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ABSTRACT

Matrix metalloproteinase-3, stromelysin, is a member of the metalloproteinase family
of endopeptidases. As with all of the family members, stromelysin binds both calcium and
zinc, presumably using a zinc atom to ligate the water molecule that will be used in the
hydrolysis of a peptide bond. Also like the other family members, stromelysin is secreted into
the extracellular matrix in a latent, pro-enzyme form. The metalloproteinases are activated
upon cleavage of a propeptide at the amino terminus of the protein. Once activated,
stromelysin can activate other family members (interstitial collagenase and gelatinase B),
degrade extracellular matrix molecules, or be inhibited by tissue inhibitors of
metalloproteinases.

Presented in the first results section of this dissertation is a protocol established for
the separation of matrix metalloproteinase-2 from stromelysin isolated from cell culture
medium. Matrix metalloproteinase-2 has relatively high proteolytic activity toward casein,
Therefore, the removal of matrix metalloproteinase-2 from stromelysin preparations was
important before conducting kinetic assays using FITC-conjugated casein. In the same
chapter, the conditions for activating stromelysin with heat in a standard Tris buffer are also
presented. This method allowed for activation without the addition of any other proteinases
or chemical activating agents to the preparation. Unlike other methods of matrix
metalloproteinase activation, heat activation would not activate matrix metalloproteinase-2.

The MMPs have been implicated in many physiologic states. Among these is their
putative role in the trabecular meshwork of the eye. It is our hypothesis that in cases of

primary open angle glaucoma which is accompanied by an increase in intraocular pressure,

xii



the homeostatic balance between the tissue inhibitors of metalloproteinases and MMPs in the
trabecular meshwork has been disrupted. A portion of my dissertation is dedicated to
evaluating this putative role. These studies were conducted by testing various agents for their
ability to inhibit matrix metalloproteinase activity and examining their effect on an anterior
segment organ culture system in which fluid outflow through the trabecular meshwork is
measured. Conversely, the addition of matrix metalloproteinases or interleukin-1 (a known
inducer of matrix metalloproteinases) was also evaluated. The data show convincing evidence
that treatment that enhances MMPs in the trabecular meshwork results in an increase in fluid
outflow through the trabecular meshwork while matrix metalloproteinase inhibitors cause a
decrease in outflow.

The matrix metalloproteinases (MMPs) have also been implicated in disease states
such as cancer metastasis, osteoarthritis, rheumatoid arthritis, periodontal disease and
angiogenesis. In these diseases, MMP activity is abnormally high. An effective method to
control pathology may be to decrease the level of MMP activity. Inhibition of the enzymes
with synthetic inhibitors is a viable option. The most effective enzyme inhibitors are generally
those which resemble the transition state of the substrate/enzyme interaction. Determining
what the transition state structure is, can be accomplished through a detailed understanding
of the kinetic mechanism by which the catalyzed reaction takes place. The last chapter of this
dissertation focuses on using thermodynamics to gain information about the kinetics of MMP-
3, stromelysin. By examining Arrhenius and Eyring plots of k, at three proton
concentrations, we have been able to gain significant information regarding the mechanistic

pathway of stromelysin catalysis. The Arrhenius and Eyring plots show non-linear plots at
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pH 7.5 with a significant decrease in non-linearity at pH 6.0 and 8.0. While the non-linear
behavior at pH 7.5 might be explained by AH* temperature dependence, collectively, the
thermodynamic data from all three proton concentrations would be difficult to reconcile with
that explanation.

The data are, however, in agreement with a complex, parallel mechanism in which two
protonation states of stromelysin correspond to active enzyme forms, and two protonation
states correspond to inactive enzyme forms. These four states of the enzyme are separated
by three acid dissociation constants. We conclude, therefore, that the non-linearity of
Arrhenius and Eyring plots observed at pH 7.5 is due, at least in part, to the complex
mechanism. These data also suggest that two, not one, transition states exist for stomelysin

which would have to be a consideration in designing inhibitor molecules.
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INTRODUCTION




MATRIX METALLOPROTEINASES: AN INTRODUCTION

The matrix metalloproteinases (MMPs), are a family of proteinases that degrade
extracellular matrix molecules such as collagens, fibronectins, laminin, proteoglycan core
proteins, and others. The current family members, their EC numbers and their common
names are presented in Table 1.

Stromelysin, MMP-3, as well as many of the other family members have been the
subject of investigation on several fronts. Their activation, kinetic mechanisms, protein
structure, interaction with each other as well as their endogenous inhibitors, and the
regulation of their expression have all been focal points of many studies in recent years.

Much of the reason for such great interest in these proteinases is that they have been
implicated in several disease states among which are: cancer growth and metastasis (Chen
1992, Lin et al. 1997, Lochter et al. 1997, Polette et al. 1993, Stetler-Stevenson et al. 1993),
arthritis (Hiraoka et al. 1992, Ishiguro et al. 1996, Lohmander et al. 1993, Mort et al. 1993,
Van Meurs et al. 1997), angiogenesis (Schnaper et al. 1993) and periodontal disease (Ingman
et al. 1994, Reynolds et al. 1994). They also have a role in normal physiology during growth
and development (Boudreau et al. 1995, Southgate et al. 1992), wound healing (Agren et al.
1992, Schultz et al. 1992, Stricklin et al. 1993, Wysocki et al. 1993), and matrix turnover in
trabecular meshwork (Alexander et al. 1991, Ando et al. 1993, Snyder et al. 1993).

Our hypothesis is that in primary open angle glaucoma the homeostatic balance
between the tissue inhibitors of metalloproteinases (TIMPs) and MMPs in the trabecular

meshwork has been disrupted. A portion of this dissertation is dedicated to evaluating this



putative role, while the remainder focuses on the kinetics and thermodynamics of MMP-3,

stromelysin.

DOMAIN STRUCTURE OF MMPs

Description of the Domains of the MMPs

Members of the MMP family have very similar structural organization. Figure 1
shows the primary structure domains of a “prototype” MMP as well as several individual
MMPs. In the prototype, the amino-terminus begins with a signal peptide which is present
in all of the MMPs. The next domain is the propeptide, which is responsible for maintaining
latency. The third commonly shared domain is the catalytic domain, also called the amino-
terminal domain. This domain contains the active site zinc and probably a second zinc as well.
The second zinc atom is a likely possibility in all of the MMPs, although it has been shown
by structural analysis in only stromelysin, MMP-1, and MMP-8 (Becker et al. 1995, Bode et
al. 1994, Borkakoti et al. 1994, Gooley et al. 1994, Lovejoy et al. 1994, Stams et al. 1994,
Van Doren et al. 1995a, Van Doren et al. 1993). In these MMPs, the second zinc atom binds
residues in the catalytic domain amino-terminal to the zinc site indicated in F igure 1. The
next domain is called the hinge region, and it is the domain which separates the catalytic
domain and the pexin-like domain. The hinge region varies in length and sequence among the
MMPs, but is proline-rich in all of the MMPs. The pexin-like domains, also called the
carboxy-terminal domain, contain a cysteine residue at the beginning of the domain and
another at the end of the protein. These two residues come together to form a disulfide bond

in the native proteins. Deviating from the prototype, both MMP-2 and MMP-9 have three



fibronectin type II domains amino terminal to the active site zinc binding domain while

MMP-7 has neither the fibronectin domains nor the carboxyl- terminal domain.

PROTOTYPE

Fibronectin type Il
Domain Inserts

MMP-9

MMP-2

MMP-1

MMP-8

MMP-3

MMP-10

MMP-11

MMP-?

MMP-7

Figure 1
Domain structures of MMPs. See Table I for MMP names. (From: Birkedal-Hansen et. al.,
“Matrix Metalloproteinases: A Review,” Critical Reviews in Oral Biology and Medicine

Vol.4, No. 2, page 202, 1993).



TABLE 1: MMP FAMILY MEMBERS

MMP No. EC No. Common name

MMP-1 EC3.4.247 | Interstitial collagenase, Tissue collagenase,
Fibroblast collagenase

MMP-2 EC 3.4.24.24 | 72 kD Gelatinase, type IV collagenase, Gelatinase
A, TBE-1

MMP-3 EC3.4.24.17 | Stromelysin-1, SL-1, STR1 protein, Transin-1

MMP-7 EC 3.4.24.23 | Matrilysin, Matrin, PUMP-1 protease, Uterine
metalloproteinase

MMP-8 EC3.4.2434 | PMNL Collagenase, Neutrophil collagenase

MMP-9 EC 3.4.24.35 | 92 kD Gelatinase, type IV collagenase, Gelatinase B

MMP-10 EC 3.4.24.22 | Stromelysin-2, SL-2, Transin-2

MMP-11 EC3.4.24. Stromelysin-3, ST3, SL-3

MMP-12 EC 3.4.24.65 | Macrophage Metalloelastase, HME

MMP-13 Collagenase-3

MMP-19

MMP-14 Membrane-type-1 MMP

MT-2 MMP Membrane-type-2 MMP

MT-3 MMP Membrane-type-3 MMP

MT-4 MMP Membrane-type-4 MMP




TIMPs

The TIMPs are a family of specific, slow-tight binding inhibitors of the MMPs. K,
values in the nanomolar to sub-nanomolar range have been reported for TIMP/MMP
interactions (Baragi et al. 1994, Bodden et al. 1994, Cawston et al. 1983). To date, there have
been four human TIMPs identified (TIMP-1, TIMP-2, TIMP-3 and TIMP-4) (Apte et al.
1995 , Carmichael et al. 1986, Greene et al. 1996, Stetler-Stevenson et al. 1990). All four
of the TIMPs have 12 cysteine residues, which in TIMPs 1 and 2 form 6 disulfide bonds
(Miyazaki et al. 1993, Murphy et al. 1991b, Williamson et al. 1993), and presumably do the
same in TIMPs 3 and 4. In the primary structure, the 6 disulfide bonds result in the formation
of 6 loops, Figure 2. The residues which make up the first three loops are regarded as the
amino terminal domain of the protein, while loops 4, 5 and 6 make up the carboxy-terminal

domain.



Figure 2

Primary structure of TIMP-1 showing
the six disulfide bonds that make the
six loops and three knots.

From: MK. Bodden, et al,
“Functional Domains of Human
TIMP-1  (Tissue Inhibitor of
Metalloproteinases),” Jowrnal of
Biological Chemistry Vol 269, No. 29,
page 18945, (1994)

Inhibitory activity resides in the amino terminal domain of the TIMPs. That is to say
that the amino-terminal domain of the TIMP interacts with the amino-terminal domain of the
MMPs (Bodden et al. 1994, Murphy et al. 1991b, Nguyen et al. 1994, Willenbrock et al.
1993). Interestingly, while the carboxyl-terminal domain of the MMPs seems to enhance their

interaction with the TIMPs (Baragi et al. 1994, Murphy et al. 1992a, Murphy et al. 1992d),



the presence of the carboxyl-domain of the TIMP-1 can have the opposite effect. It has been
shown that the presence of the carboxyl-terminal domain of TIMP-1 adversely affects its
binding to stromelysin and gelatinase B, increasing the K; in both cases (Murphy et al.
1991b). TIMP-1 can bind latent gelatinase B and TIMP-2 can bind latent gelatinase A, but
neither TIMP can bind latent stromelysin (Baragi et al. 1994, Kleiner et al. 1993, Willenbrock
et al. 1993). It is only after the propeptide has been removed that TIMP can bind to

stromelysin.

PRIMARY STRUCTURE OF STROMELYSIN

There are three basic species of stromelysin. These species are based on the primary
structure of the enzyme at different stages of activation. The nomenclature for these species
varies in the published literature. For clarification, the nomenclature that will be used in this

dissertation and corresponding primary structures are presented in Figure 3.

Propeptide Amino terminal domain Carboxyl terminal domain
! prostromelysin- !
! -45 kDa species---- I
L 28 kDa species !
Figure 3

Diagrammatic representation of the three different species of stromelysin, and how they
correspond to the propeptide, amino-terminal domain and carboxyl-terminal domain.



PROPEPTIDE

The propeptide maintains the latency of the secreted MMPs. Within the propeptide
there is an autoinhibitory domain. In stromelysin the propeptide is 82 residues long, and the
autoinhibitory domain spans residues 73-79. The autoinhibitory domain contains the free
cysteine, indicated in Figure 1, which is ligated to the active site zinc atom in the latent
zymogen. This is commonly referred to as the “cysteine switch”. In order to generate an
active form of the enzyme, the interaction of the propeptide with the active site zinc must be
at least disrupted if not proteolytically removed.

Although the Cys/Zinc interaction is important, it is not this interaction alone which
is responsible for maintaining latency (Chen et al. 1993). There is also a salt bridge between
Arg™ and Asp™ which is believed to play an importnat role in maintaining latency (Galazka
et al. 1996, Park et al. 1991).

Figure 4 is a sequence alignment of the region of the enzymes that surround the Cys™
equivalents of some of the MMPs. The peptide of high identity, PRCGVPD, is unchanged
in all of the MMPs shown except for MMP2, 72 kD gelatinase, which has a single change
from valine to asparagine. This peptide has been investigated for its inhibitory activity toward
stromelysin, as well as the inhibitory activity of amino acid-substituted derivatives. These
studies had shown a peptide inhibitor spanning stromelysin residues Ser® to Gly®® exhibited
an IC,, of 2.7uM, peptide RCGVPD yielded an IC,, of 4.5.M, and RCGVP inhibited with
an ICs of 10.5uM. Also, substituting Tyr-(2,6-dichlorobenzyl) for Val in the parent hexamer
yielded a more effective inhibitor, decreaseing the IC,, to 2uM (Fotouhi et al. 1994, Hanglow

et al. 1993, Hanglow et al. 1994).



The crystal structure of prostromelysin revealed that the amino to carboxyl orientation
of the propeptide in the active site groove is in the reverse orientation of all synthetic peptide
inhibitors that have been crystallized with either stromelysin or collagenase. Presumably the
peptide inhibitor orientation is the same as that of substrates. In either orientation, B-
structure-like hydrogen bonds are formed. This data also confirmed that Cys” is in direct
contact with the active site zinc atom (Becker et al. 1995). Indicating a cysteine switch

inhibition mechanism.

KVMKQPRCGVPDVAQ -~ - = - = - _ *F“V*LTEGNPRWFIB—CL
DMMKEKPRCGVPDSGG- - — = - = = = - = FM*LTPGNPKWPMN—CL
EVMRKPRCGVPDVGH- - ~=- - — = « - _ *E‘RTE‘PGIPKWSL—T
EVMRKPRCGVPDVGEH - - - = = -~ = — - _ FSSE‘PGMPKWSL—.?
SSLRPPRCGVPDPSDGLSARNRQKRFVLSGG——RwSL—S
EIMOKPRCGVPDVAE -~ = = - — =« = = YSLFPNSPKNPUMP—‘I
ETMREKPRCGNPDVAN-- - - - - — — - — *YNFFPRKPKermKGL
K*A*"M RTPRCGVPDLGR = - - = — = = - FQTFEGDLKWM,QzKGL
Figure 4

The sequence alignment of the autoinhibitory domains of MMP-1, MMP-8, MMP-3, MMP-
10, MMP-11, MMP-7, MMP-2 and MMP-9 (from top to bottom). From: H. Birkedal-
Hansen, et. al., “Matrix Metalloproteinases: A Review,” Critical Reviews in Oral Biology and
Medicine Vol. 4, No.2, page 212 (1993). *Autolytic cleavage sites.

