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Is the Unique Localization of TIMP-3 a Consequence of

Interactions with Heparan Sulfate Proteoglycans?

Gary Takeru Taniguchi

Abstract

For the processes of metastasis and angiogenesis to occur, the

extracellular matrix or basal laminae must undergo degradation.

Matrix metalloproteinases, MMPs, are the key enzymes involved in

these invasive processes. They function by degrading collagens,

proteoglycans and fibronectin of the extracellular matrix. Recently,

Hotary et al. demonstrated in an in vitro model that the MT-MMPs,

membrane-type matrix metalloproteinases, increase the invasive

properties of MDCK cells through a three-dimensional matrix (1). The

TIMPs, tissue inhibitor of metalloproteinases, are multifunctional

proteins that are the natural inhibitors of the MMPs and are also

cytokines. TIMP-3 is unique to the four-member TIMP family in that it

is the only one that localizes to the extracellular matrix. TIMP-1,

TIMP-2, and TIMP-4 are found in body fluids in vivo and in vitro in the

conditioned media of Cultured Cells.

Blenis and Hawkes determined that the interactions with TIMP-3

and the extracellular matrix are likely to be electrostatic (2). Kishnani

vi
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and Hawkes demonstrated that TIMP-3 binds to heparan sulfate

coated agarose beads and does not bind to polylysine-coated agarose

beads (3). The data presented in this thesis demonstrate, by creating

sequence alignments and performing homology modeling of the four

TIMPs, that the basic linear sequence of amino acids from Arg20 to

Lyss2 of TIMP-3 forms a basic surface on the TIMP-3 molecule that is

not present on the surface of the other TIMPs. Modeling of the TIMP-3

projection with heparan sulfate demonstrated that the two could

interact electrostatically. From these data, we postulate that the basic

region from Arg20 to Lys 52 of TIMP-3 binds to heparan sulfate

proteoglycans localizing it to the extracellular matrix. By creating and

expressing chimeric TIMP-2 and TIMP-3 proteins, we demonstrated

that the region from Arg20 to Lys52 is necessary for the localization of

TIMP-3 in the extracellular matrix but it is not sufficient to change the

localization of TIMP-2 from the Conditioned media to the extracellular

matrix.

Purification experiments were performed to provide pure proteins

for further characterization of binding, growth, and inhibitory activity.

Preliminary data suggests that the affinity of MMP-2 for the C3 and

C3-L chimeras is less than its affinity for TIMP-2.

The biological significance of the chimeras was tested by examining

the growth properties to study the effect localization has on cell

vii
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proliferation. TIMP-3 inhibited proliferation. In addition, the more

TIMP-3 sequence that the chimera contains, the slower the growth.

Confocal microscopy demonstrated the co-localization of TIMP-3

and heparan sulfate in the extracellular matrix. In addition, the co

localization by confocal microscopy provides the first definitive

demonstration of TIMP-3 on the Cell surface.

The localization of TIMP-3 at the cell surface places it in a position

where it could directly influence cell surface molecules such as MT

MMPs and ADAMs, and may be directly controlled by the cell through

its interaction with cell surface heparan sulfate proteoglycans such as

syndecans and glypicans.

1. Hotary K, Allen E, Punturieri A, Yana I, Weiss SJ. Regulation of

cell invasion and morphogenesis in a three-dimensional type I collagen

matrix by membrane-type matrix metalloproteinases 1, 2, and 3.

Journal of Cell Biology 2000;149(6): 1309-23.

2. Blenis J, Hawkes SP. Characterization of a transformation

sensitive protein in the extracellular matrix of chicken embryo

fibroblasts. J Biol Chem 1984;259(18): 11563-70.

3. Kishnani N. Characterization of Tissue Inhibitor of

Metalloproteinases-3 (TIMP-3) from the Extracellular Matrices of

Cultured Human and Avian Cells [Ph.D.]. San Francisco: University of

California San Francisco; 1994.
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Chapter 1

Introduction



1.1 Preface

In most cases of cancer-related deaths, the primary tumor is not

the cause but it is rather the metastases to vital organs. If the

neoplasm were confined to a single site, surgeons might be able to

remove the tumor without recurrence of disease. When left untreated,

whether from neglect or unresponsive therapy, most malignant tumors

will metastasize. Current chemotherapy for cancer targets the cell

cycle hoping to kill the proliferating tumor cells. All are based on the

premise that cancerous tissue growth rate is higher than most normal

tissue growth rates and will "die off" before the normal tissue. The

taxane class and platinum-based agents are a two of the cytotoxic

therapies prescribed today (1). The taxane class of chemotherapy

drugs inhibits mitotic progression that induces apoptosis (2). The

platinum agents form DNA adducts that may also be activating

programmed cell death (1). Recently, protein-based therapeutics such

as monoclonal antibodies in conjunction with chemotherapy are being

prescribed for cancer treatment. An anti-CD-20 antibody is being used

to treat HER2-positive (human epidermal growth factor receptor-2)

breast cancer (3). CD-20 positive B-cell non-Hodgkin's lymphoma is

being treated with a monoclonal antibody to CD-20 (4). Each of these

monoclonal antibodies is believed to induce apoptosis by crosslinking

the cell-surface receptors and triggering an apoptotic pathway (3-5).
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Because treatment with these agents sometimes results in drug

resistant tumor progression, possibly due to 'genetic instability

resulting in rapid biological diversification', cellular heterogeneity of

the tumor, and/or homeostatic mechanisms induced by metastatic

cells, new therapies are continually being developed (6).

Therapeutics under investigation include kinase inhibitors, viral

vectors to introduce oncogenes or tumor suppressor genes, anti

angiogenic agents such as angiostatin, endostatin, interferons alpha

and beta, and matrix metalloproteinase (MMP) inhibitors (7–11).

Investigators are screening small molecules to inhibit kinases to halt

cellular signals that may lead to apoptosis (7). Viral vectors are being

utilized to introduce genes that will replace damaged DNA repair genes

and/or induce apoptosis (8, 9). Although their mode of action is not

understood, the angiogenesis inhibitors, angiostatin and endostatin

halt neovascularization (12, 13). Angiostatin is a 55 kDa fragment of

plasminogen, and endostatin is a 20 kDa C-terminal fragment of type

XVIII collagen (14–16). Interferons alpha and beta are cytokines that

down-regulate angiogenic factors (10). For tumor growth to proceed

past 1 mm in diameter, angiogenesis is required to feed the growing

tumor. Otherwise the tumor will not grow and will involute (12, 17).

The MMP inhibitors include synthetic inhibitors (hydroxamic acid and

phosphinic acid based inhibitor and peptide-based inhibitors), and the
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natural inhibitor of MMPs, and the TIMPs, tissue inhibitor of matrix

metalloproteinase (18–23). The goal in using these synthetic inhibitors

or recombinant TIMPs is primarily to target the inhibition of MMPs that

degrade the extracellular matrix (ECM) or basal lamina preventing

tumor angiogenesis and metastasis.

The processes of metastasis and angiogenesis both involve the

local degradation of surrounding stroma and/or basal lamina for

migration and proliferation. (Refer to reviews by Fidler, I.J.,

Woodhouse E.C. et al., and Kleiner, D.E. and Stetler-Stevenson, W.G.

for further information on tumor growth, metastasis and angiogenesis

(6, 24, 25).) In the process of angiogenesis, the surrounding matrix

undergoes remodeling while the vascular endothelium proliferates to

form new capillaries. In the process of metastasis, cells must detach

from the primary tumor, intravasate into the lymphatic or capillary

system, migrate and extravasate to establish new tumors. Each of

these steps in the metastatic process involves the degradation of both

ECM and/or basal lamina that provides a path and sites for migration

by cell attachment and detachment through cell surface molecules

such as the integrins (26).



