the

mutation in the carboxyl-domain could cause a “mislocalization” of TIMP-3 within the
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retina. Normally, secreted TIMP-3 localizes to the ECM, putatively binding to some
specific, but unidentified ECM molecule (s), and it must be extracted from the ECM in cell
culture. In contrast, TIMP-1 and TIMP-2 are found nearly exclusively in cell culture
medium, suggesting that they do not bind specifically and with high affinity to ECM
components after they are secreted. TIMP-3 association with the ECM may be a unique
function of the protein in providing a precise mechanism of localized inhibition. TIMP-3
mislocalization, due to a mutation affecting ECM binding, could result in SFD symptoms
due to TIMP-3 diffusing away from its normal sites and thus allowing unchecked MMP
activity in normally protected areas, for example, perhaps in the basement membranes of
Bruch’s membrane. Reciprocally, it could allow TIMP-3 to move freely to areas it would
normally be excluded from and therefore inhibit MMP activity where it may not otherwise.
However, the data shown here does not support this hypothesis. Another possibility is
that the C-terminal “regulatory” domain of TIMP-3, which happens to be the site of the
mutations, may serve some specific function in regulating MMP activity beyond that of
directly inhibiting the activated enzymes. Somewhat similar roles have been proposed for
that domain of the other TIMPs, which bind to the “regulatory” domains of the gelatinases
and putatively modulate their behavior [3, 80, 136]. Clearly, more detailed studies that
address the distinct-role of TIMP-3 in Bruch’s membrane are necessary.

A secondary point regarding these observations is that the TIMPs have been
shown to be strongly anti-angiogenic [286-288]. A later stage of SFD and AMD is
choroidal neovascularization. Mutant TIMP-3 in the choroidal vessel walls may allow

neovascularization once the initial insults have developed, since this area is not protected
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as effectively as in normal eyes. Since the retinal vasculature exhibits minimal TIMP
levels, for any of the TIMPs studied, these vessels may be “unprotected”. Lack of TIMPs
around the blood vessels may lead to retinal neovascularization. Thus retinal
neovascularization, common in proliferative retinopathy, is not increased in SFD, where
TIMP-3 mutations exist. Reciprocally, choroidal neovascularization is not common as a
consequence of diabetes. It seems likely that TIMPs are stored in regions where MMP
activity seldom occurs or must be stringently regulated. In other “unprotected” regions,
TIMPs, presumably TIMP-1 primarily, are probably expressed only on demand, when they
are specifically needed to modulate MMP activity. While TIMP-1 is modulated by a wide
array of cellular regulators, TIMP-2 is much less susceptible to most regulatory
modulators [4, 140, 253, 273]. TIMP-3 has not been studied extensively, but is regulated
in some tissues by some modulators [143, 289].

When RPE cells were subjected to some potential modulators, TIMP-1 was found
to be stimulated by serum, TPA, and bFGF. TIMP-1 mRNA and protein levels show
similar responses. Essentially no significant changes were seen in TIMP-3 protein and
mRNA levels in reponse to the few modulators tested. |

The details of the molecular events, leading from a mutation in exon 5 of TIMP-3
to the pathophysiology of SFD, still remain to be determined. Presumably, the mutant
TIMP-3 is unable to correctly regulate the proteolytic activity of the MMPs in and around
Bruch’s membrane and eventually, neovascular growth from the capillary layer of the
choroid that occurs later in SFD. The tissue distribution of the TIMPs, particularly TIMP-

3, does provide possible hints. Although TIMP-1 and -2 can be expressed by the retina
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and choroid, their distributions and expression appear not to be sufficient to compensate
for the TIMP-3 mutation and thus to avert progression of this disease. Although SFD is
of earlier onset (at approximately 40 years) than AMD (approximately at 60-80 years),
this is still a relatively late age of onset. Thus, the consequences of the TIMP-3 mutation
are still relatively subtle. The studies presented herein show that no major changes occur

and thus are compatible with the clinical progression of the disease.

193



V. Conclusions

The extracellular matrix acts as a structural and informational support for the
tissues and cells with which it is associated by stabilizing the physical structure and
modulating the behavior of those tissues, as well as acting as a barrier to maintain the
integrity of tissues. The ECM is made up of various macromolecules such as collagen,
elastin, proteoglycans, laminin and fibronectin. The ECM is vital in influencing cellular
processes such as embryo development, morphogenesis, proliferation, differentation,
migration, and adhesion. The family of matrix metalloproteinases, whose natural
substrates are various ECM components, and their tissue inhibitors of metalloproteinases,
are key proteins involved in the maintenance and turnover of the extracellular matrix.
Therefore, the MMPs are important in processes including wound healing, uterine
involution, bone morphogenesis, and angiogenesis, where the ECM is actively undergoing
the degradation and resynthesis events that are necessary, as has been described earlier in
this text and is reviewed [2-4].

The activity of the MMPs is tightly controlled for the maintenance of tissue
integrity and homeostatic balance in tissues. The MMPs are not only transcriptionally
regulated, but are also regulated at the level of activation of their secreted, proenzyme
forms, and their activity is inhibited by the inhibitory activity of their natural inhibitors, the
TIMPs. Although the transcriptional regulation, the enzyme activation processes, and the
inhibition by the TIMPs may be of equal importance, the characterization of inhibition on

the enzymatic activity of the MMPs was one of the primary aims of this manuscript. The
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balance of the enzymatic activity of the MMPs and the inhibitory activity of the TIMPs is
important for the continuation of normal physiological processes, as uncontrolled MMP
activity has been found to be associated with various pathological processes such as
rheumatoid arthritis, osteoarthritis, periodontitis, and cancer cell invasion and metastasis,
perhaps as a consequence of a disruption of the balance of MMP/TIMP activity [5, 6, 8-
10, 12, 15, 17].