ACTIVATION OF MMPs

The actual in vivo activation cascade for MMPs has not been completely verified.
However, Figure 5 is a schematic representation of a proposed cascade based on in vitro
activity, and analysis of activation in cell culture. This cascade shows plasmin as an activator
of stromelysin. Either plasmin, or activated stromelysin can activate both MMP-1 and MMP-
9 (Knauper et al. 1993, Murphy et al. 1987, Shapiro et al. 1995, Suzuki et al. 1990). Not

shown in Figure 5 is that stromelysin can also activate MMP-7 (Imai et al. 1995). Activation

10



of MMP-2 is somewhat unique. It is not capable of activation by either plasmin or
stromelysin (Murphy et al. 1992b). There has been evidence that it is instead activated at the
cell surface by proteolytic cleavage by a membrane-type MMP (Cao et al. 1996, Sato and
Seiki 1996, Sato et al. 1994).

The MMPs are often activated in vitro with the organomercurial, amino-
phenylmercuric acetate. The amino-phenylmercuric acetate disrupts the cysteine switch,
which allows a water molecule to ligate to the zinc (Figure 6). Once this occeurs, activation
by both intra- and intermolecular cleavage occurs (Engler et al. 1992, Grant et al, 1992,

Nagase et al. 1992, Tschesche et al. 1992).

Pro-MMP-2
<= MT-MMP Pro-MMP-3
Pro-uPA Figure 5§
Proposed MMP activation cascade
based on in vitro activation studies.
uPA tPA From: S.L. Parsons, et. al., “Matrix
{}@ PAI @{} Metalloproteinases,” British Journal
of Surgery Vol. 84, page 161 (1997).
Plasmmogen Plasmm
Pro- MMP 4 Pro-MMP- Pro-MMP-1
-3
Actlve
< pmpy T
<:: Active
MMP-1
Aoty
MMP-2
Active
MMP-9

Degradation of the extraceliular matrix
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~/

\ Cl;avage
+APMA i &
Figure 6
m Diagram of the molecular activation of
an MMP molecule. From: H. Sato and

* M. Seiki, “Membrane-type Matrix
—'.l

Metallo-proteinases (MT-MMPs) in

Cyos—1g Autoproteolytic
“T‘r A vags \ Tumor Metastasis,” Journal of
HOH Biochemistry Vol 119, page 210

\nge/ 0
Form Intermediate
\ Form

‘ HOH /

ACTIVATION OF STROMELYSIN

Although plasmin is capable of activating stromelysin, the endogenous mode of
stromelysin activation is not known (Murphy et al. 1992b). There are, however, several in
vitro techniques that yield actiye stromelysin.

Since the activation of stromelysin involves proteolytic cleavage, it results in different
molecular weight bands of the active proteinase by zymogram analysis. The zymogram is an
SDS-PAGE into which substrate has been co-polymerized. After the electrophoresis is
complete, incubation of the gel allows proteinase bands to digest substrate and themselves
resulting in clear bands against a blue background upon Coomassie Blue staining. Activation
of stromelysin occurs as a result of chemical perturbation of the cysteine switch by SDS and

results in a band at approximately 57 kD (pro-stromelysin) on zymograms. In this case, the

12



propeptide has not been removed by proteolytic cleavage, but its ability to inhibit activity has
been compromised. Proteolytic removal of the pro-peptide results in a band of approximately
45 kD on zymograms. Additional proteolytic removal of the carboxyl terminal hemopexin
repeats results in a zymogen of approximately 28 kD. Both the pro-form of the enzyme and
the 45 kD form generally appear as a doublet representing a glycosylated and a non-
glycosylated form of the enzyme. The 28 kD species appears as multiple bands in PAGE
analysis, due to proteolysis of different peptide bonds near the hinge region.

Proteinases capable of activating stromelysin in vitro include trypsin, chymotrypsin,
plasmin, cathepsins B and L, plasma kallikrein and neutrophil elastase (Murphy et al. 1992c,
Nagase et al. 1990). Chymotrypsin, plasma kallikrein and neutrophil elastase cleave different
peptide bonds within the propeptide of stromelysin (Nagase et al. 1990). The final cleavage
occurs by stromelysin autolysis at the His*2-Phe® peptide bond in a bimolecular reaction
(Nagase et al. 1990). Trypsin, however, cleaves the Arg®*-Thr* peptide bond which is
carboxyl-terminal to the autolytic amino terminus (Phe®), leaving the enzyme two residues
short (Benbow et al. 1996).

Stromelysin can also be activated chemically with 4-amino-phenylmercuric acetate
(APMA). Itis believed that the APMA perturbs the cysteine switch as well as other critical
interactions within the propeptide, allowing H,O to ligate to the active site zinc atom followed
by intramolecular autolysis (Okada et al. 1988). After the initial proteolytic event, bi-
molecular reactions yield the 45 and 28 kD active forms of the enzyme (Freimark et al. 1994,

Galazka et al. 1996, Nagase et al. 1990). A similar process takes place in zymography where
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SDS is the agent of activation. This explains zymogen activity that occurs at an apparent
molecular weight of 57 kD, representing pro-stromelysin.

It has also been reported that stromelysin is activated at acidic pH. In a set of studies
in which prostromelysin was incubated with aggrecan beads at various proton concentrations,
it was discovered that stromelysin is activated at low pH, with peak activation occurring at
pH 5.5. By SDS-PAGE analysis it was revealed that the stromelysin that was active still
retained the pro-peptide. It was concluded that the acidic environment caused a
conformational change making the active site accessible to substrate (Gunja-Smith and
Woessner 1993).

Another method of activation is by heat. Stromelysin will undergo bimolecular
autolytic activation (Wetmore and Hardman 1996) when incubated in 25 mM Tris, 50 mM
NaCl, 10 mM CaCl, and 0.05% NaN, at 55 °C. This method of activation results in the a
doublet at approximately 45 kD and a multiplet species of approximately 28 kD. All are
active, and have Phe® as the amino terminal residue (Koklitis et al. 1991).

Comparison of the x-ray crystallographic structures of stromelysin residues 1-255
(pro-form), and 83-255 (activated form) had shown a 17A difference in the position of Phe®
in the two different species (Becker et al. 1995). However, by residue 90 the conformations
of the two species are in register. Their data revealed that once activated, the terminal amine
nitrogen of Phe™ formed a salt bridge with the side group carboxyl of Asp?’. Figure 71s a
stereo image showing the backbone structure of residues 83-255, and the salt bridge between

the Phe® and Asp®’ homologous MMP-8 residues.
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The removal of Phe® due to trypsin activation would result in the loss of the salt
bridge between Phe® and Asp™’ (Becker et al. 1995). It has been demonstrated that in MMP-
1 and MMP-8 the residues homologous to the Phe® of stromelysin is necessary in order for
the salt bridge to form (Reinemer et al. 1994), (Figure 7). If either of the activated enzymes
is even one residue shorter at the amino terminus, the salt bridge does not form. This has a
dramatic effect on the level of enzyme activity that is observed. The presence of the salt
bridge results in a 4-12 fold higher activity (He et al. 1989, Knauper et al. 1993, Murphy et

al. 1987, Suzuki et al. 1990). This may be another mode of regulating enzyme activity levels.

Figure 7

Stereo image of amino-terminal residues Phe”-Gly>*? of MMP-8 showing the salt bridge
between the amine of Phe™ and side chain carboxyl of Asp™. These two residues are
homologous to stromelysin Phe® and Asp™’, respectively.

From: P. Reinemer et. al., “Structural Implications for the Role of the N terminus in the
‘Superactivation’ of Collagenases - A Crystallographic Study,” FEBS Letters Vol 338, P 229,
(1994),

15



3° STRUCTURE OF CATALYTIC DOMAIN

To date, all of the structural studies of stromelysin have been restricted to the amino-
terminal, catalytic, domain of the enzyme. The first tertiary structure studies used
heteronuclear NMR to solve the tertiary structure of stromelysin residues 83-255. The data
revealed that the overall structure of this truncated form of the enzyme was made up of 5 f-
strands (all parallel but 1) four of which are in a B-sheet, and 3 a-helices (Gooley et al. 1994,
Gooley et al. 1993, Van Doren et al. 1993).

The NMR data had also revealed that the active site zinc was coordinated by His*"
and His*” from helix B, and His”". A second zinc had been suggested by atomic absorption
data reported by Salowe et. al. in 1992. Their data had shown a Zn*/ stromelysin molar ratio
of 1.82 and 1.75 for the prostromelysin (residues 1-255) and stromelysin (residues 83-255)
respectively (Salowe et al. 1992). The NMR data confirmed the presence of a second zinc
atom and identified His'*', His'*, and His'™ as three of the coordinating residues. The fourth
coordinating residue of the second zinc atom could not be positively identified but three
candidate residues were selected: Asp'®, Tyr'*, and Tyr'® (Gooley et al. 1994, Gooley et
al. 1993). Later, by x-ray diffraction the fourth coordinating residue of the second zinc atom
was identified as Asp'*® (Becker et al. 1995). This second zinc atom in the MMPs is very
tightly bound, and cannot be exchanged without denaturation (Bode et al. 1994, Salowe et
al. 1992). The x-ray diffraction data also revealed the residues coordinating two calcium
atoms: Asp'®, Gly'”, Gly'®', Val'® Asp'™! and Gly'® for the first Ca?" atom, and Asp',

Gly'”, Asn'”, Asp'”, and two water molecules for the second Ca? atom.
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Figure 8

Ribbon diagram of the catalytic domain of stromelysin showing the 3 alpha helices
in magenta and five beta strands in yellow. The two green spheres represent the zine
atoms with ligating histadine residues shown in blue with their residue numbers.

The inhibitor peptide is shown in red.

From: Gooley, et al., "The NMR structure of the inhibited catalytic domain
of human stromelysin-1," Nature Structural Biology Vol. 1, No. 2, p 114 (1994).



CARBOXY-TERMINUS

Figure 9 is the solution for a crystal structure of the carboxy-terminal domain of
MMP-2 (Libson et al. 1995). The structure reveals a four-bladed B-propeller with a pseudo
four-fold axis. The crystal structure of full length porcine MMP-1 shows a very similar
structure for the carboxy-terminal domain (Li et al. 1995). While the MMPs have less
sequence homology in the carboxy-terminal domains compared to their amino-terminal
domain, their carboxy-terminal domain primary structures are pexin-like for all of the MMPs

with the exception of MMP-7 which does not have a carboxy-terminal domain.

Figure 9

Stereo image of the haemopexin-like domain of MMP-2.

From: M. Libson, et. al., “Crystal structure of the Haemopexin-like C-terminal domain of
gelatinase A,” Nature Structural Biology Vol 2, No. 11, p. 938 (1995).

Not shown in Figure 9 is a calcium ion found in this structure. It has recently been shown
that the calcium is important in the binding of this domain to fibronectin and heparin (Wallon
and Overall 1997). Also, EDTA disrupts the interaction between this domain and TIMP-4

suggesting that the calcium may be important for that interaction as well (Bigg et al. 1997).
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In stromelysin, a role in enzyme stabilization has been proposed for the carboxy-
terminal domain. It has been reported by Willenbrock et. al, that the structural zinc that is
present in their short-form of stromelysin (residues 1-216) is not present in the full-length
enzyme as determined by inductively coupled plasma mass spectroscopy. They proposed that
the carboxy-terminal domain of stromelysin has a role in stabilizing the amino-terminal
domain, and that upon loss of the carboxy-terminal domain by proteolysis, a structural zinc
binds the amino terminal domain to stabilize it (Willenbrock et al. 1995).

The presence of the carboxy-terminal domain also enhances the ability of activated
stromelysin to bind to TIMP-1. The difference in K; values of 45 kD species compared to a
short-form stromelysin (Phe'®-Pro*) is significant: 8.3 x 10"° M for the 45 kD species, and
5.95 x 10® M for the activated short-form stromelysin, a greater than 7-fold difference

(Baragi et al. 1994).

FOLDING AND STABILITY

The ability of stromelysin to recover from heat denaturation is rather remarkable.
Hardman and Wetmore have shown that the secondary structure as evaluated by CD is
recoverable after heating stromelysin, and that zinc was not required for re-folding. The
activated form of the enzyme could be denatured, re-folded in the absence of zinc, and
reactivated by the addition of zinc (Wetmore and Hardman 1996).

The thermal resilience of the enzymatic activity of stromelysin was demonstrated by
showing that after heating the enzyme to 80°C for 15 minutes, the 45 kD species stromelysin

loses only 35% of its activity and the 28 kD species loses only 5% (Okada et al. 1986). In
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preparation for zymography stromelysin is boiled in the presence of SDS and subjected to
electrophoresis with its activity still recoverable, as is evidenced by the clearing of substrate
from the gel.

It is the characteristic of thermal stability that allows the use of heat for activation.
It is thus far the only MMP that has been shown to be capable of autolysis under these
conditions. It is possible even in zymography to shorten the 37°C incubation to 3 hours by

increasing the incubation temperature to 55°C (see Methods).

PROTEIN SUBSTRATES

Stromelysin has the widest range of substrate specificities among the MMPs. Its
protein substrates include: aggrecan (Fosang et al. 1991 56, Fosang et al. 1992); fibronectin,
laminin, elastin (Murphy et al. 1991a); collagens type I1, IV, V, IX, and X; and gelatins type
L IIL, IV, and V. Stromelysin is also capable of activating MMP-1, interstitial collagenase
(Murphy et al. 1987); MMP-8, neutrophil collagenase (Knauper et al. 1993); and MMP-9,
92 kD gelatinase (Shapiro et al. 1995).

Although B-casein is not a natural substrate, it is degraded by stromelysin and many
of the other MMPs. It is an inexpensive, readily available substrate that is frequently used to

measure proteinase activity both in zymograms and tube assays.

STROMELYSIN KINETICS

The Effect of Calcium: Housely et.al. demonstrated that stromelysin thermal stability and

stability in the presence of trypsin were both enhanced in the presence of 5.0 mM CaCl,
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compared to 0.1 mM CaCl, (Housley et al. 1993). Activity of stromelysin is also dramatically
affected by the amount of calcium ion present with a minimum of 1.0 mM needed to achieve
maximum activity (Housley et al. 1993, Okada et al. 1986). This is true even in the case of
autolysis in the presence of amino-phenylmercuric acetate (Housley et al. 1993). The calcium
concentration can be increased to at least 10 mM with no adverse effect on activity.

pH Effect: Two peaks of human stromelysin activity can occur as a function of pH, one at
pH 5.5 and one at pH 7.5 (Harrison et al. 1992, Wilhelm et al. 1993). However, a single
peak of activity at pH 7.5-7.8 for both the 45 kD and 28 kD species of human stromelysin has
also been reported (Okada et al. 1986). Interestingly, in a study with the mouse homolog of
stromelysin, a single peak of activity at approximately pH 7.5 was reported by Farmer and
Yuan (Farmer and Yuan 1991). The reason for these differences is not known.