1.2 The Extracellular Matrix and Basal Laminae

The ECM is an intricate meshwork of proteins and complex

carbohydrates that underlies epithelial cells and surrounds

mesenchymal cells (27). The basal lamina is a specialized form of ECM

that underlies all epithelial cell sheets and tubes, surrounds individual

muscle cells, fat cells and Schwann cells and surrounds the endothelial

cells of capillaries (28). Basal lamina is a strong, elastic and dense

meshwork of different types of collagens, predominantly type IV, VI,

and XVIII collagen, laminin, entactin, thrombospondin, tenascin,

fibronectin, heparan sulfate proteoglycans such as perlecan, agrin, and

chondroitin sulfate proteoglycans such as versican (27–32). The ECM

provides a site for cell migration, attachment and signaling involving

differentiation, proliferation and morphogenesis through its interaction

with integrins, cadherins, selectins, and other cell surface receptors

and ligands (27, 33–36). In addition, the ECM is believed to modulate

and/or act as a 'storehouse' for cytokines and growth factors (33–36).

For example, acidic fibroblast growth factor (aFGF), basic fibroblast

growth factors (bFGF), vascular endothelial growth factor (VEGF), and

platelet derived growth factor (PDGF), bind to heparan sulfate

proteoglycans in the ECM and on the cell surface, which modulate and

concentrate their activities (37, 38).



1.3 Extracellular Matrix Degrading Enzymes

Serine proteases, such as plasmin, and the MMPs have been

implicated as the key enzymes involved in ECM degradation both in

normal physiological processes and pathological tissue damage (25,

39-41). These enzymes have been found in the surrounding stroma

and associated with the cell membrane (24-26, 42). NOTE: Because

they are beyond the scope of this thesis, other ECM degrading

proteases such as cathepsins, meprins, and thrombin will not be

discussed (43).

1.3.1 Plasmin

Plasmin is expressed as the inactive zymogen, plasminogen, that

can be activated by the urokinase-type (uPA) or the tissue-type (tPA)

plasminogen activators (41). The cell surface receptor for upA (uPAR)

has been demonstrated to focalize plasmin activation near the cell

surface (44). The uPAR also interacts with integrins and vitronectin

that is thought to focalize invasion at the leading edge of migrating

cells (41). The plasminogen activators are inhibited by plasminogen

activator inhibitors-1 and -2 (PAI-1 and PAI-2, respectively), while

plasmin is inhibited by oz-anti-plasmin (41). PAI-1 not only inhibits

uPA but also blocks binding of vitronectin and integrins with the uPAR

uPA complex (41). Interestingly, high levels of PAI-1, uPA, and uPAR

correlate with poor patient prognosis (41). This may be similar to the
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TIMP-2/MMP-2/MT1-MMP-2 complex where TIMP-2 is not only an

inhibitor but forms a complex with MT1-MMP and proMMP-2 to activate

MMP-2 (45, 46). That is, the complex of PAI-1, uPA, and uPAR may

form a complex that activates plasmin. In addition to degrading ECM

components, plasmin has been demonstrated to activate MMPs such as

MMP-1, MMP-3, MMP-9 and MMP-13 (26, 47). It is of interest to note

that MMP-2, MMP-3, MMP-7, and MMP-12 can cleave plasminogen to

produce angiostatin (15, 48, 49). MMP-3 has also been demonstrated

to modulate plasmin activity by proteolytically cleaving a plasminogen

binding domain of upA (50, 51).

Although, the uPA cascade has been implicated in the metastatic

process, inhibition of upA and plasmin with PAI-2 and aprotinin,

respectively, does not affect invasiveness of epidermal growth factor

induced human squamous carcinoma cells (52). However,

recombinant and synthetic MMP inhibitor completely suppresses

invasiveness. Other Cancer Cell models and models of vascular wound

healing have shown that upA is necessary, but not sufficient for

invasiveness and that MMPs may be the key enzymes degrading the

basal laminae (52–55). Although plasmin can degrade ECM, the uPA

cascade may actually be a pathway for MMP activation and subsequent

degradation of ECM.



1.3.2 Matrix Metalloproteinases

The MMPs are a family of zinc-dependent extracellular

endopeptidases also referred to as matrixins. For review on the MMPs

refer to Woessner, J.F., Nagase et al., Kleiner et al., Parks et al. and

Curran et al. (24, 56-59). The MMPs in concert with their natural

inhibitors, the TIMPs, are involved in normal physiological processes

such as wound healing, embryo implantation, and ovulation. Table 1.1

lists normal physiological processes where a controlled balance of

MMPs and TIMPs is believed to be a significant factor. Table 1.1 also

lists pathological diseases such as rheumatoid arthritis, osteoarthritis,

atherosclerosis, and tumor metastasis where an imbalance of MMPs

and TIMPs has been observed. (60-72). Recently, Denhardt, D. T.

compiled a list of the characterization of MMPs and TIMPs in human

malignancies (73). Although most of the MMPs have been implicated

in some form of malignant cancer, this compilation of data and

information from other recent reviews of MMPs and TIMPs, implicate

MT1-MMP, MMP-2 and MMP-9 as key enzymes in the metastatic

phenotype. Unusually high amounts of MT1-MMP, MMP-2, and MMP-9

mRNA expression and/or activity have been observed in cancer of the

breast, prostate, stomach, colon, head and neck, lung, skin, pancreas,

bladder, brain, ovaries, and liver (24, 42, 56, 73). Because MMP-2

and MMP-9 have broad enzymatic activities towards many ECM
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Table 1.1: Normal and pathological roles of MMPs and TIMPs.Normal ProcessesEmbryogenesis
Salivary gland morphogenesis
Mammary development andinvolution
Ovulation
Blastocyst implantation
Endometrial cycling
Cervical dilatation
Fetal membrane rupture
Uterine involution
Bone growth
Bone remodeling
Tooth eruption
Hair follicle cycle
Angiogenesis
Wound/fracture healing
Macrophage function
Neutrophil function
Apoptosis

Pathological ProcessesRheumatoid arthritis
Osteoarthritis
Cancer invasion

Tumor metastasis
Periodontal disease
Fibrotic lung disease
Liver cirrhosis
Corneal ulceration
Gastric ulcer
Skin Diseases
Otosclerosis
Atherosclerosis
Abdominal aortic aneurysm
Dilated Cardiomyopathy
Glomerulunephritis
Encephalomyelitis
Neural disease
Diabetes mellitus (74, 75)
Macular degeneration of the eye (76)Cystic fibrosis (77)
Asthma (78)
Emphysema (79)
Guillain-Barre syndrome (80)*From Nagase et al. unless otherwise indicated (81).
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components, more specifically type IV collagen, it is not surprising that

these two enzymes would be found in metastatic diseases (see Table

1.2). It is of interest to note that in many cases, the levels of TIMP-1

and/or TIMP-2 were also elevated compared to controls (24, 42, 56,

73).

The MMPs are secreted in their zymogen form. Once active the MMPs

digest several different types of extracellular proteins, such as

collagens, gelatins, proteoglycans, etc., shown in Table 1.2. The direct

results of their enzymatic activity are not just degradation of the ECM

but also the activation of other MMPs. In addition, MMPs have been

reported to digest extracellular proteins exposing their cryptic

activities. The cleavage of plasminogen with MMP-3, -7, -9 and -12

results in angiostatin, which inhibits angiogenesis (15, 48, 49).