The studies described in this manuscript have been focused primarily on (a) the
characterization of inhibition of two members of the MMP family, gelatinase A and B, (b)
their involvement in glaucoma using a model system, (c) the characterization of the
expression of TIMP-3 in various eye tissues, and (d) its involvement in Sorsby’s fundus
dystrophy. First, it was necessary to obtain expressed and purified TIMPs and gelatinases
for subsequent studies. This was achieved with mixed results, as the TIMPs were
expressed at varying levels and purified from prokaryotic and eukaryotic systems. The
final purified products, the MBP-TIMP-2 fusion protein and TIMP-3 expressed from
mammalian cells, were shown to have inhibitory activity in enzyme assays and on reverse
gelatin zymograms and were utilized for later data collection. The gelatinases were
purified from cellular sources until they became commercially available and their enzyme
activities on either a protein-substrate or peptide-substrate assay were analyzed and
compared. The gelatinases preferred the protein substrate over the vpeptide substrate as
presumably there are more interactions that stabilize the protein substrate’s interactions
with the enzyme.

Gelatinase A and B activities were then analyzed and shown to be inhibited by a
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variety of inhibitors, including minocycline, tryptophan-hydroxamate, a collagenase
inhibitor, and propeptide inhibitors. Additionally, the purified TIMPs were analyzed for
their inhibitory activities in the enzyme assays, as described above. The most effective
inhibitors of gelatinase A and B activity appeared to be the propeptide inhibitors.
Interestingly, one amino acid difference in the propeptide sequence, RCGXPD, where the
“X’ was either Asn, as is found only in the gelatinase A propeptide sequence, or Val, was
enough to affect the inhibition efficacy and specificity on gelatinase A or B. Additionally,
minocycline appeared to be a good inhibitor of both gelatinases, and the other inhibitors
tested also had some inhibitory activity on either or both of the gelatinases.

The same inhibitors were analyzed in a glaucoma model system in order to dete
rmine the involvement of the gelatinases in primary open-angle glaucoma. The model
system was developed in the Acott lab and the following hypothesis was tested: an
imbalance in the net MMP/TIMP activity in the ECM of the trabecular meshwork or in the
aqueous outflow pathway may cause a change in the intraocular pressure as observed in
primary open—ahglc glaucoma. The inhibitors were shown to decrease the aqueous
outflow in the model system, as predicted by the hypothesis, thus causing a glaucomatous
state. These results, and others described above, have served to implicate the MMPs and
the TIMPs as key proteins involved in the turnover of the trabecular meshwork ECM and
this suggests their possible roles in the development of primary open-angle glaucoma.

The final section of the manuscript describes the characterization of TIMP-3
expression in various eye tissues. Specific TIMP-3 mutations have been found in patients

with Sorsby’s fundus dystrophy [278, 279], which shares the same clinical features of age-
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related macular degeneration, but has an earlier age of onset. Manifestations of both SFD
and AMD include the thickening of Bruch’s membrane, the formation of ECM- and lipid-
containing deposits, and subsequent neovascularization and atrophy of the choroid, RPE,
and retina. The individual TIMP-3 mutations result in an additional cysteine, and are
located in the C-terminal domain of the protein which is thought to be the “regulatory”
domain of the TIMPs. The cause and effect of the TIMP-3 mutations and SFD remain to
be determined, however, it has been of interest to identify the role of the TIMPs in the
affected eye tissues. These studies demonstrated that the distribution and expression of
TIMP-1, -2, and -3 mRNA and protein in the choroid, RPE, the retina, and Bruch’s
membrane. The basement membranes of Bruch’s membrane were stained most strongly
with the TIMP-3 protein, suggesting a direct role for TIMP-3 in maintaining the integrity
of the ECM structure in that area and providing localized inhibition or “protection”
against the MMP activity that occurs during the remodeling of ECM structures. An
additional argument in favor of a specifically localized pattern of inhibition is the fact that
of the four TIMPs, TIMP-3 is unique in its ability to bind to the ECM of cultured cells.
Given the highly-folded structure of the TIMPs and their characteristic six disulfide bonds,
one may speculate that an additional cysteine may cause the TIMP-3 protein to fold
incorrectly, thereby affecting its ability to interact effectively with an active MMP
molecule. Alternatively, the localization of the misfolded protein may be affected,
although additional studies described above, with cells expressing a mutant TIMP-3 have
shown that the TIMP-3 protein is still localized to the ECM of the cells. Another

possibility is that the mutant protein is not secreted from the cells causing lower levels of
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normal TIMP-3 protein to be secreted. However, experiments analyzing differences in
mutant versus normal cells and their expression of mutant and normal TIMP-3 protein
have been unable to identify any significant differences between the normal and mutant
cells. The direct consequences of the TIMP-3 mutations may not be immediately
realized, since the onset of the disease is relatively late. This is in general agreement with
the results described above and with the clinical progression of the disease. The details of
the stages, leading from a mutant TIMP-3 to the pathophysiology of SFD, remain
unclear, however, these studies show that the TIMPs are specifically localized to various
tissues in the eye and the distribution of the other TIMPs may not be sufficient to

compensate for the mutant TIMP-3 in this disease.
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