SYNTHETIC INHIBITORS

Three synthetic inhibitors were used in the studies presented in this dissertation:
minocycline, a semi-synthetic tetracycline derivative; tryptophan hydroxamate and the
peptide, RCGVP. Derivatives of all three had been previously shown to have inhibitory
activity toward the MMPs (Fife and Sledge Jr. 1995, Fotouhi et al. 1994, Gijbels et al. 1994,
Guerin et al. 1992, Hanglow et al. 1993, Schneider et al. 1992). Our purpose for re-
evaluating these inhibitors was to supplement our data on the effects of MMPs on ocular

outflow and will be presented in the second data-chapter of this dissertation.
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METHODS
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STROMELYSIN SEPARATION
Conditioning Media

HT1080 skin fibroblast cells (American Type Culture Collection, Rockville, MD) were
cultured to 80% confluency in D-MEM (Gibco BRL, Gaithersburg, MD) containing 10%
fetal bovine serum (Hyclone Laboratories, Inc; Logan, Utah) and at a CO, concentration of
5%. To stimulate stromelysin production, cells were incubated, serum-free, with 100 U/ml
of interleukin-1c: (R & D Systems, Minneapolis, MN). After 5 days of treatment, conditioned
medium was harvested and 141 of 100 mM PMSF (Sigma, St. Louis, MO) was added per 1
ml of media to inhibit serine proteinase activity. Calcium chloride was added to a final
concentration of 5 mM to stabilize the metalloproteinases. Brij 35 was added to 0.05% (v/v),
NaN, was added to 0.05% (w/v) and pH was adjusted to 7.9. Conditioned medium was then
subjected to centrifugation to pellet cellular debris. The supernatant was then degassed on

ice and subjected to Reactive Red column chromatography.

Reactive Red Column

The protocol for the Reactive Red column (Sigma) is based on that published by
Koklitis et. al. (Koklitis et al. 1991). Prior to column chromatography, all solutions and the
column were degassed. The 8 ml column was washed with 2 M KCl, degassed and pre-
equilibrated with Reactive Red column buffer [25 mM Tris buffer (pH 7.9), 5 mM CaCl,,
0.05% Brij 35, and 0.05% NaNj].

The degassed crude culture medium was applied to the column. The column was

washed with 100 ml of 300 mM NaCl in Reactive Red column buffer. Stromelysin was eluted
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with 50 ml of 750 mM NaCl Reactive Red column buffer. Selected fractions were then

treated with gelatin-agarose beads.

Gelatin-Agarose Beads

Gelatin-agarose beads (Sigma) were used to remove 72 kD gelatinase from the high
salt eluate of the Reactive Red column, The beads were de-fined and pre-equilibrated with
Reactive Red column buffer. The prepared gelatin-agarose beads (1 ml) were added to the
fraction and allowed to bind overnight at 4 °C. The beads were then removed by filtration.
The 25 m filtrate was then dialyzed overnight at 4 °C against 2 liters of 25 mM Tris (pH 7.9),
10 mM CaCl,, 0.05% Brij 35, and 0.05% NaN,. The following day, the dialysis buffer was

changed and dialyzed for an additional 5 hours.

Protein Quantitation

Concentration of protein was determined by absorption at 280 nm. Using the Beers-
Lambert equation:

Ay, =cle

were A, is the absorbance value at 280 nm, ¢ is protein concentration, / is the pathlength of
light passing through the sample, and € is the extinction coefficient which is 69,614 M-'cm'!
for prostromelysin.

The BioRad micro assay procedure for measuring protein concentrations < 25 pg/ml
was also used. A standard curve ranging from 0 to 25..g was generated using bovine serum

albumin as the standard protein. BioRad reagent (200 xl) was added to each sample to a
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final volume of 1 ml. After reacting for 20 minutes, the absorbance was measured at 594 nm.

Concentration was determined from the standard curve.

SDS-PAGE

SDS-PAGE was conducted according to standard procedures (Laemlli 1970,
Sambrook et al. 1989). Generally a 5% acrylamide stacking gel (pH 6.8) and 10 or 12%
acrylamide resolving gel (pH 8.8) were cast. Protein bands were visualized with Coomassie
Brilliant Blue R250 staining solution. Gels were de-stained and dried onto a cellophane

membrane backing.

Western Immunoblot

The Western Blot protocol of Sambrook et al. was followed (Towbin et al. 1979,
Burnette 1981, Sambrook et al. 1989). Briefly, samples were subjected to SDS-PAGE and
transferred to solid support nitrocellulose membrane by electroblotting. Protein bands were
stained with Ponceau S stain and the membrane was photocopied for a permanent record.
The membrane was then de-stained in preparation for immunoblotting.

Non-specific antibody binding was reduced by blocking with 4% (w/v) non-fat dry
milk prior to incubation with the primary antibody. All three primary antibodies used were
generated by Preston Alexander in the Acott laboratory. All are polyclonal antibodies
generated against MMP sequence-specific synthetic peptides. After incubation with the

primary antibody solution, an appropriate alkaline phosphatase-conjugated secondary
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antibody was used. The immunolocalized alkaline phosphatase was visualized with 5-bromo-

4-chloro-3-indolyl phosphate and nitro blue tetrazolium.

Zymography

The zymography gel electrophoresis technique used in this dissertation is based on
the protocol of Heussen (Heussen and Dowdle 1980); however, modifications which permit
the use of BioRad mini-PROTEAN® II apparatus have been made by the author.

Briefly, a 50 mg/ml (3-casein stock solution was prepared by dissolving -casein in a
1.5 M Tris (pH 8.8) buffer containing 0.1% SDS. This stock was added at 10 1 per 1 ml of
resolving gel to give a final B-casein concentration of 0.05%. A 10% final acrylamide
concentration was used and TEMED and 10% ammonium persulfate solutions were added
at 0.6 ul and 6.6 1 per Iml of resolving gel, respectively. A standard Laemlli 5% acrylamide
stacking gel was used (Laemlli 1970, Sambrook et al. 1989). Gels were cast using mini-
PROTEAN® II apparatus with 0.75 mm spacers.

Samples were prepared by boiling for 5-10 minutes in SDS gel-loading buffer
(Sambrook et al. 1989) in the absence of reducing agents. Samples underwent elecrophoresis
at 175 V for approximately 40 minutes. After electrophoesis, SDS was removed from the gel
by washing with a 2.5% Triton X-100 solution two times for 10 minutes each. Following
the Triton washes, the gel was washed two times with water for 10 minutes each to reduce
the Triton concentration.

The gel was then incubated in an enzyme reaction buffer: 50 mM Tris (pH 8.0), 150

mM NaCl, 10 mM CaCl, and 1 uM ZnCl,. During the incubation, bands of proteinases
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degrade the local B-casein, and both the product and the proteinase in the band diffuse out
of the gel. Incubation traditionally takes place at 37 °C overnight. Due to the thermal
stability of stromelysin, the incubation time may be shortened to 3 hours if conducted at 55
°C. After the incubation, the gel was rinsed with water then stained with Coomassie Blue,

de-stained and dried as described under the SDS-PAGE protocol.

INHIBITION AND OUTFLOW FACILITY STUDIES

Zymogram of Minocycline Inihibition

The zymogram of minocycline inhibition was performed by subjecting equal amounts
of prostromelysin in each lane of a single zymogram gel to electrophoresis. The gel was cut
into strips corresponding to a single lane of the gel. The strips were placed into individual
tubes containing various concentrations of minocycline for the zymogram incubation. Each
strip was stained with Coomassie Blue stain, de-stained and dried as described in SDS-PAGE

protocol.

FITC/B-casein conjugation

The preparation of FITC-labeled -casein was performed according to the conjugation
protocol of Twining (Twining 1984). (-casein (1 gm) (Sigma) was dissolved in 100 ml of 50
mM sodium carbonate buffer (pH 9.5) containing 150 mM NaCl. FITC isomer I (40 mg)
(Sigma) was added and the solution was stirred for 1 hour at room temperature in the dark.
The reaction was stopped by the addition of 0.6 gm Tris base, and the solution was dialyzed

against 50 mM Tris (pH 8.5) overnight in the dark. The solution was further dialyzed against
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50 mM Tris (pH 7.2) changing the buffer frequently. An aliquot was removed, precipitated
with 10% trichloroacetic acid and subjected to centrifugation. The A,,, of the supernatant
was determined spectrophotometrically at pH 7.9. Dialysis was terminated when minimal
absorbance of the free FITC was observed.

Using the Beer-Lambert equation shown above, the concentration of FITC of the
preparation was determined using the extinction coefficient of 61,000 M-1cm-1. The protein
concentration of the preparation was known, and from these two molar values, a molar ratio

of FITC/B-casein was calculated.

Stromelysin heat activation

Unless otherwise stated, the active stromelysin used herein was activated by heating.
The protein concentration was at least 100 ng/ml in 50 mM Tris (pH 7.5 at room
temperature), 10 mM CaCl,, 25 mM NaCl, 0.015% Brij 35 and 0.05% NaN,. Standard

incubation conditions were 55 °C for 2.5 hours.

FITC-f-casein assay

The protocol of Twining was followed (Twining 1984) with some modifications.
Briefly, reactions were carried out in 25 mM Tris buffer containing 5 mM CaCl, and 10 uM
ZnCl,. The pH of the buffer was adjusted to 7.5 at the temperature at which reactions would
take place. Reactions were performed in 1 ml volumes. Substrate was added to buffer and
allowed to reach reaction temperature before stromelysin was added. The addition of

stromelysin initiated the reaction, and at specific time intervals a 200 1] aliquot was removed
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and added to 200 ul of a 10% trichloroacetic acid solution. The sample was precipitated
overnight at 4 °C, protected from light. The precipitate was pelleted by centrifugation,
supernatant was removed and neutralized with 750 mM boric acid (pH 10.0) at a 1:2 ratio of
supernatant to boric acid.

The Ay, and As;, of the neutralized supernatant were recorded. The wavelength of
maximum fluorescein absorption at neutral pH is 494nm. The Ay, was recorded as
background absorption and the difference between these two was absorption attributed to
fluorescein.

To determine product concentration, the absorption value was then converted to a
molar substrate concentration using an extinction coefficient of 61,000 Mem™ for
fluoroscein, and the ratio of 1.96 moles of FTC per mole of B-casein (method for
determination is described in //7C/fFcasein conjugation protocol). An initial velocity was

determined by performing linear regression on the multiple time points of a single sample.

Human Anterior Segment Perfused Organ Culture Model

Human donor eyes were obtained within 48 hours postmortem from the Portland
Lion’s Eye Bank. Anterior segments, containing the undisturbed trabecular meshwork,
sandwiched between the intact cornea and a 15-mm rim of sclera, were cultured for seven
days in stationary organ culture prior to perfusion (Acott et al. 1988). Eyes from patients
with potentially confounding diseases were not used. Anterior segments were then mounted
in a standard perfusion culture apparatus (Clark et al. 1995, Erickson-Lamy 1992, Erickson-

Lamy et al. 1988, Johnson et al. 1990, Johnson and Knepper 1994, Johnson and Tschumper
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1987, Johnson and Tschumper 1989, Tschumper et al. 1990) and perfused with culture
medium (without amphotericin B, at a constant perfusion head of 10 cm (approximately 7.35
mm Hg) for 3-5 days allowing outflow to stabilize. Explants that did not stabilize between
1.5 and 8 wl/min at 7.35 mm Hg perfusion pressure after 7 days were not used.

Culture conditions were: 37°C, 100% humidity, 5% CO, and 95% air. Qutflow rates
were determined gravimetrically to 10 ul approximately every 12 hours. Normalized
outflow facility (%C,) is the flow rate in units of xl/(min-mm Hg) normalized to 100% of the
pre-treatment flow rate (Erickson-Lamy 1992, Kaufman 1988). Outflow has been shown to
be through the trabecular meshwork (Erickson-Lamy 1992, Johnson and Tschumper 1987,
Johnson and Tschumper 1989). Flow rates and trabecular cellularity are maintained for at
least three weeks (Johnson 1996, Johnson et al. 1990, Johnson and Knepper 1994, Johnson
and Tschumper 1987, Johnson and Tschumper 1989, Tschumper et al. 1990).

Inhibitors were dissolved in water or at 10,000 x final treatment concentrations in
absolute ethanol for both flow and kinetic studies; vehicle controls were run in parallel.
Except as specifically noted, all treatments were continuous exposures to the agent in the
perfusion medium, beginning at treatment time = 0, and perfusion head was maintained at

7.35 mm Hg.
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PEPTIDE SUBSTRATE KINETICS
TIMP-1 titration of active enzyme concentration

The concentration of activated stromelysin (Biogenesis, Poole, England) was
determined by titration with human TIMP-1 (donated by the Sakai Laboratory, Shiners
Childrens Hospital; Portland, OR). The concentration of TIMP-1 had been determined by
amino acid analysis. The enzyme titration was conducted according to the protocol described
in Methods in Enzymology (Nagase 1995), with the following modifications: pre-incubation
of inhibitor and enzyme was for 2 hours and the substrate used was NFF3 at 4 .M.

Briefly, TIMP-1 is a competitive, slow, tight-binding (irreversible) inhibitor of
stromelysin that binds at a 1:1 molar ratio with enzyme. TIMP-1 can therefore be used to
titrate stromelysin active sites. Various known concentrations of the inhibitor were incubated
with a fixed amount of the enzyme preparation to allow the inhibitor to bind. After incubating
for two hours, substrate was added and the activity was recorded. The activity was then
plotted as a function of TIMP-1 concentration, giving a negative slope with the x-intercept
indicating the minimum TIMP-1 concentration required to inhibit all stromelysin activity.
Since the TIMP-1 binds at a 1:1 ratio with stromelysin, this value also corresponds to the

molar concentration of active stromelysin.

Trypsin activated stromelysin

A 4 p aliquot of a 0.5 mg/ml solution of TPCK trypsin (Pierce, Rockford, IL) was

added to 5 ug of stromelysin in 4.5 ml of Tris buffer (pH 7.5). The solution was incubated
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at 37 °C for 45 minutes at which time 2 wg of trypsin inhibitor (Sigma, St. Louis, MO) were

added.

NFF3 peptide substrate kinetics

Human stromelysin-1 was purchased from Biogenesis. NFF3 (Peptides International)
was reconstituted in water to approximately 1 mM final concentration. Concentration was
determined by absorbance at 410 nm using € = 7,500 cm™. Fluorescence was monitored
using a Perkin Elmer LS50B Luminescence Spectrometer equipped with a thermostatted
four-cell holder. Temperature was maintained with a Lauda RM6 water bath. Initial
velocities were determined using least squares fitting performed by the FL Data Manager
software. Initial velocity data was plotted and analyzed using Grafit software (Erithacus
Software Limited; Staines, UK).

For reactions at pH 7.5 and 8.0, Tris buffer was used at 50 mM concentration
containing 10 mM CaCl,, 50 mM NaCl, and 0.015 % Brij 35. For reactions at pH 6.0, the
Tris buffer was adjusted to pH 7.0 with HCI then adjusted to 6.0 with the addition of 200 mM
Tris-maleate containing CaCl,, NaCl and Brij. To control for any thermal effect, the pH of
all buffers was adjusted at the temperature at which the buffer would be used.