Matrilysin, MMP-7, can process cell-associated Fas ligand to soluble

Fas ligand resulting in the induction of apoptosis of human embryonic

kidney 293 cells by the soluble Fas ligand (82). Laminin-5 proteolysis

by MT1-MMP and/or MMP-2 stimulates migration of breast epithelial

cells (83). The authors suggest that the proteolysis results in integrin

interactions with the fragments of laminin-5 that alters cell signaling

and migration.
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Table 1.2: MMP substrates
Enzyme MMP Substrates
Collagenases

Interstitial collagenase MMP-1 Collagens I, II, III, Vii, and X, gelatins,
entactin, aggrecan, link protein

Neutrophil collagenase MMP-8 Collagens I, II and III, aggrecan, link
protein

Collagenase 3 MMP-13 || Collagens I, II, III, VII, and X
Collagenase 4 MMP-18 || Collagens I, II

Gelatinases
Gelatinase A MMP-2 Gelatins, collagens I, IV, V, VII, X, and XI,

fibronectin, laminin, aggrecan, elastin, large
tenascin C, vitronectin, B-amyloid protein
preCurSOr

Gelatinase B MMP-9 Gelatins, collagens IV, V, XIV, aggrecan,
elastin, entactin, vitronectin

Stromelysins
Stromelysin 1 MMP-3 Aggrecan, gelatins, fibronectin, laminin,

collagen III, IV, IX and X, large tenascin-C,
vitronectin, activates proMMP-1

Stromelysin 2 MMP-10 | Aggrecan, fibronectin, collagen III, IV, IX,
and X, activates proMMP-1

Membrane-type MMPs
MT1-MMP MMP-14 || Activates proMMP-2, gelatin, Collagens
MT2-MMP MMP-15 Activates proMMP-2
MT3-MMP MMP-16 || Activates proMMP-2
MT4-MMP MMP-17 | pro-TNFoº peptide, fibrinogen, fibrin (84)
MT5-MMP MMP-24 || Activates proMMP-2 (85)
MT6-MMP MMP-25 || Activates proMMP-2 (86)

Others
Matrilysin MMP-7 Aggrecan, fibronectin, laminin, gelatins,

collagen IV, elastin, entactin, small
tenascin-C, vitronectin, activates proMMP-1

Stromelysin 3 MMP-11 Weak activity for fibronectin, laminin,
collagen IV, aggrecan, gelatins, Alpha-1-
antiprotease

Metalloelastase MMP-12 | Elastin
(No name) MMP-19 | type IV collagen, gelatin, fibronectin,

laminin, nidogen, and large tenascin-C
isoform

Enamelysin MMP-20 || Amelogenin
XMMP (Xenopus) MMP-21 | ?
CMMP (Chicken) MMP-22 || ?
(No name) MMP-23 || 2 (87)
Endometase MMP-26 || Gelatin, a1-proteinase inhibitor (88)

Compiled from Nagase et al. and Kleiner et al. (24, 81) and various sources
aS indicated.
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Currently, 26 members of the MMP family have been identified and

subdivided into subfamilies; collagenases, gelatinases, stromelysins,

and the membrane-type as shown in Table 1.3, Figure 1.1. (NOTE:

MMP-4, -5 and -6 are not in the table because no references could be

found.) The family shares a common structure of having at least two

domains (Table 1.3): a pro-domain of about 80 amino acids with a

conserved PRCG(V/N)PD sequence where the cystine ligates the

catalytic zinc maintaining the latent proMMP and a catalytic domain of

about 170 amino acids with the zinc-binding motif HEXXHXXGXXH

(89). Recently, MMP-26 was discovered to have a catalytic domain

with a unique "cysteine-switch" pro-peptide sequence, PHCGVPDGSD,

and a zinc-binding motif, VATHEIGHSLGLQH (88). Within the catalytic

domain are conserved structural metal binding sites for 2-3 calcium

ions and a zinc ion which are necessary for activity and stability (89).

MMP-2 and MMP-9 contain three repeats of a fibronectin type II

domain inserted in the catalytic domain that binds with collagens and

gelatins (90, 91). All but MMP-7 and MMP-23 have a hemopexin

domain that is required for collagenases to cleave triple helical

interstitial collagens (92). MMP-23 has a Cys and Pro rich and IL-1

receptor-like region at the C-terminus (93). The six membrane bound

MT-MMPs have a linker', transmembrane and cytoplasmic domain at

the C-terminus. The MT-MMPs, MMP-11, MMP-21 and MMP-23 contain

** º
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Table 1.3: Vertebrate members of the MMP
family

Domain
Protein MMP Composition

Collagenase 1 MMP-1 B
Gelatinase A MMP-2 C
Stromelysin 1 MMP-3 B
Matrilysin MMP-7 A
Collagenase 2 MMP-8 B
Gelatinase B MMP-9 D
Stromelysin 2 MMP-10 || B
Stromelysin 3 MMP-11 | E
Macrophage elastase MMP-12 | B
Collagenase 3 MMP-13 || B
MT1-MMP MMP-14 F
MT2-MMP MMP-15 F
MT3-MMP MMP-16 || F
MT4-MMP MMP-17 | F
Collagenase 4 MMP-18 B
(Not named) MMP-19 | B
Enamelysin MMP-20 | B
XMMP (Xenopus) MMP-21 G
CMMP (Chicken) MMP-22 | B
(Not named) MMP-23 H
MT5-MMP (94) MMP-24 F
MT6-MMP (95) MMP-25 | F
Endometase (88, 96) MMP-26 A

*Updated from Nagase and Woessner (57).
Figure 1.1: Domain arrangements of the vertebrate MMPs.
A §§
B &S$:
C &S
D &S
E ÉNS
F ÉNSE
G &SIIII]||
H

Signal peptide Linker Linker, transmembrane
& cytoplasmic domains

Propeptide III Hemopexin-like domain Furin recognition sequence

&Catalytic domain 32 Fibronectin type II domain [III] Vitronectin-like domain

: Cys & Pro rich & IL-1 receptor-like domain
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a furin-sensitive cleavage site between the pro-domain and the

catalytic domain. Some have postulated that furin trafficking may be

regulated by the actin Cytoskeletal network that concentrates furins for

focal MMP activation (42). MMP-11 has been shown to be dependent

on intracellular furin activation (97). In contrast, MT1-MMP was still

activated when furin gene expression was suppressed by anti-sense

oligonucleotides (98). Further research is needed to address furin

activation of MMPs.

MMPs are regulated at several levels: expression; activation; and

inhibition. Many of the MMP genes are inducible (57). Control of the

expression of MMPs may be mediated via differential transcriptional

regulation by growth factors, cytokines, oncogenes, chemical agents

such as phorbol esters, physical stress, hormones, cell-matrix and cell

cell interactions (56, 57). Activation of the secreted zymogens is

regulated. The activation process is believed to occur through the

initial cleavage before the conserved cysteine in the pro-domain, which

disrupts the zinc-cysteine interaction of the pro-domain with the

catalytic domain (57, 89). The pro-domain is finally cleaved leaving

the active mature enzyme (57, 89). This final cleavage has been

found to be autocatalytic in the activation of MMP-2 and MMP-9 (99

101). Most MMPs can be activated by serine protease such as plasmin

and urokinase-type plasminogen activator (26, 102-104). MMPs can
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activate other MMPs. For example, MMP-3 has been demonstrated to

activate proMMP-1, while MMP-2, MMP-3, and MMP-13 can activate

proMMP-9 (26, 104). The activation of MMP-2 is the most understood

MMP activation pathway and will be discussed in detail later in this

chapter.

1.4 Tissue Inhibitor of Metalloproteinases

The TIMPs, tissue inhibitors of metalloproteinases, are the major

endogenous regulators of MMP activity (73, 105, 106). Although the

MMPs are inhibited by oz-macroglobulins, their inhibition is nonspecific

and only in the fluid phase and not in tissue (106). The TIMPs are 21

28 kDalton proteins that reversibly and specifically inhibit the MMPs

through a 1:1 stoicheometric, non-covalent complex formation (106).