Reactions were conducted in one ml volumes. A cuvette containing buffer and
substrate was placed in the thermostatted cell holder and allowed to thermally equilibrate
before the reaction was initiated with the addition of stromelysin. The excitiation wavelength
was 328 nm and the emission wavelength of 393 nm was monitored. Initial slopes of

fluorescence units per second were determined by least squares fitting, and y-axis intercepts
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were used as baseline emissions values (F,). The reaction was allowed to continue to
completion, or was forced to completion with trypsin to obtain a final fluorescence value (F,).
Conversion from fluorescence units to product concentration units was accomplished making
the assumption that all of the substrate had undergone hydrolysis at the time of completion
and using the expression: (F; - F))/(substrate concentration). This method allowed continuous

monitoring of reactions containing high substrate concentrations.
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EXPERIMENTAL PURPOSE

One of the main objectives of this thesis project was to examine the kinetic mechanism
of stromelysin. It was not until after these projects were initiated that purified stromelysin
became commercially available. Thus, for our early kinetic and inhibition studies stromelysin
was extracted from cell culture media.

Based on studies performed in the Acott laboratory, the best source of stromelysin
was IL-le treated skin fibroblast cell culture medium. Treatment with IL-1a stimulates
stromelysin production without significantly increasing MMP-2 production. MMP-2 is,
however, constitutively expressed by skin fibroblasts. Due to substrate cross-reactivity, a
protocol for separating the two MMPs was therefore developed.

Separation of the MMPs from one another is difficult due to their high homology.
However, a protocol was established based on published purification protocols (Bayne et al.
1992, Koklitis et al. 1991, Okada et al. 1986) and the resultant stromelysin preparation
contained very little contaminating MMP-2.

This section covers the procedure used to extract stromelysin from conditioned media,
and to separate it from contaminating MMPs, especially MMP-2. Conditions for heat

activation were also evaluated and will be discussed.
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EXPERIMENTAL DESIGN

HT1080 skin fibroblast cells were treated with IL-1a to increase production of
stromelysin. The conditioned media was harvested and subjected to column chromatography.
Fractions from the columns were assessed by SDS-PAGE, Western immunoblot and
zymography. Conditions for heat activation were evaluated and are presented in the final
portion of this chapter.

Two columns were used in the separation protocol. The Reactive Red column was
used to separate the MMPs from other proteins in the media. MMP-2 was then separated
from stromelysin with gelatin agarose beads. The unbound filtrate was subjected to Western
immunoblot using a polyclonal antibody made against a stromelysin hinge region peptide to
provided positive identification of stromelysin. Western immunoblots to detect MMP-1 and
MMP-2 were also performed on the final preparation. These data indicated that MMP-2 had
been thoroughly separated from stromelysin with these two columns.

Activation of stromelysin was accomplished by incubating an aliquot of the final
stromelysin preparation at 55 °C. The length of incubation time yielding optimal activation
and the effect of zinc were evaluated by zymography. Stability of activated stromelysin was

assessed by SDS-PAGE analysis.
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RESULTS
Reactive Red Column

This column was used to separate the MMPs from contaminating proteins present in
the culture media and generally follows the protocol of Koklitis et. al. (Koklitis et al. 1991).
Under our conditions, the column will bind stromelysin as well as MMP-2.

After the media has been passed over the column, contaminating proteins and phenol
red dye were eluted with Tris buffer containing 300 mM NaCl (Figure 10, lanes 3-6).
Stromelysin and MMP-2 were then eluted with buffer containing 750 mM NaCl (Figure IO,
lanes 7-9).

The SDS-PAGE of the Reactive Red column fractions shows a doublet at
approximately 57 kD as the most abundant protein bands in the crude media sample. These
protein bands are not detectable in the column flow through, indicating that those proteins
bound to the column. A small amount is eluted in the last three 300 mM salt fractions. The
majority of the doublet was eluted in the first 750 mM salt fraction. Also present in this
fraction is a small amount of higher molecular weight proteins. These higher molecular

weight proteins are less apparent in the second and third high salt fractions.
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Fractions from the Reactive Red column were
subjected to SDS-PAGE and Coomassie Blue
staining.



Gelatin Agarose beads

To remove contaminating MMP-2, 1 ml of gelatin-agarose beads was added to
fraction 1 of the 750mM salt eluate from the Reactive Red column. Binding took place
overnight at 4°C. Those conditions allowed the MMP-2 to bind with little binding of
stromelysin. The beads were then filtered out of solution leaving the majority of the
stromelysin in the filtrate. Samples were evaluated by SDS polyacrylamide gel
electrophoresis followed by staining with Coomassie Brilliant Blue, Figure 11.

Each lane in this gel contains the same volume of the various preparations. The first
lane contains crude medium, and the second contains the unbound filtrate from the gelatin-
agarose beads. It is clear that the concentration of stromelysin relative to total protein is
greatly enhanced after the Reactive Red and gelatin-agarose steps. The third column shows

the protein that bound to the beads, indicating binding of MMP-2 and some stromelysin.

Western Immunoblot Identification of Stromelysin

The supernatant from the gelatin-agarose beads was subsequently dialyzed against Tris
buffer (pH7.9) and aliquots stored at -80 °C. Positive identification of the major band was
achieved by Western immunoblot (Figure 12) using a polyclonal antibody that recognizes a
stromelysin hinge region peptide. To further ensure the identity of the band, a small portion
was activated by heat for 1 hour at 55°C. The resultant bands from heat activation of

stromelysin appear as a 47 kD/45 kD doublet and 28 kD broad band.
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SDS-PAGE of gelatin-agarose
unbound and bound proteins
stained with Coomassie Blue.
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Figure 12

Western immunoblot of stromelysin

lane 1: crude media

lane 2: post-gelatin-agarose beads

lane 3: heat activated, post-gelatin-agaroase beads



Western Immunoblot of MMP-1 and MMP-2

While contaminating MMPs were not present in significant amounts according to the
Coomassie stained gel, Figure 11, we used a more sensitive assay to detect other MMPs in
the preparation. Western immunoblotting is a more sensitive technique for detecting and
identifying MMP-1 and MMP-2. Figure 13a shows a Western immunoblot using a primary
antibody against MMP-1. In Figure 13b the primary antibody was against MMP-2,

Figure 13a shows strong MMP-1 bands in the stromelysin preparation. After heat
incubation, MMP-1 appears to be activated. Figure 13b shows only cross reactivity of the

MMP-2 antibody with MMP-1, but no detectable MMP-2 protein.
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Western Immunoblot of (a) MMP-1 and (b) MMP-2
Lane 1: crude media

Lane 2: post-gelatin-agarose beads

Lane 3: heat-activated, post-gelatin-agarose beads



Optimizing length of time for heat activation, Figure 14

The technique of activating stromelysin by incubating it at high temperature in neutral
buffer had been reported (Koklitis et al. 1991). Based on this report, we optimized the
incubation conditions for our preparation. Stromelysin was incubated at 55°C for the time
periods indicated and evaluated by B-casein zymography, Figure 14.

The 1 hour incubation time does not seem to be long enough for 100% activation.
While 2 and 3 hours both result in almost 100% activation (both 45 and 28 kD species).
Heat activation + ZnCl,, Figure 15

The effect of zinc on heat activation has not been reported. Since zinc is required for
activity and possibly for stability of stromelysin, we examined the effect of zinc on heat
activation. Zinc was not added to the dialysis buffer at the end of the chromatography steps;
therefore, the only zinc available to stromelysin was in trace amounts. Figure 15 is a B-casein
zymogram showing the effect of heat activation with and without the addition of 10 uM
ZnCl,. The band intensities suggest no effect upon the addition of ZnCl,.
Stability of heat activated stromelysin, Figure 16

Aliquots of stromelysin were activated by heating at 55°C in Tris buffer (pH 7.5) for
either one hour or 30 minutes. Samples activated for 30 minutes were then left at room
temperature for up to 3 days. Stability was estimated by evaluation using SDS-PAGE. These
data suggest that activation is incomplete after 30 minutes at 55°C followed by incubation
at room temperature over night. More activated enzyme was obtained by a one-hour
incubation at 55°C. These results suggest that the activation is strongly temperature

dependent.
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Zymogram of heat activated
stromelysin incubated at

55 C for times indicated.
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Figure 15

Zymogram of stromelysin
incubated in Tris buffer

at 55 C for 2 hours:

lane 1: without zinc

lane 2: with zinc
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Figure 16

Coomassie Blue-stained SDS-PAGE
of heat activated stromelysin. Sample
in lane 1 was incubated at 55 C for

30 minutes, then at room temperature
overnight. Sample in lane 2 was
incubated at 55 C for 1 hour.



DISCUSSION
Separation of Stromelysin from MMP-2

Separation of stromelysin and MMP-2 was necessary to conduct kinetic experiments,
since they both hydrolyze FITC-conjugated 3-casein. Contaminating MMP-2 should not be
activated by the heat activation method.

MMP-2 is constitutively expressed in culture media of many cell types, including
HT1080 cells. To enhance the level of stromelysin production, the HT 1080 cells were treated
with IL-1e.. While IL-1¢ causes a significant increase in the level of stromelysin produced,
MMP-2 1s still present in the media.

Reactive Red column (Figure 10) and gelatin agarose-beads (Figure 11) removed
MMP-2 and allowed the kinetic analysis of stromelysin activity against FITC-labeled B-casein.
MMP-2 could not be detected by western immunoblot or in B-casein zymograms. The minor
contribution of MMP-2 proteolysis of B-casein that might occur would be evidenced in
subsequent (3-casein zymograms (Figures 14 and 15) and would appear at a band of molecular
weight greater than pro-stromelysin. Any evidence of MMP-2 activity in the gels would be
an overestimate of'its activity in the kinetic assay since the MMP-2 is still in the proform. In
the zymogram, activation is achieved due to the presence of SDS. In the kinetic assay
however, MMP-2 would still be latent.

The Western immunoblot of MMP-2 shows no visible band at 72 kD, Figure 13b,
although there was a fair amount of cross-reactivity with MMP-1 protein. An MMP-2 band

is also not detectable in the B-casein zymograms of the final preparation. These data suggest
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that, at this level of detection, all of the MMP-2 has been removed from the stromelysin
preparation.

A weak band is detectable below the proform of stromelysin in both the Coomassie
Blue staining of the SDS-PAGE, Figure 11, and in the [-casein zymogram of the final
preparation, Figure 15. The Western Immunoblot of MMP-1 indicates that it is present in
the final preparation, Figure 13a. It also appears to be activated during the 55°C incubation.
This is likely due to heat-activated stromelysin activating the MMP-1. The MMP-1 is less of
a concern than the MMP-2 would be because its specific activity toward casein is generally
lower than that of stromelysin. The lower specific activity combined with its relatively low

quantity present in the preparation made it less of a concern as well.

Heat Activation of Stromelysin

While activation of stromelysin can be accomplished by several methods, activation
of stromelysin by heat is optimal for kinetic experiments for several reasons. First, it does not
require the addition of compounds not already present in the buffer. Second, it does not
require the addition of another proteinase. Third, the resultant zymogen begins at Phe®> which
is the putative endogenous amino terminus, whereas trypsin activation generates a Thr*’
amino terminus. Fourth, MMP-2 will not be activated during the process. Any other
technique would yield activated MMP-2.

Activation by heat is accomplished by incubation in Tris buffer at 55 °C. Figure 14

(zymogram time line) shows that there is a significant difference in the extent of activation
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between 1 and 2 hour incubation times, but that the extent of activation between 2 and 3
hours is equivalent. This suggests that a 2 hour incubation time is sufficient.

Since zinc is required for activity of stromelysin, 10 uM zinc was added to the
activation buffer to test if it were necessary for activation. This did not appear to be the case
(Figure 15). However, only a single incubation time was tested, and longer or shorter
incubation times might have shown a difference.

Heat-activated stromelysin is vary stable against autolysis. Figure 16, lane 1, is a
Coomassie Blue stained SDS-PAGE of stromelysin that had been incubated for 30 minutés
at 55 °C, then left at room temperature overnight. This lane shows a significant amount of
protein still present in the sample even though active stromelysin is present in the preparation.
In fact, an activated sample that has been held at room temperature for up to three days

showed no loss of enzyme or activity as determined by SDS-PAGE and zymography.

CONCLUSIONS

The objective of the experiments presented in this chapter was to generate a
preparation of stromelysin containing minimal levels of contaminating MMP-2 and MMP-1.
The media of IL-1a-stimulated skin fibroblast cells contains stromelysin, MMP-2 and MMP-
1. Separation of stromelysin from MMP-2 and MMP-1 was achieved using a Reactive Red
column and gelatin-agarose beads. Separation of stromelysin from contaminating MMPs was
sufficient to allow us to proceed with kinetic experiments, based on the results from the
western immunoblots and zymograms showing only traces of MMP-2. The small amount of

MMP-2 remaining in the preparation would not be activated by the heat activation method.
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While there are measurable amounts of MMP-1 present, it is anticipated that its contribution
to kinetic reactions would be minor due to its relatively low specific activity toward B-casein.

Activation of stromelysin for use in kinetic experiments was achieved by heating to
55 °C for 2.5 hours in Tris buffer. Activation under these conditions yields both the 45/47
kD pair, and the 28 kD forms of stromelysin. The active stromelysin is very stable with little
or no loss of activity at room temperature for up to 3 days.

This preparation of stromelysin was subsequently used for kinetic analysis of
stromelysin using (-casein substrate. The stromelysin in those studies was standardly

activated by incubation at 55°C for 2.5 hours in Tris buffer.
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BACKGROUND

Epidemiology of Glaucoma

Primary open angle glaucoma is a blinding disease affecting approximately 2.5 million
people in the United States (Quigley 1993, Quigley 1996, Quigley and Vitale 1997), and 66.8
million worldwide (Quigley 1996). Glaucoma is thus the second leading cause of blindness
in the United States, second only to age-related macular degeneration. The disease is
particularly devastating, in part because the onset of blindness occurs late in life (Dielemans
et al. 1994, Leske et al. 1994, Quigley and Vitale 1997), a time when adjusting to loss of
vision is particularly difficult. Here we will discuss the clinical diagnosis of glaucoma and our

hypothesis of its etiology.

Ocular Anatomy

The portion of the eye anterior to the vitreous humor is anatomically divided into two
chambers: the posterior chamber which is behind the iris, and the anterior chamber in front
of the iris and lens, Figure 17. Both chambers are filled with a fluid called the aqueous
humor, which provides nutrients to the avascular lens, cornea and trabecular meshwork. The
aqueous humor is produced by the ciliary body at a rate of about 2.75 + 0.63 wl/min
(Brubaker 1991, Larsson et al. 1995) and exits the anterior chamber through the trabecular
meshwork to Schlemm’s canal (Newell 1982, Stevens and Lowe 1997), Figure 18. The
trabecular meshwork is a ring of semi-permeable tissue at the anterior base of the iris and is

shown in Figure 19.
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Figure 17

Anatomical structure of the eye.

(From: Daniel Vaughan, et.al, General Ophthalmology,
Chapter 1, First Ed., Lange Medical Publications (1968).
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Figure 18

Drawing of the aqueous humor outflow pathway.

From: Frank W. Newell, “Ophthalmology: Principles and
Concepts,” Fifth edition, The C.V. Mosby Company, St.
Louis, p.75, (1982).
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Artistic representation of the anterior portion of the eye
showing the ring of trabecular meshwork at the base of the iris.

From: A. Stevens and J. Lowe, "Human Histology" Second
edition, Mosby, London, p. 393 (1997).