The four members of the TIMP family are able to inhibit most of the

MMPs, but with different specificity and affinity (106). (NOTE: A more

in depth study of TIMP structure and TIMP/MMP interactions will be

discussed in Chapter 2.) The TIMPs share a 45-60% similarity and a

36-50% identity to each other containing twelve highly conserved

cysteines that form 6 disulfide bridges (calculated using the gap

program from the Genetics Computer Group version 10.0 software).

The disulfides of TIMP-1 and TIMP-2 form a two-domain structure with

3 disulfides in the N-terminal domain and 3 disulfides in the C-terminal
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domain (107). Because the spacing of the cysteines is highly

Conserved and because activity is dependent on the intact disulfides in

the N-terminus, it is assumed that TIMP-3 and TIMP-4 share similar

disulfide linkages (107).

Subtle differences in their structure give each TIMP unique and

specific binding and inhibitory properties, discussed in Chapter 2 (89,

108). K values between 10° to 10” M have been demonstrated for

the TIMP-MMP complexes using peptide substrates (109). The

specificity of the TIMPs appears to be in the N-terminal domain and

the affinity appears to be in the C-terminal domain. Meng et al.

demonstrated by creating mutants of TIMP-2 at position 2 at the

amino terminus, that the specificity of TIMP-1 towards MMP-1, MMP-2,

MMP-3 could be manipulated (110). Butler et al. demonstrated that

the N-terminal domain of TIMP-1, TIMP-2, and TIMP-3 binds to the

active-site pocket in the N-terminal domains of MMP-2 and MMP-9, and

the C-terminal tail of TIMP-1, TIMP-2, and TIMP-3 binds to the

C-terminal hemopexin-like domains of MMP-2 and MMP-9 (111).

Butler et al. and Overall et al. reported that the differences in their

affinity was due to charge differences in the C-terminal tail of the

TIMPs and the C-terminal tail of MMPs (111, 112).

The four TIMPs have been cloned from several different species

(see Chapter 2, Figure 2.1). TIMP-1 and TIMP-2 are secreted from
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many cell types and are found in body fluids in vivo and the

conditioned media of cultured cells (113, 114). TIMP-1 is found in

ovary, bone and uterine tissue and is inducible by several cytokines

and chemokines such as bFBF, EGF, TGFB, IL-1, IL-6, phorbol ester,

and progesterone (115). TIMP-2 to appears to be constitutively

expressed in many different tissues (115). The most recently

discovered member, TIMP-4, is less characterized but has been found

in brain, heart and skeletal muscle and breast tissue and localizes to

the conditioned media of cultured cells (116). TIMP-3, which is

inducible by phorbol esters, TGFB, dexamethasone and PDGF, is

unique to the family in that it localizes to the ECM or basal lamina in

kidney, breast, Colon, eye, and lung (115-120).

1.4.1 Growth Promoting Activity of TIMPs

The TIMPs not only demonstrate MMP inhibitory activity but also

growth promoting activity. TIMP-1 and erythroid potentiating activity,

EPA, were both discovered in 1985 and found to be the same protein

(113, 121, 122). TIMP-2 has been reported to have cell proliferative

activity in many human, bovine and mouse cell lines (123-127).

TIMP-3 has also been reported to have growth promoting activity in

chicken embryo fibroblasts (128). Point mutations of TIMP-1 that

abolishes MMP inhibitory activity still retains erythroid potentiating

activity (122). Hayakawa et al. demonstrated that reduction and
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alkylation of TIMP-1 and TIMP-2 destroys their MMP inhibitory activity

while retaining their growth promoting activities (126). By adding an

N-terminal alanine to TIMP-2 that abolishes MMP inhibitory activity,

Wingfield et al. demonstrated that the growth modulating property is

independent of the inhibitory activity (129). Recently, Zhao et al.

demonstrated that TIMP-1 shows cell cycle-associated accumulation in

the nuclei of human gingival fibroblasts (130). In addition, TIMP-1 has

been found to bind to the Cell surface and translocates to the nucleus

of MCF-7 breast carcinoma cells (131). It is of interest to note that

the TIMP structures have an oligosaccharide- or oligonucleotide

binding domain that could possibly bind to DNA (132).

1.4.2 Induction of Apoptosis by TIMP-3

In contrast to growth promoting activity, TIMP-3 has been recently

shown to induce apoptotic cell death in many cancer cell lines and in

rat vascular smooth muscle cells (133-137). Although, in 1992, Yang

and Hawkes reported that TIMP-3 stimulates the proliferation of

chicken embryo fibroblasts, this could be interpreted as apoptosis

because DNA synthesis is slowed by addition of TIMP-3 to transformed

chicken embryo fibroblasts (128). Smith et al. reported that apoptosis

of human carcinoma cells was induced by the stabilization of the

TNFalpha receptor on the cell surface by TIMP-3 (133). TIMP-3

appeared to be preventing the shedding of the TNFalpha receptor from
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the surface of the cells. A year later, it was discovered that TIMP-3

and not TIMP-1 or TIMP-2 inhibits TNFalpha converting enzyme

(TACE), which cleaves the membrane bound pro TNFalpha from the

cell surface producing the active cytokine (138). In contrast, TIMP-1

and TIMP-2 inhibit apoptosis (139). Li et al. demonstrated that TIMP-1

inhibits MCF10A cell death induced by hydrogen peroxide, adriamycin,

or X-ray irradiation (139). The inhibition of apoptosis occurrs after the

MCF10A cells detach and, therefore, is not dependent on the

stabilization of the matrix by TIMP-1. B16F10 melanoma cells are also

protected from apoptosis by TIMP-2 (137).

1.4.3 TIMP-2 Is an Activator and Inhibitor of MMP-2

Investigators have recently determined that TIMP-2 is not only an

inhibitor of MMPs but also an activator of MMP-2 (140). Because of

the extensive characterization of MMP-2 and TIMP-2 interactions and

the discovery and characterization of the membrane-type matrix

metalloproteinases (MT-MMPs) investigators have developed a clearer

understanding of the activation of MMP-2 (26, 109, 111, 112, 140,

141). TIMP-2 and MT1-MMP have been demonstrated to be secreted

as a complex and show temporal and spatially co-regulated expression

in mouse development (142, 143). The complex of MT1-MMP and

TIMP-2 has been referred to as a "receptor" for proMMP-2 resulting in

MMP-2 activation (140). Investigators report that TIMP-2 binds to
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MT1-MMP followed by binding of proMMP-2 (45, 46). The MT1-MMP

cleaves the proMMP-2 at Asn-37-Leu38 and the resulting A1-37MMP-2

is autocatalytically activated by cleavage at Asn&0-Tyrð1 (99).

Activation also requires the C-terminal domain of proMMP-2 but it is

not necessary for activity (45). By utilizing truncated forms of MMP-2

and MT1-MMP without a transmembrane domain, Butler et al. deduced

that the N-terminal domain of MT1-MMP binds the N-terminal domain

of TIMP-2 and the C-terminal domain of TIMP-2 interacts with the C

terminal domain of proMMP-2 to localize it to the cell surface for

activation (140). TIMP-2 and TIMP-3, but not TIMP-1, are effective

inhibitors of MT1-MMP (99). TIMP-4 also binds tightly to the

C-terminal hemopexin-like domain of MMP-2 but has not been

demonstrated to bind any of the MT-MMPs (111, 144). Both TIMP-2

and TIMP-3 bind to MT1-MMP and proMMP-2 but only TIMP-2 can

activate MMP-2 (111). At low levels of TIMP-2 added to TIMP-2-

depleted membranes expressing MT1-MMP, proMMP-2 activation is

increased (140). But, at higher levels of TIMP-2, MT1-MMP is inhibited

by TIMP-2 and does not activate proMMP-2 (140). Because of the cell

surface interactions of TIMP-1 and similar expression patterns of

TIMP-1 and MMP-9, there is speculation that proMMP-9 may be

activated similarly by forming a complex with TIMP-1 and another

MT-MMP (131).

i. ---- :

---------fi. -

º:--> *
*... .

f **
gº gº

º

ºr-tºº--
º-s,*

-

******
****

<-- ---

ºut.”