Clinical Diagnosis & Treatment

Clinical diagnosis of glaucoma is based primarily on presentation of optic nerve
cupping, visual field loss, and increased intraocular pressure. It is generally accepted that
increased intraocular pressure is the primary risk factor for glaucomatous visual field loss
(Quigley 1993). Sustained elevation of intraocular pressure damages the optic nerve,
although the mechanism by which this occurs is unclear.

The increase in intraocular pressure is due to a decrease in aqueous humor outflow
and not increased aqueous humor production (Brubaker 1991). Although the aqueous humor
i1s the nutrient source for the anterior chamber tissues, most of the current drug therapies
reduce aqueous humor production rather than increase aqueous humor outflow (Brubaker
1991, Kaufman and Mittag 1994). This is in part due to a lack of understanding of the

biochemical aspects of the outflow mechanism.

Etiology of Glaucoma

In primary open-angle glaucoma, the trabecular meshwork has not collapsed, appears
normal, and is not blocked by the iris. The mechanism of obstruction is unknown; however,
different hypotheses have been proposed (Acott and Wirtz 1996, Allingham et al. 1996,
Knepper et al. 1996, Parshley et al. 1996, Umihira et al. 1994). Our working hypothesis is
that the decrease in outflow is due to a decrease in the turnover of extracellular matrix,
normally maintained by the MMPs in the trabecular meshwork. Trabecular extracellular
matrix turnover is relatively rapid. The half-life of trabecular glycosaminoglycans is

approximately 1.5 days, while in the adjacent tissues of cornea and sclera it is 7-14 days
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(Acott et al. 1988). In support of our hypothesis, a sustained upregulation of the MMPs
specifically in the trabecular region occurs in response to laser trabeculoplasty, a common

treatment for glaucoma (Parshley et al. 1996, Parshley et al. 1995).

Experimental Purpose

Data from an ocular anterior chamber explant organ culture system (Figure 20) to test
our hypothesis is presented in this chapter. In this culture system, culture medium fills the
anterior chamber and flows through the trabecular meshwork.  Preliminary experiments
using media containing blue dye had shown that the media flows through the trabecular
meshwork into Schlemm’s canal (data not shown). The ciliary body has been removed so that
there is no aqueous humor production. In this system either flow or pressure can be
monitored to assess changes in outflow facility (Erikson-Lamy and Rohen 1991, Johnson and
Tschumper 1987).

In order to test our hypothesis that the MMPs and TIMPs are crucial to the
maintenance of ocular outflow, we manipulated the MMP and TIMP content of the culture
media flowing through the trabecular meshwork in the organ culture system. This was
accomplished by either the addition of MMPs or TIMPs, or the addition of modulators of
their activity or their production. The effectiveness of the various synthetic metalloproteinase
inhibitors was examined concurrently using the FITC conjugated B-casein substrate.

The outflow measurement studies were conducted by John Bradley in the Acott lab.
Once the eye explant was mounted in the flow apparatus and its flow had stabilized, the

MMPs, TIMPs, and various modulators were tested for their effects on outflow.
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Figure 20

Diagram of flow apparatus showing the media reservoir flowing to the anterior
segment, mounted in the flow cell. Also shown is the purge port used to purge
the system of test agent in studies where agent was removed at a given time point
during the experiment.



RESULTS

MMP Flow Data

The media used in the flow system was serum-free. In all of the plots of flow data,
the abscissa represents time in units of hours where 0 hour time is the time of treatment, i.e.
the time the agent tested was added to the system. Agents were either injected into the
perfusion chamber or added to the reservoir media. The ordinate is the flow rate plotted as
a percent of the control outflow facility. The control outflow facility is designated 100%
and is determined for each eye after a 3-5 day equilibration period.

The open circles in Figure 21 show that the control protein, bovine serum albumin
does not cause a change in outflow facility. However, the addition of a mixture of MMP-2,
-3 and -9 (Figure 21, filled circles) shows a resultant increase in outflow facility to

approximately 160 %C,.

Figure 21 (Bradley)

Percent outflow facility as a
function of time. Open circles
represent  bovine  serum
albumin treated eyes, n=l.
Solid circles represent MMP
mix treated eyes, n=2. Error
bars represent standard error
of the mean.

Outflow Facility (%Co)

Treatment Time (Hrs)
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Synthetic Inhibitors

RCGVP peptide - This peptide sequence taken from MMP propeptides is a known inhibitor
of MMPs and specifically targets MMP activity. Figuré 22 shows the effect on outflow facility
when this peptide is added at 0 hours and removed at 48 hours. At 48 hours the outflow
facility is below 10% C,. Removal of the peptide (indicated by the arrow) results in rapid

recovery, reaching almost 100% C, by 130 hours.

Outflow Facility (%Co)

-40 0 40 80 120 160
Treatment Time (Hr)

Figure 22 (Bradley)- RCGVP peptide

Percent outflow facility as a function of time as it is affected
by the addition of 200uM RCGVP peptide, and its removal,
indicated by the arrow, n=3. Error bars represent standard
error of the mean.

61



The kinetic activity of the peptide inhibitor was also examined in vitro by IC,, plots.
These are semi-log plots of the initial velocity as a function of the log of inhibitor
concentration. The ICy, is a function of the K, and enzyme concentration as well as the
inhibitor concentration, and is the concentration of inhibitor required to inhibit 50% of the
enzyme activity. Figure 23 is an ICs, plot of stromelysin activity on 4 M FITC-conjugated
B-casein as a function of the log of RCGVP peptide concentration. The plot indicates that
complete inhibition of stromelysin activity is possible with this peptide. The IC,, determined

from this plot is 173 uM.

40

Vo (nM/min)

20

IC 50 = 173uM

0 Lo ppaapl Lt papanl

1 10 100 1000
[RCGPV] (uv)

Figure 23
IC,, curve of RCGVP inhibition of stromelysin, n=2.
Error bars indicate standard deviation.
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Tryptophan Hydroxamate - Another agent tested was tryptophan hydroxamate (Figure 24).
This inhibitor is presumed to bind in the active site of stromelysin by coordinating the
hydroxamate to the active site zinc atom. Other hydroxamic acid inhibitors have been shown
by crystallography to bind to MMPs in this manner (Gooley et al. 1994, Gooley et al. 1993,
Van Doren et al. 1993).

Figure 25 shows that tryptophan hydroxamate causes a steady decrease in outflow
facility, while the addition of IL-1e (indicated with an arrow) causes an increase in outflow

facility in the presence of the inhibitor .
N Figure 24
> Molecular structure of tryptophan
hydroxamate.

Figure 25 (Bradley)
The effect of tryptophan
,* “s, hydroxamate (50 wM) on

D S

8 100 outflow facility, squares, n=3.
(] =7 . . oo

& i Arrow indicates addition of IL-
Fe B la (50U/ml), circles, n=4. All
s 8 error bars represent standard
0 i error of the mean.
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Data was collected for both an ICq, plot and a double reciprocal plot of tryptophan

hydroxamate inhibition of caseinolytic activity of stromelysin.
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Figure 27
Double reciprocal plots of tryptophan hydroxamate inhibition of stromelysin. Initial velocities
in the presence (open circles) and absence (filled circles) of tryptophan hydroxamate.

Inhibitor concentration is 100uM, n = 3. Error bars indicate standard deviation on both plots.
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Figure 26
ICs, plot of tryptophan
hydroxamate inhibition of

stromelysin. [s] is 4uM. Error
bars indicate standard
deviation, n=3-5.
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Unlike the peptide inhibitor, the IC,, of tryptophan hydroxamate indicates that
complete inhibition does not occur. Only 50% inhibition occurred with the highest
concentration of tryptophan hydroxamate. Thus the IC,, value determined in this case
represents the concentration of tryptophan hydroxamate required to inhibit 50% of the
enzyme capable of enzyme/inhibitor interaction. Changes in the intercept and the slope of the

double reciprocal plots shown in Figure 27 indicate mixed inhibition.

Minocycline - Minocycline is a tetracycline derivative that inhibits MMPs.  Its molecular
structure is shown below, Figure 28. Minocycline was tested on the flow system (Figure 29),
data for ICs, (Figure 31) and double reciprocal (Figure 32) plots were collected, and

evaluation by zymography was performed (Figure 30).

Figure 28
Molecular structure of minocycline
The addition of minocycline to the flow system causes an immediate decrease in flow
reaching less than 40% C, within 48 hours, and about 30% C, at about 6 days. Spectroscopic
analysis of the media exiting the eye indicated that the minocycline was retained in the tissue

and was gradually released over several days (Bradley).
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Figure 29 (Bradiey)

Effect of minocycline (100uM)
on outflow facility. Error bars
represent standard error of the
mean, n=4.

Minocycline inhibition of stromelysin was analyzed by zymography. The data show

that addition of increasing amounts of minocycline to the zymogram incubation buffer results

in decreasing stromelysin activity. Inhibition of the glycosylated and non-glycosylated forms

of stromelysin appears to be equal.

The ICy, plot (Figure 31) shows complete inhibition of stromelysin activity with

minocycline. Double reciprocal plots shown in Figure 32 show no change in V,_ and a large

change in K, characteristic of competitive inhibition.

Figure 30

Negative (top row), and positive (bottom row) images of the
strips of the minocycline zymogram showing stromelysin
activity and inhibition by minocycline. The images of the
strips were adjusted to approximately equal background
levels. The micromolar concentration of minocycline present
in the incubation buffer is indicated above each
negative/positive pair,
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ICs, plot of minocycline
inhibition ~ of  stromelysin.
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Double reciprocal plots of minocycline inhibition of stromelysin. Minocycline concentration
is 100 «M. Error bars represent standard deviation of the data, n=3.
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The ICy, values that were determined for these inhibitors with stromelysin, MMP-2
and MMP-9 are presented in Table 2. Also in this table are the concentrations of these

inhibitors used in the outflow system that caused a decrease in outflow facility,

Table 2 Table of inhibition of metalloproteinases and of outflow.

Concentrations
used for
Inhibitor Stromelysin MMP-2" MMP-9" inhibition of
ICs, (uM) ICs, (uM) ICs, (M) outflow (M)
Minocycline 31 113.1 101.5 100
Tryptophan 187 57:5 95.5 50
hydroxamate
Pro-peptide 173 103.7 1153 200

" measured by J. Vranka

I[L-10. and TIMP-2

IL-1a has been previously shown to upregulate stromelysin in cultured trabecular
meshwork cells (Samples et al. 1993). Figure 33a shows that the addition of IL-1¢ to the
outflow system results in an increase in outflow facility. Conversely, the addition of TIMP-2
to the flow system results in an initial increase in outflow facility to approximately 120% C,
followed by a decrease to approximately 50% C, (Figure 33b, filled circles). Also plotted in
Figure 33b (open circles) is data from the simultaneous addition of TIMP-2 and IL-1c. The
concurrent addition results in a gradual decrease in outflow facility, suggesting that TIMP-2

1s capable of blocking the IL-1c. effect.
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Figure 33

(A) Effect of IL-1a on outflow facility, error bars represent standard error of the mean,
n=4. (B) Effect of TIMP-2 on outflow facility, filled circles, error bars represent standard
error of the mean, n=3. Effect of simultaneous addition of IL-& and TIMP-2 on outflow
facility, open circles, n=1.
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DISCUSSION

The objective of these experiments was to test the hypothesis that disruption of the
balance between the MMPs and TIMPs in the trabecular meshwork causes changes in the
outflow facility similar to those seen in primary open angle glaucoma. There is currently no
animal model to test this hypothesis. Therefore, we used a primary organ culture system in
which a human anterior hemisphere with iris, lens and ciliary body removed was mounted in
a flow apparatus (Figure 20). This apparatus allowed us to measure the flow and changes in
the flow of media through the trabecular meshwork. Different agents were added to thé
system and their effects on outflow facility were monitored.

We found that the addition of bovine serum albumin had no substantial effect on
outflow facility. This result suggests that any effects that are seen with MMPs or TIMPs are
due to functional properties of those molecules, and not merely a generic effect due to the
addition of protein.

An increase in the outflow facility was observed when activated MMPs were added
to the system. This suggests that MMPs are capable of increasing outflow, but does not
address the question of whether they are normally active in trabecular meshwork. A set of
experiments targeting the enogenous MMPs present in the trabecular meshwork suggested
that the MMPs are present and active.

In these experiments, MMP inhibitors tryptophan hydroxamate (Figure 25), peptide
RCGVP (Figure 22), minocycline (Figure 29), or TIMP-2 (Figure 33) were added to the
media. All are inhibitors of MMPs, and all had the same effect on outflow. The addition of

any of the inhibitors resulted in a decrease in outflow. This suggested that the MMPs are
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active in the trabecular meshwork, and that this activity is involved in maintaining outflow
facility.

It has been shown that IL-1e causes a marked increase in the amount of MMP
secreted by trabecular meshwork cells (Samples et al. 1993). The addition of IL-1e to the
flow system results in an increase in outflow facility, Figure 33a. We interpret the increase
to approximately 140 %C, as the result of increased MMP production in the trabecular
meshwork. The increased outflow facility then levels off at approximately 125 %C,.

While the IL-1a data supports the hypothesis, it does not implicate the MMPs and
TIMPs specifically, since IL-1e can have other effects. To test more specifically for an MMP
effect, TIMP-2 was added concurrently to attempt to block the IL-1a effect. First, the filled
circles in Figure 33b show that the addition of TIMP-2 alone caused a significant decrease
in outflow facility. The open circles in Figure 33b show that the presence of TIMP-2
suppresses the increase in outflow facility seen when only IL-1¢ is added (Figure 33a), and
then causes a continuous decrease in outflow facility to well below 100 %C,. This suggests
that the IL-1« effect is MMP-based.

All of the inhibitors used in the flow system had been tested for their activity against
stromelysin, as well as MMP-2 and MMP-9 (Vranka 1997). The TIMP-2 and RCGVP
peptide data is perhaps the most compelling since they are, of all of the agents tested, the
most specific for MMP activity. The bovine serum albumin control experiment had shown
that addition of even a large protein has no effect on outflow, making it difficult to argue that

the TIMP-2 or the small peptide, RCGVP, is acting non-specifically.
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Although it is not shown here, it should be noted that all of the effects were reversible
with the exception of the decrease in outflow facility due to minocycline. The reversibility
of all effects suggests that the tissue is able to recover from treatment. The irreversibility of
minocycline is likely due to retention of minocycline by the tissue which has been observed
spectroscopically in the media exiting the eye.

Also not presented here is histology data generated by John Bradley in which the cells
of the trabecular meshwork were stained to detect both living and dead cells. These data
show that the cells in the trabecular meshwork are alive after being in the flow cell for several
days.

The kinetic studies supplementing the outflow experiments showed that inhibition of
the MMPs occurred at the molecular level. The ICs, data for the inhibition of stromelysin
suggests that minocycline inhibits 50% of the stromelysin at approximately 1/6 the
concentration that would be required of tryptophan hydroxamate or the peptide RCGVP
(Table 2).

The double reciprocal plots indicate that the minocycline inhibition affects the K|
without affecting k,, (Figure 32). These effects are characteristic of competitive inhibition.

Double reciprocal plots of tryptophan hydroxamate inhibition show effects of K and k.,

which is characteristic of mixed inhibition (Figure 27).
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CONCLUSIONS

While it is fairly well established that the primary outflow pathway is through the
trabecular meshwork, the process by which that pathway is blocked is not clear. Here we
have shown that the addition of MMPs to the system medium causes an increase in outflow
through the trabecular meshwork. Conversely, there is a resultant decrease in ocular outflow
facility upon the addition of MMP inhibitors, tryptophan hydroxamate, minocycline and auto-
inhibitory domain peptide, to our culture system. The addition of TIMP-2 to the system also
results in a significant decrease in outflow facility. While outflow facility increases with the
addition of IL-1a, a known inducer of MMPs in trabecular meshwork cells, this increase
could be blocked by the concurrent addition of TIMP-2, suggesting that the IL-1a effect is
MMP-based. Taken together, these experiments support the hypothesis that the MMPs are

involved in maintenance of outflow facility in an open angle.
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STROMELYSIN KINETICS

We observed non-linear Arrhenius plots of stromelysin activity with protein substrate.
Subsequently, we performed studies with a peptide substrate with similar results. This lead
us to believe that the non-linearity was not due to the protein substrate, but that it was more
likely due to some characteristics of stromelysin.

Scheme 1 is a proposed kinetic mechanism for stromelysin based on observations of
trypsin-activated stromelysin activity on substance P analog, RPKPNNFFGL(Nle)-NH,
(Harrison et al. 1992). Four different protonation states of the enzyme are represented by E,
EH, EH, and EH;. The substrate and product are represented by S and P, respectively. In
Harrison’s study, k., /K, was determined at a substrate concentration of 28 M where 0.4
mM <K, < 1.2 mM (dependent on pH) and by applying equation 5. The plot of k /K, as a
function of pH ranging from pH 5.0 to 10.0 resulted in a peak at approximately pH 6.0 with
a shoulder of about 50% relative activity level at pH 8.0. The initial velocity as a function of

pH data was fit to Equation 1 to yield 3 pK, values: 5.4, 6.1 and 9.5.

Scheme 1 EH,

K, /K,

EH,+S <« EH,+P
K,! (/Ko

EH+S <« EH+P
K, !

E
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(kca/ Km) 2 k. (kcar/ Km) 1

(kca/Km)o S=
Y, Ke KKe [HT [

K (Eq. 1)
+1+ o -
Ka3 [H T] [H +]2 Ka3K a2 Ka2 [H +]

Equation 1 is the mathematical representation of Scheme 1. While this is the form in which
the equation can be utilized, its significance is not very obvious. However, rewriting the acid
dissociation constants of Equation 1 in terms of their molecular concentration components,
ie. K, = [E][H]/[EH], yields Equation 2:

(kcat/ Km)Z 3 (kcat/ Km) 1

[EH3]+1+[EH]+ [E] [EH3]+[I*31'1’2]+1+ [E] (Eq. 2)
(£, [EH)] [EH,] [EH] [EH]  [EH]

(kca/Km)obs =

The right-hand side of Equation 2 simplifies to Equation 3:

[£H)) [EH)]
k /K )+ k /K

(kcar/Km)obs =

where [E]; is total enzyme concentration ([E] + [EH] + [EH,] + [EH,]).

Thus, the denominators on the right side of Equations 1 and 2 determine the
concentration of each of the two active enzyme forms, [EH,] and [EH] as a fraction of total
enzyme concentration. These equations suggest that thé k../K,, observed is the sum of two
k../K,, values and that the contribution of each is dependent on the proton concentration and

the relevant acid dissociation constants as they pertain to [EH] and [EH,].
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The pK, values may be due to protons of either substrate residues, or residues of the
enzyme or one of each. The possibility of any substrate effect was eliminated by Harrison et
al. when the use of three other substance P variants resulted in no significant change in the
pK, values. This lead them to the conclusion that the three pK, values could be attributed to
residues of the enzyme, although the pK, values were not attributed to specific residues.

At the time of the studies of Harrison et al. (Harrison et al. 1992) no peptide substrate
with high solubility and high specific activity for stromelysin was available . A high substrate
concentration in this context is determined by the K. High solubility allows the study of
kinetic activity at substrate concentrations well over the K. This is important because if the
substrate solubility is so poor that experiments can only be done in the [S] << K__ range, then
only the ratio of k,,, /K, can be determined. This determination is made indirectly from the
observed initial velocities and applying Equation 5.

First, Michaelis-Menten kinetics is assumed:

E+S=ES~E+P

, - 1S, )
K 18] (Eq. 4)

and if [S]<<K,, then

o _[ENSkk,,
= By 5}
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Since [E] and [S] are known, and v, is determined experimentally, the ratio of k_, /K can be
calculated.

Since poor substrate solubility prevents the determination of the individual kinetic
constants, a more detailed understanding of these constants is impossible. Thus the effects
that different conditions have on the enzyme activity can not be attributed to an effect of one
or the other or both constants.

In 1994 Nagase et.al. published a paper describing a peptide substrate, NFF3. They
had reported solubility up to 250 M with k_ /K, values of 218,000 M's™ for stromelysin,
10,100 M’'s™ for MMP-9, and undetectable activity for MMP-1 and MMP-2 (all at 37 °C,
pH 7.5) (Nagase et al. 1994). NFF3 is a peptide conjugated to a fluorophore,
methoxycoumarin (Mca), and a fluorescence quencher, DNP (Figure 34b). The Mca
fluroescence is quenched by resonance energy transfer to DNP. A schematic representation
of the resonance energy transfer is shown in Figure 34a. Proteolysis of the NFF3 Glu-Nva
bond by stromelysin releases the Mca from the DNP, thereby liberating the fluorophore from
the quenching agent and resulting in an increase in detectable fluorescence. Due to the nature
of this substrate, the reaction can be fluorometrically monitored continuously, and k_,, can be
determined independently of K, because of its high solubility. The purpose of this section was
to determine the thermodynamic parameters of the observed k_,, and to test whether or not

the thermodynamic behavior is in agreement with Scheme 1.
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Resonance Encrgy Transfer
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Proteasce
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P
CH2-CO-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys-NHz
(M.W.1675.9)

Figure 34
(A) Schematic representation of resonance energy transfer used in the fluorescence

quench-release assay of NFF3. (B) Molecular structure of NFF3 showing the fluorophore
group, Mca, and the quenching molecule DNP.
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EXPERIMENTAL DESIGN

The temperature dependence of an enzyme reaction provides thermodynamic
information about steps of a kinetic mechanism. The experiments in this section were
performed using the peptide substrate NFF3 and heat-activated stromelysin (Biogenesis, Inc.)
unless otherwise stated. Initial velocities, v,, were determined at several concentrations of
NFF3 and were measured in fluorescence units per second, then converted to molar
concentration per second as described in Methods.

The high solubility of NFF3 permitted the determination of observed k_,, values. We
had hypothesized that if the mechanistic scheme of stromelysin resembled that of Scheme 1
with two parallel pathways to product that are separated from one another by proton
ionization, then the thermodynamic plots of the observed k_, should show characteristic
features of Scheme 1.

The Arrhenius plot is a plot of the natural log of k., versus the reciprocal of
temperature. In the case of a simple mechanism, such as the Michaelis-Menten mechanism,
an Arrhenius plot of the data will generally yield an almost linear plot. If the mechanism is
more complex, then the plot may deviate from linearity. This may occur if each of the
potentially rate determining steps in the complex mechanism have different temperature
dependencies. Later we will discuss other possible causes of non-linear Arrhenius plots.

In a parallel mechanism resembling Scheme 1, we had hypothesized that at proton
concentrations near K,,, the Arrhenius plots would show the characteristic non-linearity of
a complex mechanism, and that shifting the proton concentration away from K,, would

decrease the degree of non-linearity.
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Figure 35

Fluorescence emissions spectra of a single sample of McaProLeu peptide at five different
temperatures (14, 25, 37, 45 and 55 °C) showing fluorescence decreases as temperature
increases. Spectra are from 300nm to 500nm with intensity (INT) measured in fluorescence
units. Excitation wavelength of 328nm was used.
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Figure 36  Plot of fluorescence intensity at 393 nm as a function of relative concentration
of McaProLeu peptide at five different temperatures (14, 25, 37, 45 and 55 °C). At each
peptide concentration a single sample was prepared and its fluorescence measured at each
temperature.
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In addition to the effects of temperature, another common characteristic of
fluorescent molecules is self-quenching. Self-quenching, or filter effect, occurs at increasing
concentrations of the fluorophore (Lakowicz 1983). The effect on progress curve
fluorescence is shown in Figure 37. Due to self-quenching, the progress curve for 50 uM
NFF3 appears below that of 20 M at the same enzyme concentration. If the self-quenching
is not accounted for, these slopes would imply that the activity on 20 M substrate is better
than that on 50 1M substrate. Substrate inhibition could cause such an effect; however, the
reactions followed to completion result in a lower final fluorescence for the 50 M NFF3.
This was true whether complete conversion to product was performed by stromelysin or

trypsin, suggesting that the decreased fluorescence was not due to substrate inhibition.
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Figure 37
Progress curves demonstrating the self-quench effect of NFF3. Both curves are at the same
enzyme concentration and at 20 M (—) and 50 M (- -) NFF3 concentrations.
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The extent of NFF3 degradation in the absence of enzyme was also examined and is
represented by the dotted line in Figure 38. This experiment demonstrated that the extent of

degradation in the absence of enzyme was negligible.

INT

350 +
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Figure 38

Progress curves of NFF3 peptide substrate in the presence (—) and (- -), and absence (- ) of
stromelysin.
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Figure 39 shows representative progress curves, fluorescence as a function of time,
for stromelysin activity with NFF3. The initial slopes of the progress curves were used to
determine initial velocity. Generally these slopes corresponded to the curve from 0-600
seconds or less. The conversion from fluorescent units to molar concentration units is
described in Methods.
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Figure 39

Representative progress curve of stromelysin activity on NFF3 plotted in fluorescence units
as a function of time. Initial velocity is determined from the initial slope and fluorescence
units are converted to molar concentration.
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When NFF3 was developed by Nagase et al., they reported the k_,, and K_ values for
stromelysin activity on NFF3 at pH 6.0 and pH 7.5 at 37 °C. Interestingly while the k_,/K__
from these studies was found to be greater at pH 6.0 than pH 7.5 (302,000 and 218,000 M's"
! respectively), the increase was an effect of K,,. In fact, the k,, at pH 6.0 was less than half
that at pH 7.5 (2.20 and 5.40 s, respectively). These values were obtained from double
reciprocal plots of activity using a substrate range of 2.5 - 75 £M NFF3 (Nagase et al. 1994)
with sodium acetate (pH 6.0) and Tris (pH 7.5) buffers.

Our kinetic studies were conducted using NFF3 with a Tris (pH 7.5 and 8.0) buffer
and a mixture of Tris and Tris-maleate (pH 6.0). These buffers were chosen in order to
minimize buffer differences at different proton concentrations. It has previously been shown
that a mixture of Tris and Tris-maleate yields similar activity to that of MES buffer at the
same pH (Wilhelm et al. 1993). By using the Tris/Tris-maleate buffer at pH 6.0 instead of
MES or sodium acetate, we minimized the difference in buffer conditions between reactions
conducted at pH 6.0 and those conducted at pH 7.5 and 8.0 with Tris buffer.

The k, and K, values can be calculated from plots of [s}/v, as a function of [s]
(Hanes piots). The slope of the Hanes plot gives the reciprocal V,,, value, and the x-intercept
gives the negative K, value. Figure 40 shows the resultant Hanes plots at pH 7.5 at 20, 25,
32,37, 40 and 45 °C. The initial velocities at each substrate concentration are plotted as
averaged values with error bars while linear fits were performed using individual velocity
values to give equal weight to each point. The k,, and K,, values obtained from these plots
by least squares fitting of the data are presented in Table 3. These values were used in the

subsequent thermodynamic analyses. Note that the k,, increases with increasing temperature,
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but that the K, behavior appears much less predictable. However, a van’t Hoff plot of 1/K_,
(Figure 41), shows that there is a pattern of behavior indicating an optimum temperature for
K., of approximately 32 °C. This pattern is also apparent in the “K,” column of Table 3.
The k,, values presented in Table 3 were used to generate Arrhenius and Eyring
plots.  These plots correlate the reaction rates at different temperatures to yield

thermodynamic parameters.

o 20C
e 25C
o 32C
>
) m 37C
A 40C
A 45(C

NFF3 (uM)

Figure 40

Hanes plots of stromelysin activity on
NFF3 at 20, 25, 32, 37, 40 and 45 °C
in Tris pH 7.5 buffer. Error bars
represent standard error of the mean,
n=1-9.

89



Hanes Plot Constants
pH 7.5
°C k. Kn
20 1.72%3 12.88
25 1.496 9.90
32 1.918 8.59
37 2.774 9.5
40 4.45 12.87
45 6.112 19.78

Table 3
The kinetic constants determined from the Hanes plots in Figure 40 are presented. The k,
values have units of s, and K, values have units of M.

Figure 41
Van’t Hoff plot of K values
observed at pH 7.5.
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Arrhenius plot

Arrhenius was interested in the influence of temperature on kinetic observations. The

Arrhenius plot is based on the Arrhenius rate equation (Equation 6),

k_=Ae ERT gy, 6)

Where k, is k., A is the Arrhenius frequency factor, E, is what Arrhenius called the activation
energy, R is the gas constant and T is the Kelvin temperature. The transition state theory

relates the frequency factor, A, to the transition state entropy according to Equation 7:

k,T
4-—"e S8R (g, )

where k, is the Boltzmann constant, h is Planck’s constant and AS? is the transition state

entropy. The transition state theory dictates that the transition state enthalpy is equal to:
AH'=E,-RT (Eq. 8)

Applying this relationship and substituting the right side of Equation 7 for A in Equation 6

gives:

by I
kcz_z_eAsi/Re -AHYRT (Eq. 9)

Expressed as a natural log function, Equation 9 gives the equation:
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In(k )=-AH*RT+AS*/R+In(k,T/h) (Eq. 10)

Equation 10 correlates to the Arrhenius plot where y is the In(k,) and x is 1/T.
One can see that the determination of the transition state enthalpy and entropy is not
easily extracted from Equation 10. They would be most directly determined from an

Arrhenius plot by using the natural log form of Equation 6 shown below:

In(k )=-E /RT+InA (Eq. 11)

which can be related to the linear equation y = mx + b, where y is the In(k,); -E /R is the
slope, m; 1/T is x; and In4 is the intercept. Hence from the Arrhenius plot, E, and 4 can be
determined and subsequently AH* can be determined using Equation 8 and AS! can be
determined using Equation 12:
AS* = RIn(ANWRT) - R (Eq. 12)

where N is Avagadro’s number.

An alternative to the Arrhenius plot is an Eyring plot of k.. The advantage of the
Eyring plot is that the transition state thermodynamic parameters are determined directly from
the plot without the need for additional equations. The equation used for the Eyring plot is

developed below.
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Eyring Plot
The reaction rate constant, k_,,, is related to the transition state equilibrium constant

by the equation:

k=(k,7IHK* (Eq. 13)

where K is the transition state equilibrium constant. The InK* is related to the the transition

state Gibb’s free energy, AG*, as:

AG*=-RTInK* (Eq. 14)

where R is the gas constant.