*****

20



Similar to local proteolysis exhibited by the uPA

receptor/uPA/planninogen activation cascade, the cell surface

localization MT1-MMP and activation of MMP-2 may be a way of

focalizing proteolysis of ECM. Human melanoma cells and 3T3 cells

overexpressing MT1-MMP activate MMP-2 and degrade ECM that is

localized predominantly to invadopodia' (145, 146). OVB3 integrin has

been shown to bind to the hemopexin domain of MMP-2 focalizing the

degradation (147). Deryugina et al. recently demonstrated that MCF7

breast carcinoma cells expressing both ov■ ;3 integrin and MT1-MMP

increase adhesion and migration on vitronectin by localizing MMP-2 at

the cell surface (148). Further investigation is underway to study

potential tyrosine phosphorylation sites in the cytoplasmic domain of

the MT-MMPs (26).

1.4.4 TIMPs as Therapeutics?

Because of their ability to inhibit and activate MMPs, induce

proliferation or apoptosis, investigators struggle with an apparent

paradox of the TIMPs. The TIMPs appear to be an excellent biological

drug for anti-angiogenic and/or anti-metastatic therapy. TIMP-1,

TIMP-2, and TIMP-3 have all been reported to inhibit angiogenesis

(149-151). Several reports over the past 10 years demonstrate the

ability of the TIMPs to inhibit invasion of many different cancerous cell

types (39, 56, 137, 152-160). In rat bladder cancer cell lines, MMP-2
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transfected into MYU3L cells enhance their invasive potential while

transfection of TIMP-1 or TIMP-2 into highly metastatic LMC19 cells

reduces their invasiveness (161, 162). TIMP-1 transgenic mice

demonstrate that TIMP-1 inhibits T-cell lymphoma and

hepatocarcinogenesis by tumor vascularization (163, 164). However,

because TIMP-1 and TIMP-2 promote cell growth and rescue cells from

apoptosis, and because TIMP-2 activates proMMP-2, the use of TIMP-1

or TIMP-2 as a therapeutic may exacerbate the disease. TIMP-3 does

not appear to have contraindicative activities. TIMP-3 inhibits

proMMP-2 activation by MT1-MMP, which may contribute to the

mechanism by which TIMP-3 inhibits angiogenesis and cellular invasion

(111, 136, 149, 165). TIMP-3 also induces apoptosis of cancerous cell

lines (133, 138). Inhibition of angiogenesis and invasiveness, and

induction of apoptosis could have a potent effect on cancerous tissue.

The unique characteristic of ECM localization displayed by TIMP-3 may

be the critical factor that determines its activities. The localization of

TIMP-3 to the ECM places it in a location where it could directly

interact and affect cell surface molecules (21, 134-137).
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1.4.5 TIMP-3 Electrostatically Interacts with the Extracellular

Matrix

In 1984, Blenis and Hawkes first characterized the ECM localization

of chicken TIMP-3 by utilizing chaotropes, high salt, and ionic and non

ionic detergents to extract it from the ECM (117). Non-ionic

detergents such as NP-40 and Triton X-100 are unable to extract

TIMP-3 from the ECM except in the presence of high salt, 0.5 M KCI, or

reducing agents such as 10% B-mercaptoethanol. High concentration

of chaotropic agents such as 6 M guanidine-HCl or 6 M urea with 10%

B-mercaptoethanol is necessary to extract TIMP-3. Strong anionic

detergents such as sodium dodecyl sulfate (SDS) will extract TIMP-3

from the ECM. In an attempt to inhibit TIMP-3 production by utilizing

antisense oligodeoxynucleotides (ODN), Kishnani and Hawkes

determined that exposure of transformed chicken embryo fibroblasts

to ODNs caused TIMP-3 to relocate from the ECM to the Conditioned

media (166). The amount of TIMP-3 activity detected in the

conditioned media was ODN-sequence independent, directly

proportional to the ODN concentration, and not due to increased

TIMP-3 expression. Kishnani hypothesized that the change in location

of TIMP-3 is due to electrostatic interactions between the negatively

charged ODNs and the basic amino acids of TIMP-3. This hypothesis

was investigated by exposing chicken embryo fibroblasts to several
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charged and uncharged polymers, to determine their effect on the

localization of TIMP-3. The polymers included poly-cationic and

poly-anionic molecules such as poly-lysine, poly-arginine, poly

aspartate, poly-glutamate, and poly-acrylate, glycosaminoglycans

(GAGs) such as chondroitin sulfates A, B, and C, dextran sulfate,

hyaluronate, and heparan sulfate, and uncharged poly-alanine and

poly-histidine. Poly-cationic and poly-anionic molecules exhibited the

strongest effect on the localization of TIMP-3 to the conditioned media.

Poly-lysine and poly-arginine have a stronger effect when compare to

any of the poly-anions. Of the GAGs, heparan sulfate and dextran

sulfate displayed the strongest effect on the localization of TIMP-3 to

the conditioned media. To determine if the change in location of

TIMP-3 was a binding effect or a displacement effect, the ECM from

chicken embryo fibroblasts was exposed to heparan sulfate-coated

agarose beads and poly-lysine-coated agarose beads. Elutions from

heparan sulfate coated agarose beads contained TIMP-3 activity, while

elutions from the poly-lysine coated agarose beads had no activities.

From these data, Kishnani and Hawkes hypothesized that the poly

lysine displaces the TIMP-3 from the ECM by binding to the negatively

charged species in the ECM, thus preventing binding of the positively

charged amino acids of TIMP-3. In contrast, negatively charged

sulfates of heparan sulfate bind to the positively charged lysines and
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arginines of TIMP-3 and extract it from the ECM to the conditioned

media. They noted that three short stretches of 9-11 amino acids that

contain a high density of positive charge from lysines and arginines

and are uninterrupted by negative charge may be involved in binding

of TIMP-3 to polyanionic polymers.

From these data and sequence analysis and homology modeling

demonstrated and discussed in Chapter 2 a hypothesis was

constructed. The hypothesis states that basic Region I, Arg20 to

lys32, on the surface of TIMP-3 binds to heparan sulfate chains on

heparan sulfate proteoglycans (HSPGs) in the ECM, localizing TIMP-3

to the ECM.

1.5 Heparan Sulfate Proteoglycans

Heparan sulfates are the heterogeneously N- and O-sulfated

polysaccharide components of proteoglycans that are common

constituents of the ECM and cell surface (167). HSPGs are involved in

cell adhesion, migration, proliferation and differentiation (37, 168).

The heparan sulfate chains of HSPGs bind to various proteases,

protease inhibitors, cytokines and growth factors such as MMP-7, anti

thrombin III, afGF, bFGF, VEGF, hepatocyte growth factor,

keratinocyte growth factor, and TGF-B (169). Heparan sulfate chains

also bind to structural proteins in the ECM such as fibrillar collagen,
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fibronectin, and laminin (170). In each case HSPGs appear to function

as a way of accumulating or localizing heparan sulfate-binding

molecules to enhance and/or promote ligand-receptor, protease

inhibitor and protease-substrate interactions. MMP-7 has been

demonstrated to bind to and co-localize with heparan sulfate in the

basement membrane and around epithelial cells (171). The

investigators suggest this may function to sequester the enzyme for

activation or focalized proteolysis. Heparan sulfate and heparin

catalyze the binding of anti-thrombin III to thrombin and factor Xa

inhibiting coagulation (172). Heparin is a highly sulfated form of

heparan sulfate. A specific pentasaccharide sequence of the heparin

chains actually causes a conformational change of the anti-thrombin

III, enabling it to bind (173). Heparan sulfate chains of HSPGs bind to

lipoprotein lipase and enhance the binding of lipoproteins to the cell

surface to facilitate uptake or receptor binding (174, 175).

Thrombospondin-1, which is involved in platelet aggregation and

regulation of cell adhesion, migration, and proliferation, binds to

heparan sulfate on the cell surface and in the ECM (176-178). The

fibroblast growth factors, FGFs, are probably the most intensively

studied HSPG-binding proteins. The FGFs, which stimulate

angiogenesis, proliferation and differentiation, have been implicated in

many forms of cancer (6, 10, 179-181). Heparan sulfate is believed to
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be essential for the complex formation of the FGF and the FGF

receptor, FGFR, resulting in signal transduction (182, 183). Different

FGFs and FGFRs may also have unique specificity towards to different

heparan sulfate sequences and sulfation patterns (182).

1.5.1 Composition of Heparan Sulfate Proteoglycans

The following is a summary of HSPG composition from papers by

Zhang et al. and Esko et al. (184, 185). They are composed of a

protein core with one or more covalently attached GAG chains. The

GAGs attach to conserved SGXG or SG sequences that are usually

preceded by acidic amino acids. Although chondroitin sulfate also

attaches to SGXG or SG sites, repeating SG sequences and adjacent

acidic residues appear to signal for heparan sulfate synthesis. The

heparan sulfate chains are synthesized in the Golgi complex by the

stepwise attachment of saccharide units to form the tetrasaccharide

glucosamine-B1,3-D-galactose-61,3-D-galactose-B1,4-D-xylose. The

chains are elongated by the addition of alternating glucuronate and N

acetylglucosamine. The chains can be anywhere between 30 to 200

disaccharide units. Sulfation occurs by the interdependent reactions of

N-deacetylase and N-sulfotransferases. In addition, glucuronate is

epimerized to iduronate, and glucosamine and iduronate are sulfated

by O-sulfotransferases. Isoenzyme variations and their expression

levels appear to give rise to the different sulfation patterns on the
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heparan sulfate chains attributed to the specific binding of ligands.

HSPGs appear at the cell surface shortly after synthesis where they

are excreted in the Case of ECM HSPGs or anchored in the membrane

(186).

The predominant HSPG in the basal lamina is perlecan, followed by

agrin and type XVIII collagen (32). Perlecan consists of a core protein

of approximately 400kDa with 3-4 heparan sulfate chains attached in

the N-terminal domain of the protein. Agrin and type XVIII collagen

are 200-210 kDa and 180 kDa proteins, respectively (32). Two

families of HSPGs, Syndecans-1 through –4, 33 kDa proteins with 3-4

glycanation sites, and glypicans-1 through –6, 60-65 kDa proteins with

2-3 glycanation sites, and two unrelated HSPGs, CD44E and the TGFB

receptor betaglycan have been identified on the cell surface (37, 187).

The syndecans, CD-44E, and TGFB-receptor betaglycan have single

membrane-spanning transmembrane domains. The glypicans are

tethered to the cell surface through glycosylphosphatidylinositol (GPI)

(37, 187, 188). Some of the cell surface HSPGs are enyzymatically

shed possibly by ADAMs or in the case of GPI-anchored HSPGs by

specific phospholipases (186).

Syndecan-1 is the most extensively studied of the cell surface

HSPGs (189). The loss of syndecan-1 expression and different

expression patterns of integrins and E-cadherin correlates with the loss
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of cell differentiation when normal tissues are compared with

Cancerous tissue such as squamous cell carcinomas of the head, neck,

lung and Cervix (189). Syndecan-1 expression is lower in the

malignant transformation of several of these epithelial cells.

Syndecan-1 has been demonstrated to mediate the binding and

activity of FGF-2 but not FGF-1 to FGFR-1 (190). Recently, Fitzgerald

et al. demonstrated that the shedding of syndecan-1 and -4 is

inhibited by TIMP-3 (191). The localization of TIMP-3 in the ECM may

provide TIMP-3 with the ability to directly regulate the shedding

process. If TIMP-3 also binds to the heparan sulfate chains of

syndecan-1, this interaction may provide a way for the cell to have

direct Control over TIMP-3 action.

1.6 Overview

Chapter 2 will demonstrate that a basic Region I, Arg20 to Lys52,

on the surface of the TIMP-3 molecule determined by sequence

alignments and molecular modeling could bind to heparan sulfate. A

chimera was constructed to test if this basic Region I could be

exchanged with the homologous region of TIMP-2 to create a TIMP-3

chimera, C3, that localizes to the conditioned media instead of the

ECM in Cultured cells. The reverse chimera was also Constructed to

determine if this basic Region I could be exchanged into TIMP-2 to
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create a TIMP-2 chimera, C2, that localizes to the ECM instead of the

conditioned media in cultured cells. The results of these experiments

are reported in Chapter 3. The preliminary results from purification of

TIMP-3 and the chimeras will be discussed in Chapter 4.

Demonstration of the co-localization of TIMP-3 and heparan sulfate by

confocal microscopy will be reported in Chapter 5. Preliminary cell

proliferation assay of BHK-21 cells transfected with wild-type and

chimeric TIMP-3 and TIMP-2 proteins will be reported and discussed in

Chapter 6.

The experiments presented in this thesis demonstrate that TIMP-3

is localized to the ECM and cell surface by the interaction of basic

Region I, Arg20 to Lyss2, of TIMP-3 with heparan sulfate.
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2-1 Introduction

Currently, there are 38 known TIMP sequences from different

species including Drosophila melanogaster (D. melanogaster) and

Caenorhabditis elegans (C. elegans), Figure 2.1. Five structures of

TIMP-1 and TIMP-2 have been solved by NMR or X-ray crystallography

= lone or bound to MMP-3 or MT1-MMP (1-6). Neither of the D.

47-melanogaster or C. elegans TIMPs has been expressed and

c Haracterized to determine if they inhibit MMPs (7). However, in C.

eZegans, Wada et al. found that at least one of the three putative MMP

scs ene products, MMP-C31, exhibit gelatinase activity and two of the

t Huree, MMP-C31 and MMP-H19, cleave a fluorescence-quenching

Ex eptide used for detecting MMP activity (8). In addition, TIMP-1 and

TIMP-2 inhibit MMP-C31 and MMP-H19.

In 1996, only 13 TIMP sequences were known and the structure of

tº e N-terminal domain of TIMP-2 had been solved by nuclear magnetic

*Tesonance, NMR (1). In the same year, transcripts for a new TIMP,

TI-II MP-4, were detected in human and mouse, in kidney, placenta, colon

* Ted testes but not in liver, brain, lung, thymus, and spleen (9, 10). A

*R*C. mparison of TIMP-4 with the other three TIMPs (Figure 2.2)

** smonstrate that the family has the conserved sequences

*SXcxPxHPQxxx.cxxxxvirAK and YXIkxxKMxxG in the N-terminal

**-* --ºr
*...* * * ***.
*** * : *- :
* * * * * * *
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**btrue
2

Runrº;
3

Bov'TIMP-1
: 10 11 12 13 14 15 16 17 18 19 2O 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

Shp?IMP-1 PigTIMP-1 EquTIMP-1 DogTIMP-1 Rab"TIMP-1 MusTIMP-1 Rat"IMP-1 EquTIMP-3 Bov'TIMP-3 Hum'■IMP-3 PigTIMP-3p Rat"TIMP-3 MusTIMP-3 RabºIIMP-3 ChkTIMP-3 Xen"IMP-3 ShkTIMP-3 Rat"IMP-4 Mus'TIMP-4 Humº'IMP-4 RabºDMP-4p Bovºtrº■ p-4p PigTIMP-4p BovºIMP-2 RabºIMP-2 EquTIMP-2p PigTIMP-2p Ham'TIMP-2 MusTIMP-2 Rat"IMP-2 Humº'IMP-2 DogTIMP-2 ChkTIMP-2 CETIMP Drogºrºup
91 GDAADIRFVYTPAME GDAADIRFVYTPAME RDAPDIRFIYTPAME RDAPDIRFIYTPAME GDAPDIRFIYTPAME GDAPDTWFVYTPAME