Expressing the inverse natural log function of Equation 14, and solving for K* gives:

Kl=¢ 4G*RT  (Eq. 15)

Substituting the right side of Equation 15 for K* in Equation 13 gives the relationship between

the transition state Gibb’s free energy and the reaction rate constant, k_,,.

Isolating the inverse natural log function gives:

k
kT

-AG!
—¢ “AGHRT (Eq 17)
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Separating the AG* in Equation 17 into the enthalpy and entropy components gives:

kh

_AHY i
g “AHURT, ASYR E
&, F

q. 18)

Expressing Equation 18 as a natural log function gives the Eyring equation for the

relationship of k, to the transition state thermodynamic parameters:

K _-AHY AS?
n——-= +
kT R R E419)

Equation 19 can be related to the equation of a line, y = mx + b, where the In function
represents y, -AH¥*R is m, 1/T is x and AS*/R is b. Therefore, from a plot of In(kh/k,T)
as a function of 1/T, the AH* and AS* can be determined and AG* can be determined at any
given temperature. By incorporating the Planck and Boltzmann constants into the natural log
function, the transition state enthalpy and entropy values are attained more directly as
compared with the Arrhenius plot and equation which yield the activation energy and the
Arrhenius frequency factor. Therefore, although Arrhenius plots were generated, the
thermodynamic parameters were determined from the Eyring plots. One can see, however,
that Equation 11, (the final form of the Arrhenius equation) using transition state theory,
would yield Equation 19. Therefore, values determined from either plot should be the same.

Figure 42 shows the Arrhenius (a) and Eyring (b) plots using k_,, values from Table
3atpH7.5. Both figures show non-linearity. Linear regression was performed on the three

lower temperatures of each plot yielding values of 6.65 kcal/mol for the activation energy in
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(a), and 6.046 kcal/mol for the enthalpy in (b). Linear regression was also performed on the
three higher temperatures of each plot yielding values of 18.88 kcal/mol for the activation

energy in (a) and 18.063 kcal/mol for the enthalpy in (b).
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Figure 42

a) Arrhenius plot of k_,, data listed in Table 3. b) Eyring plot of the same data.
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Stromelysin denaturation can be eliminated as the cause of the curvature since the
activity is increasing more rapidly at higher temperatures rather than decreasing. There are,
however, at least two possible explanations for the non-linearity of these plots. In the
Arrhenius and Eyring treatments shown above, (aAHt/aT)p is set equal to zero, i.e. the
transition state enthalpy is treated as though it is independent of temperature. However, if
this 1s not equal to zero, the Arrhenius and Eyring plots would be non-linear. While
temperature dependence of AH* may exist, thermodynamics only defines this dependence in
terms of the heat capacity which itself can have a temperature dependence (Blandamer et al.
1982).

In order to determine if the non-linearity of the Arrhenius and Eyring plots is due to
a temperature dependent change in the heat capacity, AC}}, of a simple Michaelis-Menten-like
mechanism, AG* is set equal to a second order polynomial equation (Blandamer et al. 1982,
Izquierdo and Stein 1990):

AG'=a+bT +cT? (Eq. 20)
and plotted as a function of temperature. Figure 43 shows the AG* of k_,, as a function of
temperature. Fitting this data to Equation 20 yielded the values of a, b and ¢, which are
-112,256, 829 and -1.32, respectively.

The values of ACPI, AHF and AS* are then calculated according to Equations 21, 22
and 23 (Blandamer et al. 1982).

AC}t=-2¢T (Eq. 21)
AH* = (a-cT?) - TAC} (Eq. 22)

AS* = (-b-2cT) - AC,*(InT)  (Eq. 23)
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Plot of AG*,, as a function of Kelvin temperature. AG*,,, was calculated from the k_, values
listed in Table 3 using Equation 18 and the relationship AG* = AH* - TAS!.
The thermodynamic parameters were calculated at 310 K giving values of 821 cal/mole'K
for AC.}, 239,577 cal/mole for AH* and -4,712 cal/mole-K for AS*.

These values of AH* and AS* suggest large conformational changes much like those
seen in protein folding or unfolding (Mathews and van Holde 1990). Much smaller values are

anticipated for typical enzyme-substrate transition state parameters.
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Another reason that the Arrhenius and Eyring plots may be non-linear is if the reaction
mechanism deviates from simple Michaelis-Menten kinetics (E + S = ES — E + P). If the
mechanism contains two or more rate constants, each with a different temperature
dependence, then Arrhenius and Eyring plots of k,, could be non-linear. This possibility is
interesting in light of Scheme 1 which has been proposed for stromelysin. If the mechanistic
scheme of stromelysin resembles that of Scheme 1, it may explain the non-linearity seen in the
pH 7.5 Arrhenius and Eyring plots. We would hypothesize that if the reaction mechanism
resembles that of Scheme 1, then manipulation of the pH of the reaction may allow for
selectively favoring one of the parallel reactions over the other, and in so doing, decreasing
the non-linearity of the Arrhenius and Eyring plots relative to the pH 7.5 plots.

Since NFF3 has allowed the determination of an observed k., independently of K_,
the analysis requires an extension of Scheme 1 that separates each of the two k_,, components
from their respective K. Without deviating from the proposed mechanism of Scheme 1, we

can extend the catalytic reactions to give Scheme 2:

Scheme 2 EH,
KaBI Kml kcl
EH,+S<EH,S ~EH, +P
KEZI Kml kcl
EH +S«EHS~EH+P

Kt
E
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We arrive at Scheme 2 by extending the two horizontal reactions of Scheme 1 from
(ko/Kw), and (k../K,), to their simple Michaelis-Menten forms. In Scheme 2, the two active
forms of the enzyme, EH and EH,, are separated from one another by the acid dissociation
constant, K,,, as they are in Scheme 1. The active enzyme forms are separated from the
inactive forms by K, and K,; as they are in Scheme 1. To help minimize the complexity of
the mechanism, we have made the assumption that it is only the substrate-free forms of the
enzymes that undergo the protonation or deprotonation reactions. We have assumed that
there is no protonation or deprotonation of EHS or EH,S, respectively.

Examining Scheme 2, we see that there are two active forms of stromelysin, EH and
EH,, and two inactive forms, E and EH,. In this model, each differs from the other primarily
in their protonation states. The two active forms are proposed to have distinct k_, and K,
values. The pH of the environment and the pK, values determine the proportional
contribution of each enzyme form. According to Scheme 2, it would be anticipated that at
some proton concentrations that straddle the two parallel reactions, both reaction rates would
contribute significantly to the observed rate. It is under these conditions that non-linear
Arrhenius and Eyring plots would be predicted based on the rate constants having different
transition state enthalpies and entropies. According to Scheme 2, it would also be anticipated
that as the pH is shifted to favor one or the other of the two active enzyme forms, the
contribution of the second k_,, is decreased and the non-linearity would be less pronounced.

If, at pH 7.5, both of the two parallel reactions contribute significantly to the observed
rate, and the reaction rates have different temperature dependencies, then non-linear

Arrhenius and Eyring plots would be expected. According to Scheme 2, it may also be
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possible that as the pH of the reaction is shifted away from 7.5, the degree of non-linearity
would decrease. To test this hypothesis, data was collected to generate Arrhenius and Eyring
plots of the k_,, values determined at pH 6.0 and 8.0.

Figure 44 shows the Hanes plots at 25, 32, 37, 40 and 45 °C at pH 6.0, and Table
4 lists the kinetic constants. The k., values were then used to generate Arrhenius (Figure
45a) and Eyring (Figure 45b) plots, which gave values of 8.96 kcal/mol and 8.32 kcal/mol for
the activation energy and transition state enthalpy, respectively.

As predicted by Scheme 2 and the Arrhenius assumption of (8AH*/8T)F=O, the non-
linearity of the pH 6.0 Arrhenius and Eyring plots is less than that of pH 7.5. This is in
agreement with a pH-based shift toward k_,,, of Scheme 2 with a decrease in the number of
stromelysin molecules progressing via k.,,. The result can be interpreted as an observed
reaction rate where the major contributing component is k_,, with a minor contribution from
k.. The reaction now approaches a simple Michaelis-Menten-like mechanism that has a
single k.. Consequently, the Arrhenius and Eyring plots become more linear.

Figure 46 shows the Hanes plots from 25, 32, 37, 40 and 45 °C at pH 8.0. And in
Table 5 the kinetic constants obtained from these plots are listed. These values were used to
generate the Arrhenius (Figure 47a) and Eyring (Figure 47b) plots for pH 8.0. The activation
energy and transition state enthalpy determined from these graphs were 20.9 kcal/mol and
20.3 keal/mol, respectively. Shifting to the slightly more alkaline pH 8.0, results in an Eyring
plot (Figure 47b) with an R value of -0.995 compared to an R value of -0.966 for pH 6.0,
suggesting greater linearity. This is consistent with k_,, of Scheme 2 being the predominant

rate constant contributing to the observed k., at this pH at all temperatures plotted.
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Figure 44

Hanes plots of stromelysin activity on NFF3 at 25, 32, 37,
40 and 45 °C in Tris/Tris-maleate buffer at pH 6.0. Error
bars represent standard error of the mean, n=2-3.

60
2 o 256C
B e 32C
40 o 37C
> : E 40C
g X A 45C
20. =
0
o) 20 40
NFF3 (uM)
Hanes Plot Constants
pH 6.0
°C Kk K,
25 0.807 5:91
32 0.995 4.30
37 1.277 6.71
40 1.410 2.39
45 2.168 4.83
Table 4

The kinetic constants determined from the Hanes plots in Figure 44 are presented. The k.
values have units of s, and K, values have units of M.
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Figure 45
Arrhenius (a) and Eyring (b) plots of the k., values at pH 6.0 presented in Table 4.
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Figure 46

Hanes plot of stromelysin activity on NFF3 at 25, 32, 37, 40
and 45 °C, all in Tris buffer pH 8.0. Error bars represent
standard error of the mean, n=2-3.
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n B 40C
A 40C
NFF3 (uM)
Hanes Plot Constants
pH 8.0
3 k. K,
25 7157 4.75
32 1.896 7.54
37 3.287 10.97
40 4.188 17.32
45 6.623 21.23
Table 5

The kinetic constants determined from the Hanes plots in Figure 46 are presented. The k,
values have units of s, and K, values have units of M.

103



LA I I N

N

PR NS N i Y

In(kcat) 8.0

hooaNBRDNN

TTTTT I [T T T ITT

coco

plalededababaledataly(]

T

IrfllilllljlrllrI|JII>I\\I

3.16 3.2 3.25 3.3 3.356 3.4
1000/T

[ N

SoO o
ordol

LI DRI L L B B

-27.4
-27.6
-27.8

-28
-28.2
-28.4
-28.6
-28.8

-29
-29.2
-29.4
-29.6

-29.8
30 sl ea laovalir o longalyg

3.1 316 32 325 33 335 34
1000/T

In(kh/KT) 8.0

S RN LS LN R R U R L RE R R

cdla e be b e bo o baba et byl

Figure 47
Arrhenius (a) and Eyring (b) plots of the k_,, values at pH 8.0 presented in Table 5.

104



We had hypothesized that if the mechanistic scheme of stromelysin resembled that of
Scheme 2, with two parallel pathways to product that are separated from one another by
proton ionization, then the thermodynamic plots of the observed k. should show
characteristic features of Scheme 2. The hypothesis was that at proton concentrations near
K,,, the Arrhenius plots would show the characteristic non-linearity of a complex mechanism,
and that shifting the proton concentration away from K,, would decrease the degree of non-
linearity. We tested this hypothesis, by examining the temperature dependence of k_,, at pH
7.5, pH 6.0 and pH 8.0. The data yielded a clearly non-linear plot at pH 7.5 with a significant
decrease in the non-linearity when the proton concentration was shifted away from pH 7.5
to pH 6.0 or 8.0.

According to Scheme 2 and the data, the dependence of the natural log function of
the individual rate constants, k., and k,,, on reciprocal temperature approaches linearity.
Since the pH 6.0 and 8.0 Arrhenius and Eyring plots approach linearity, the non-linearity at
pH 7.5 is likely due to proportional contributions of each of the k_, components of Scheme
2, whose distribution is dependent on the pH of the reaction and the pK, values. Changes in
any of these values will result in changes in the concentrations of EH and EH, and
consequently to EHS and EH,S thereby changing the fractional contribution of k_,, and k_,,,
and subsequently the thermodynamic parameters as well. Their fractional contributions can
be calculated based on an equation corresponding to Scheme 2 shown below.

k - szKazkcatl +Kml [H]Kcatz
cat szKaz +Kml[H]

(Eq. 24)
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This equation can be recast in terms of the different enzyme forms in a few simple steps to
give an equation that may more clearly illustrate what the equation represents. First, the k_,
and k_, components are separated:

& k" 1Km zKa 2 kcz [H]Kmx
= +
o K, K, +K,[H K,K,+K, [H] (Eq. 25)

The dissociation constants are then re-written in terms of their molecular components:

[EHZJ[S] [EH][H] k. [£H][S] -[H]k
_ EES CEH] [£HS) ~ (Eq. 26)
o WEHLNS) (EYH) | (EHS] \EL5 (EHVH) | TEHIIS). ’
(EHS) [EH) [EHS) © [EH,S] [EH)[EHS]

Canceling all possible variables gives the minimum equation, Equation 27;

cat
3 cat2

__[EHS [EHS]
Ofobs 11 L g ¥
[EH,S] [EHS] [£H,S] [EHS]

(Eq. 27)

which in its final form gives Equation 28:

k. [EHS)+k, [EH,S]
k =
lobs  [EHS]+ [EH,S]

(Eq. 28)
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From Equation 28 one can more clearly see that the observed k_,, arises as the sum of k_,
times its fractional contribution, [EHS]/([EHS] + [EH,S]), and k_, times its fractional
contribution, [EH,S]/([EHS] + [EH,S]).

It is clear from Equation 24 that the proton concentration affects the relative
contribution of each of the catalytic rate constants. Changes in pH of the reaction were
minimized by adjusting the temperature of the buffer before adjusting the pH of the buffer
thereby eliminating a temperature dependent change in the proton concentration. However,
changes in the concentration of EH and EH, as a function of temperature-dependent changes
in the pK,, value can not be eliminated as a possible source for the non-linearity of the pH 7.5
Arrhenius and Eyring plots.

Since Scheme 2 assumes that there is no acid dissociation between EHS and EH,S,
we used Equation 5 to determine k /K, values at different proton concentrations and at
different temperatures. The pH curves of k /K, that were generated with NFF3, did not
show the extreme difference in amplitude between the putative (k,/K,.); and (k/K_), peaks
that had been shown previously (Harrison et al. 1992). A possible reason for the difference
in relative peak amplitudes will be discussed later. Taking advantage of the comparable

amplitudes, Equation 29 is then applied to determine K,; and K,;.

kJK,
(kc/Km)obs i K—
al [H] (Eq. 29)

Ly e

[H] Ka3

This Equation assumes a simple mechanism with a bell shaped curve for k /K, as a function

of pH. Although the equation assumes only two K, values are involved, for continuity we
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have maintained the nomenclature that is used for a three K, mechanism. The values of K,,
and K,; estimated from Equation 29 are assumed to be in the range of those that would be
estimated using Equation 1, if the pH dependent behavior of the k /K_ is representative of
the behavior of k, and because there is not a large difference between the two apparent rates,
(k/Kyp), and (k/K,,),.