GNASDIRFVDTPALE GHATDIRFVYTPAME GNAADIRYAYTPVME GNATGFRFAYTPAME ---PHVQYIHTEASE ---PHVQYIHTEASE ---PHVQYIHTEASE ---PHVOYIHTEASE ---PHVQYIHTEASE ---PHVOYIHTEASE ---PHVQYIHTEASE ---PHVQYIYTEASE ---PQVQYIYTEASE ---QQVQYIYTEAAE ---KDIQYVYTPFDs ---KDIQYvyTPFDs ---KDVOYIYTPFDs ---KDVOYIYTPFDs ---NDIQYIYTPFDs ---SDIQYIYTPFDs ---QDIEFIYTAPAA ---QDIEFIYTAPSS ---KDIEFIYTAPSS ---KDIEFIYTAPSS ---KDIEFIYTAPSS ---KDIEFIYTAPSS ---KDIEFIYTAPSS ---KDIEFIYTAPSS ---KDIEFIYTAPSS ---QDIEFIYTAPST T--TLPDEIFTPSEA --MLRDGRLSTPQDD
105106 SV SV SV SV SV SL SV SV SL SL SL SL SL SL SL SL SL SL SL, SL SL SL SL SL SL SL AV AV AV AV AV AV AV AV AV EV PA AM

GYFHRSHNRSEE GYFHRSHNRSEE GYFHRSQNRSEE GYFHRSONRSEE GYFHRSQNRSQE GYFHRSENRSEE GYLHRSQNRSEE GYSHKSQNRSEE GYAHKSQNRSEE GYVHKSQNRSEE GLKLEVN-KYQY GLKLEVN-KYQY GLKLEVN-KYQY GLKLEVN-KYQY GLKLEVN-KYQY GLKLEVN-KYQY GLKLEVN-KYQY GVKLEVN-KYQY GVKLEVN-KYQY GVRLQVN-KFQY GVKLETNSQKQY GVKLETNSHKQY GVKLEANSQKQY GVKLEANSQKQY GVKLEANSQKQY GVKLETNSQKQY GVSLDIGGKKEY GVSLDIGGKKEY GVSLDVGGKKEY GVSLDIGGKKEY GVSLDVGGKKEY GVSLDVGGKKEY GVSLDVGGKKEY GVSLDVGGKKEY GVSLDIGGKKEY GQPLDTGGKKEY GLKIAAG--HEY GINLDLG--KVY
120121

FLIAGKLQDGLLHIT FLIAGKLQDGLLHIT FLIAGQLSNGHLHIT FLIAGQLSNGHLHIT FLIAGQLWNGHLHIT FLIAGQLLDEKLYIT FLVAGNLRDGHLQIN FLIAGQLRNGLLHIT FLITGRLRNGKFHIN FLIAGRLRNGNLHIT LLTGRVY-DGKMYTG LLTGRVY-DGKMYTG LLTGRVY-DGKMYTG LLTGRVY-DGKMYTG LLTGRVY-EGKMYTG LLTGRVY-EGKMYTG LLTGRVY-DGKVYTG LITGRVY-EGKVYTG LITGRVY-EGKVYTG LITGRVF-DGEVYTG LLTGQILSDGKVFIH LLTGQILSDGKVFIH LLTGQVLSDGKVFIH LLTGQVLSDGKVFIH LLTGQILSDGKVFVH LLTGQILSDGKVFIH LIAGKAEGNGNMHIT LIAGKAEGNGNMHIT LIAGKADGNGKMHIT LIAGKAEGHGKMHIT LIAGKAEGDGKMHIT LIAGKAEGDGKMHIT LIAGKAEGDGKMHIT LIAGKAEGDGKMHIT LIAGKAEGNGKMHIT LIAGKSEGDGKMHIT LLAGRVEGPNALYTV
135
1361501511.6516618O

SFVAPWNSLSLAQRRGFTKT-YTVG
EETVFPLSIPKLQs SFVAPWNSLSLAQRRGFTKT-YTVG

EETVFPLSIPKLQs SFVAPWNSMss.AqRRGFTKT-YAAG
EETVFPssipKLQs SFVAPWNSMSSAQRRGFTKT-YAAG

EETVFPssiP
KLQs SFVAPWNSLSSAQRQGFTEI-YAAG

EE-TVFPTSIPKLQS SFVAPWNSLSSAQRQGFTKT-YAAG
GESVFPssiP
KLQs SFVAPWSSLSTAQRRGFTKT-YAAG

EGTVFTssipKLQs SFVVPWNSLSFSQRsgFTKT-YAAG
DMTVFA.AsrP
HLEs SFLVPWRTLsPAQQRVFSKKNYsAG

GVTVFPLSIPKLE's SFLVPWHNLSPAQQKAFVKT-YsAG
GVTVFPsarpKLE's NFVERWDQLTLSQRKGLNYR--YHLG

NKIKsYYLPYvts NFVERWDQLTLSQRKGLNYR--YHLG
N
KIKSYYLPFVTS NFVERWDQLTLSQRKGLNYR--YHLG

N
KIKSYYLPFVTS NFVERWDQLTLsoRKGLNYR--YHLG

NKIKsYYLPFvts NFVERWDHLTLSQRKGLNYR--YHLG
NKIKsYYLPFVTs NFVERWDHLTLSQRKGLNYR--YHLG

N
KIKsYYLPFvts NFVERWDQLTLSQRKGLNYR--YHLG

N
KIKsYYLPFVTS NWYEKWDRLTLSQRKGLNHR--YHLG

GKIRPYYLPFATS NLIERWEKLTFAQRKGLNHR--YPLG
T
KIKPYYLPFIT's NFIVPWDRLTLSQRKGLNHR--YQYG

N
KIKPYYLPFVTA NYIEPWEDLSLVQRESLNHH--YHQN

GQITTYAVPTITA NYIEPWEDLSLVQRESLNHH--YHQN
GQITTYAVPTISA NYIEPWEDLSLVQRESLNHH--YHLN

G.QITTYTVPTISA NYIEPWEDLSLVQRESLNHH--YHLN
vQITTYTVPTISA NYIEPWENLSFLQRESLNHR--YHLN

G.QITTYAVPTISA NYIEPWENLSFLQRESLNHY--HHLN
G.QITTYVVPTISA DFIVFWDTLSATQKKSLNHR--YQMG

E
KITRPMIPYIss DFIVPWDTLSATQKKSLNHR--YQMG

E
KITRPMIPYISS DFIVPWDTLST-------------------------------- DFIVPWDTLSTTQKKSLNHR--YQMG

E
KITRPMIPYIss DFIVPWDTLSTTQKKSLNHR--YQMG

E
KITRPMIPYIss DFIVPWDTLSITQKKSLNHR--YQMG

E
KITRPMIPYIss DFIVPWDTLSITQKKSLNHR--YQMG

E
KITRPMIPYIss DFIVPWDTLSTTQKKSLNHR--YQMG

E
KITRPMIPYIss DFIVPWDTLssTQKKSLNHR--YQMG

E
KITRPMIPYIss DLVATWDSVsPTQ

KKSLNQR--YQMG
E
KISRLSIPFVss GQVLPDDRS---QTS---------FEN-

--VLEWKNVPQTLQs SYYKEYTRMTITE

Figure2.1.SequenceAlignment
ofthe38TIMPSequences.(continued)
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14PigTIMP-3p 15
Rat"TIMP-3