Once K,; and K,; were estimated at five temperatures, Equation 1 was used to
estimate K,,. Equation 1, like Equation 24 has 7 variables. However, having already
estimated the values of K,; and K5 leaves only 3 of the variables unknown: (k/K,),, (k/K,),
and K,,. The resultant K, values are presented in a Van’t Hoff plot in Figure 48.

While the Van’t Hoff plots of K,; and K,; show only slight temperature dependencies,
this was not true with K,,. Although the same value, 107, was entered into the Grafit
program as an initial estimate of K, at each temperature, the final computer-estimated values
show strong, non-linear temperature dependence. Table 6 lists the pK, values estimated by

this method with their corresponding temperature.
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Figure 48

Van’t Hoff plots of acid dissociation
constants, K, (squares), K,,
(triangles) and K5 (circles).
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Table 6
pK, values determined from pH dependence of k /K, using Equations 1 and 29.
Temp (°C) 25 32 37 40 45
pK,, 891 8.44 8.81 8.78 8.8
pK,, 7.62 7.80 6.97 5.74 5.62
pK., 5.48 548 5.38 531 552
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Using these pK, values and the individual rate constants, it should be possible to
generate theoretical pH 7.5 observed k., values that approximate the experimental pH 7.5
values if the mechanism resembles that of Scheme 2 from which the equations have been
derived. In order to use the estimated k,, and k,, to generate theoretical k_,, values at a pH
where almost all of the enzyme is in one of the two active forms, as it would be at pH 7.5, the
k, and k,, values must be estimated taking the inactivation due to pK,, and pK_, into account.
This would not be necessary if the amount of inactive enzyme at pH 6.0 and 8.0 was not
significant. However, the k; and k, estimates come from activity measured at proton
concentrations where a significant amount of the enzyme is in the inactive form, so the first
step toward a theoretical approximation of the k_,, at pH 7.5 is to account for the E and the

EH; forms of the enzyme that were present in the reactions conducted at pH 6.0 and pH 8.0.

Values of k,, are estimated by dividing V,,, by the concentration of enzyme that was
added to the reaction solution. However, the k,, and k, calculated this way at pH 8.0 and
6.0 can not be used to give a theoretical k_,, at pH 7.5 until the inactive enzyme at these
proton concentrations is accounted for. Since the pK,, and pK,, are within one pH unit of pH
6.0 and 8.0 respectively, the active enzyme concentration under these two conditions was
calculated at each temperature using the respective slopes and intercepts of the K, Van’t Hoff
plots. The consequence of this calculation is sets of k_,, values which have taken inactivation
(conversion to the EH; and E enzyme forms) into account for the pH 6.0 and 8.0 reactions
and can be used to calculate theoretical estimates of k_,, to pH 7.5 where almost all of the

enzyme in the reaction is in one of the two active forms.
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Plotting the theoretical and the experimental pH 7.5 Eyring curves on the same graph,
Figure 49, shows how the plots relate to one another. We find that at higher temperatures,
the two sets of data are almost superimposed on one another. At lower temperatures

however, this is not the case.
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Figure 49

Theoretical pH 7.5 Eyring data generated as
described above (open circles) and pH 7.5 data
measured experimentally (filled circles) showing
divergence at low temperatures.
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To understand why this may be, in Figure 50 the Eyring plots of pH 7.5 experimental
data, and Eyring plots of pH 6.0 and 8.0 are plotted on one graph, where the rates at pH 6.0
and 8.0 are estimated for active enzyme only, to allow a comparison of their relative values.
At higher temperatures, the pH 7.5 and 8.0 data are almost superimposed. At lower
temperatures, the pH 6.0 and 7.5 data run almost parallel to each other, The slope (which
corresponds to the enthalpy) of the pH 6.0 Eyring, and the slope of the three lower
temperatures of the pH 7.5 Eyring are extremely close at -4,185 and -4,339, respectively.
Thus it does appear that the pH 7.5 curve may be composed of the two enthalpy values
corresponding to the two rate constants as they appear in Scheme 2. An explanation for why
the theoretical pH 7.5 k, data did not approximate the experimental data at lower

temperatures is offered below.
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Figure 50
Eyring plot of pH 7.5 experimental data (solid
circles), pH 6.0 (open circles) and pH 8.0 (open
squares) with rates calculated for active enzyme
only.
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If the observed k, at pH 7.5 contains contributions from the pH 6.0 and pH 8.0 k_,

values, then it would be expected that the values at pH 7.5 on an Eyring plot of k_,, should

cat
never be greater than the Eyring values of pH 6.0 and pH 8.0 values (once those values have
been adjusted for inactivated enzyme). If Scheme 2 is correct, then one explanation for the
pH 6.0 Eyring plot to be less than that of pH 7.5 would be that there is less of the EH, form
of the enzyme at pH 6.0 than there is at pH 7.5.

One possible reason this may occur is that the value for pK,, is actually higher thaﬁ
that estimated from our experiments. For our determination of the pK, values, we employed
Equation 5 and estimated k /K, from the initial velocities. From those data, we determined
the pK, values as previously described, however, it is possible that the pH dependence of the
k., may be different than that of k /K, (Denu and Dixon 1995).

Another possible explanation is that the maleate present in the pH 6.0 but not the pH
7.5 reactions has an inhibitor-like effect. However, MES and sodium acetate buffers at pH
6.0 also yielded lower activity than buffers at pH 7.5 at high substrate concentrations.

Given that the activity of the enzyme at pH 6.0 is consistently lower than that seen at
pH 7.5 at high substrate concentrations, suggesting that the k_,, is also likely to follow this
pattern, it seems more likely that the lower values seen in the pH 6.0 Eyring plot compared
with the pH 7.5 Eyring plot is due to a pK,; value that is closer to pH 6.0 than that
determined from the k/K_, data. Determination of the pK,, of the k_,, reaction would require

that reactions be performed at a minimum of 5 additional proton concentrations each studied

at 5 temperatures. Before making such an investment of resources, the hypothesis that (with
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nothing else changed) pK,; values closer to pH 6.0 than those listed in Table 6 could yield
theoretical pH 7.5 data that would approximate the experimental data was tested
mathematically.

The theoretical pH 7.5 data was generated once again using the slopes and intercepts
of the K,; van’t Hoff and of the estimated K, values listed in Table 6. However, for the pK,,
values, the slope of the K; van’t Hoff plot was used, but with an intercept that would put the
pK,; values closer to pH 6.0. In doing this, we have not manipulated the slope of the
temperature dependence, but only its position on the van’t Hoff plot.

Figure 51 shows the Eyring plot of the theoretical pH 7.5 data, generated according
to the above description, together with the experimental data. This figure shows that the
theoretical data closely approximates the experimental data, suggesting that if the pK; values
for k,, were closer to pH 6.0 causing a decrease in [EH,] at pH 6.0, our data is in agreement
with Scheme 2.

While we offer this as a possible explanation for the lower activity seen at pH 6.0, we
do not exclude other possible reasons. It is important to note that the selection of pH 6.0 as
the pH at which to conduct reactions was guided by the proposed Scheme 2 and with the
hope that this pH would give rise to a significantly high proportion of EH, over EH. It was

not known whether this pH would give rise to the greatest activity.
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Figure 51

Revised theoretical plot of pH 7.5 Eyring (open
circles) and the pH 7.5 experimental Eyring plot
(filled circles).

The experiments conducted here with NFF3 do not allow us to exclude protonating

groups that are present on the substrate as the cause of one of the pK, values. Without

deviating from the parallel mechanism these results would be equally possible with only one

active form of the enzyme. Shown below is Scheme 3:

Scheme 3

EH,
K, | K, EH:SH — EH+PH
SH
EH” Kk, !
S
K bR EH:S — EH+P
E
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Scheme 3 shows a single active enzyme form interacting with substrate in one of two
states of protonation, SH or S. The equilibrium between these two states is represented by
K,,. As one can see, there still exist two K, and two k_,, constants in the mechanism. As with
Scheme 2, the number of enzyme molecules progressing via one or the other pathway will be
largely dependent upon pK,, and the pH of the reaction. Below, possible substrate residues
are discussed.

Beginning at the amino terminus, the first two residues capable of protonation are the
acetylated arginine and the lysine in position P,. The arginine has been previously eliminated
as being responsible for any of the pK, values seen in Scheme 1 (Harrison et al. 1992).
Although the arginine was part of a different substrate, it occupied the same position, Py, as
it does in NFF3. The lysine is a basic amino acid with a pK, of 10 when it is free and not part
of a polypeptide. The temperature dependent values of pK,, that we have measured fall
between 7.62 and 5.62. Therefore we feel that neither of these two residues can account for
pK,.

The next candidate residue would be the glutamate which occupies the P, site. The
pK, of free glutamic acid is estimated at 4.2. Acid dissociation values can be affected and
changed by their environment (Liu et al. 1997) however, this glutamate was not present in
peptide used in the previous study which supported the parallel mechanism of Scheme 1. If
this glutamate was responsible for pK,,, it would had to have been present not only in NFF3
but in the substrate of Harrison et. al. as well. Therefore, it seems unlikely that this glutamate

is the source of pK,,. It is possible, however, that this glutamate is responsible for the bell
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shaped pH curve of k /K. The previous report of a large peak at approximately pH 6.0 and
a shoulder at approximately pH 8.0 was performed with a substrate that contained a
glutamine in place of this glutamate.

It seems very unlikely that pK,, is due to protonation of a substrate residue. We must
therefore look carefully at candidate residues on stromelysin. Although we have no reason
to exclude long range effects, without structural data that addresses pH effects, we have no
direct evidence for such effects and speculation of long range effects can be unlimited.
Therefore we will restrict our discussion to residues in or near the active site. To do this, we
use tertiary structure information that has been reported for stromelysin in conjunction with
structure and mechanism information reported for a related proteinase.

Thermolysin, a bacterial metalloproteinase, has been more extensively characterized
than any of the MMPs and it shares many structural characteristics with MMPs. For this
reason, it has been used as a reference molecule for structural comparison with MMPs
(Becker et al. 1995, Borkakoti et al. 1994, Gooley et al. 1994). The thermolysin Glu!* has
been proposed to catalyze the hydrolysis of a peptide bond by general base catalysis (Tronrud
et al. 1992). In a zinc metalloproteinase from Bacillus subtilis that has high homology with

143

thermolysin, the Glu'* equivalent is proposed to hydrolyze a peptide bond by general acid

202 143

catalysis (Tsuru et al. 1993). By structural analysis Glu*** appears to be analogous to Glu

in thermolysin (Becker et al. 1995). It is also the only charged residue that is in close

21 which is one of the zinc

proximity to the active site zinc, positioned adjacent to His
coordinating histidines. This glutamate is conserved throughout the MMP family as a part

of the conserved zinc binding domain HEXXHXXXXXH.
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It is possible that a single residue that is capable of catalytic activity in both its
protonated and de-protonated states is responsible for pK,,. Given that the Glu*? equivalent
in two related metalloproteinases has been proposed to have a role as a general acid and a
general base catalyst, it seems plausible that in stromelysin it may be capable of either. In
order for this to be the case, the pK, of Glu** would have to be shifted to between 5.62-7.62
according to the k/K, data. Although the pK, of glutamate is generally more acidic, a pK,
as high as 8.5 has been reported for glutamate in lysozyme complexed with substrate
compared to a pK, of approximately 6.5 when complexed with inhibitor. (Parsons and Raftery

202

1972). Since there appear to be no other charged groups in the vicinity of Glu*, it may be

possible that deprotonation is disfavored and that the pK, would be elevated.

15 whose ionizing proton has been reported

Another residue near the active site is Tyr
in one of the NMR structures to be just over 3 A away from the active site zinc (Van Doren
et al. 1995b). The pK, of tyrosine is generally about 10. At that pK , Tyr'** would have
remained protonated and uncharged in all of our experiments. It may be possible, therefore,
for the tyrosine to act as a proton donor. It is also possible that a more distant residue
undergoes ionization and has an effect on the kinetic constants. This might be the case if the
residue causes even a small conformational change such that the position of some of the

residues or side groups that are involved in either binding of the substrate, or cleavage of the

substrate have been perturbed enough to alter their effectiveness.
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CONCLUSIONS

We have shown that stromelysin proteolysis of peptide substrate NFF3 yields non-
linear Arrhenius and Eyring plots of k_, at pH 7.5. This would suggest either a simple
mechanism with a temperature dependent change in the heat capacity of the transition state
or a complex mechanism. Testing for the former explanation indicated that if the mechanism
was simple and non-linearity observed at pH 7.5 was due to a temperature dependent change
in the heat capacity of the transition state, then there would have to be a corresponding, very
large conformational change. To date, the possibility of a conformational change has not been
addressed by structural studies. We can not therefore exclude the possibility, nor can we
exclude the possibility that a conformational change accompanies a change in pH. However,
the data indicate that the conformational change would have to be on the order of that seen
in protein folding/unfolding reactions, decreasing the likelihood of this explanation. It is also
difficult to explain the decrease in non-linearity seen at pH 6.0 and 8.0 without invoking a
more complex mechanism. Therefore, we feel that a simple mechanism with a temperature
dependent change in the heat capacity of the transition state is a less likely explanation.

We feel that a more likely explanation is that the non-linearity seen at pH 7.5 is due
to a mechanism that is more complex than a simple Michaelis-Menten mechanism. We have
shown that the degree of non-linearity is significantly decreased at pH 6.0 and 8.0 and that
linear regression of the Arrhenius plots results in two different slopes, suggesting two
different activation energies, and in turn, two different mechanistic pathways. Further, linear
regression of the thermodynamic plots of pH 6.0 and the three lower temperatures of the pH

7.5 plot yield nearly parallel slopes, while linear regression of the pH 8.0 data and the three
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higher temperatures of pH 7.5 are almost superimposable. These data together seem to
suggest that the non-linearity of the Arrhenius and Eyring plots of k_,, at pH 7.5 is due to a
conversion from the pathway corresponding to the activation energy of the pH 6.0 reaction
to that of pH 8.0 with increasing temperature. Since the two pathways are associated with
two different proton concentrations, it would seem reasonable to interpret the break in the
thermodynamic plots at pH 7.5 as the result of de-protonation of some group that affects the
rate limiting step of the reaction.

These data are supporting evidence for a parallel mechanism involving at least three
acid dissociation constants. The simplest mechanism that the data is in agreement with is
Scheme 2. According to this mechanism, the data suggests that at pH 7.5 there is a shift from
k., as the major contributing rate constant to k,, as the major contributing rate constant as
temperature increases. The data also shows that as the pH of the reaction is shifted away
from pH 7.5, the Arrhenius and Eyring plots become more linear. This is also consistent with
a parallel mechanism.

Scheme 3 shows that the central pK, is attributed to ionization of a substrate proton.
While Scheme 3 could be consistent with our data alone, our data in conjunction with that of
Harrison et. al. (Harrison et al. 1992) allow us to eliminate Scheme 3 as the mechanism. This
leads us to conclude that the mechanism more closely resembles that of Scheme 2. While the
mechanism may be more complex than Scheme 2, Scheme 2 is the simplest mechanism that

fits the data.
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