16
MusTIMP-3

17
Rab"IMP-3

18
ChkTIMP-3

19Xen'■IMP-3 2O
ShkTIMP-3

21
Rat'TIMP-4

22
MusTIMP-4

23HumTIMP-4 24
RabTIMP-4p

25
Bov'TIMP-4p

26PigTIMP-4p 27
Bov'TIMP-2

28RabºrIMP-2 29
EquTIMP-2p

30PigTIMP-2p 31
HamTIMP-2

32
MusTIMP-2

33
Rat"TIMP-2

34HumTIMP-2 35DogTIMP-2 36
ChkTIMP-2

37CETIMP 38
Drosº"IMP

195 LWTDQ-LLQ LWTDQ-LLQ LWTDQ-LLT LWTDQ-LLT LWTDQ-LLT LWTDQ-LLT LWTDQ-FLT LWTDS-SLG LwrDQ-viv LWTDQ-ILM LWTDM-LSN LWTDM-FSN LWTDM-LSN LWTDM-LSN LWTDM-LSN LWTDM-LSN LWTDM-LSN IWPTDM-LSN LWTTDM-LSN FWTDM-LSD LWTNW-LLE LWTTDW-LLE LWTDW-LLE
196

GSEKGFQSRHLA GSEKGFQSRHLA GSDKGFQSRHLA GSDKGFQSRHLA GSDKGFQSRHLA GSDKGFQSRYLA GSDKGFQSRHLA -SDKGFQSRHLA GSED-YQSRHFA GSEKGYQSDHFA FGYPGYQSKHYA FGYPGYQSKHYA FGYPGYQSKHYA FGYPGYQSKHYA FGYPGYQSKHYA FGYPGYQSKHYA FGYPGYQSKHYA FGHSGHQAKHYA FGYPGYQSKNYA QGYMGHQAKHYV RMLYGYQAQHYV RKLYGYQAQHYV RKLYGYQAQHYV RKLYGYQAQHYV QKLYGYQAQHYV KNINGHQAKFFA KNINRHQAKFFA
210 LPREPGL LPREPGL LPREPGL LPREPGM MPREPGM LPREPGL LPRE:PGI LPQEPGL LPRNLGL LPRNPDL

225 TWQSLRTRI TWQSLRSQI TWQSLRAQM TWQSLRPRG TWQSLRPRV TWQSLRPRT TWQSLPRMA AWESLRPRK TWRSLGAR TWQYLGVSM SWYRGWAPP SWYRGWAPP SWYRGWAPP SWYRGHLHL SWYRGHLHL
T

SWYRGHLPL SWYQGRLPL
TRSLPLAKAEA DKSIIDNATDP DKSIIDNATDP DKSIIDNATDP DKSISNATDP Dr.SISNATDP DKTIINATDP DKTTINTTDP DKTRINATDP RKEYVDIVQP RKEYVDIIQP RKEFVDIVOP RKEFVDI---- RKEFVDI---- KQEFLDIEDP KQEFLDIEDP

KSINGHQAKFFA KSINGHQAKFFA KSINGHQARFFA KNINGHQAKFFA KSINGHQAKFFA KIVGGRQAKHYA TNYSAMPHKVOTVN

KQEFLDIEDP KQEFLDIEDP KQEFLDIEDP KQEFLDIEDP KQEFLDIEDP KQEFLDIEDP
RWRRTQLYR

Figure2.1.SequenceAlignment
ofthe38TIMPSequences.(continued)
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region and CLWXD toward the C-terminus. Woessner proposed in

1991 that the first highly conserved 22 amino acids of TIMPs were

responsible for MMP inhibition (11).

The TIMPs form a two-domain structure, as illustrated for TIMP-3 in

Figure 2.3, with 3 disulfides (Cys1-Cys68, Cys3-Cysg5, Cys43-Cys120)

in the N-terminal domain and 3 disulfides (Cys122-Cysle.9,

Cysl27-Cys132, Cys140-Cys161) in the C-terminal domain. Disulfide

assignments had only been made for TIMP-1 in 1990 by Williamson et

al. and were later confirmed for TIMP-2 (5, 12). Coulomb et al.

determined that for TIMP inhibitory activity, at least the first 3

disulfides must be intact (13). They reported that a truncated form of

TIMP-1 consisting of amino acids 1-122 with the first two disulfides

(Cys1-Cys70 and Cys3-Cysg9) is inactive, whereas the N-terminal

domain of TIMP-1, comprising the first 126 amino acids, (including the

Cysl3-Cysl24) is an active inhibitor of MMPs (14). In 1993, DeClerck

et al. using a partial trypsin digest demonstrated by partial trypsin

digestion of TIMP-2 that the N-terminal domain of TIMP-2, comprising

amino acids 1-126, is necessary for inhibitory activity (15). By peptide

mapping they demonstrated that the Cys13-Cys126 disulfide is

necessary for MMP inhibition. It is interesting to note that in the

Current three-dimensional structures, the Cys13-Cys126 disulfide does

* *-*
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not directly interact with the MMP active site pocket but appears to be

more structural.

In 1994, Williamson et al. reported the NMR solved structure of the

N-terminal domain of TIMP-2 (1). The truncated N-TIMP-2 protein

contains six beta strands and two alpha helices. The beta strands are

arranged in anti-parallel beta sheets forming a common Greek Key

topology. The beta barrel formed by strands A through E is

homologous to the OB fold identified in oligosaccharide- or

oligonucleotide-binding proteins. The N-TIMP-2 structure shares a

very close beta-barrel topology with the OB fold proteins,

Staphylococcal nuclease and the B subunit of heat-labile enterotoxin.

The investigators postulate that two surface regions consisting of

conserved positively charged residues Arg20, Lys22, Lys48 and Lys31

forms a hydrophilic convex surface at the back of the beta barrel, and

a hydrophobic concave surface consisting of conserved residues

Phel03, Leu85, Trpl07, Gln114, Leu118, Tyr122 and His 7. It is

surprising that they did not speculate on the highly conserved

Cysteines, more precisely Cys1, Cys3, Cys72, and Cys101 protruding

from the Concave surface that were later found to chelate the zinc in

the MMP active site.

The C-terminal domains of TIMPs do not appear to be involved in

direct inhibition of the MMPs but appear to be important in increasing

- - - - -
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binding to certain MMPs (16). Through the use of truncated TIMP-1

and TIMP-2, A127-184TIMP-1 and A128-194TIMP-2 and A186-144TIMP-2,

the investigators found that TIMP-2 binds more rapidly to MMP-2 than

TIMP-1 and that the last 9 amino acids of TIMP-2 are largely

responsible for this interaction. Further studies by the same group of

investigators demonstrated that the N-terminal domain of MMP-3

interacts with the N-terminal domain of TIMP-1, and the

hemopexin-like domain of MMP-2 interacts with the C-terminal domain

of TIMP-2, respectively (17). They also demonstrated that TIMP-1

shows faster binding and greater specificity to MMP-3, and TIMP-2

shows faster binding and specificity to MMP-2. Howard et al. and

Kleiner et al. separately deduced that there are two distinct

interactions between TIMP-2 and MMP-2 by Scatchard analysis and

cross-linking, respectively (18, 19).

Biochemically, the TIMPs are similar. All TIMPs have twelve

Conserved cysteines that are assumed to be organized as six disulfides

although this has only been confirmed for TIMP-1 and TIMP-2.

Because the spacing of the cysteines is highly conserved and because

activity is dependent on the intact disulfides in the N-terminus, it is

assumed that TIMP-3 and TIMP-4 share similar disulfide linkages.

They are all small proteins (Mr 20kDa-30kDa) in size (Table 2.1).

TIMP-1 is N-glycosylated at Asn-X0 and Asn'78 (20), whereas TIMP-2
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and TIMP-4 are both unglycosylated proteins. TIMP-3 is expressed

unglycosylated and N-glycosylated, at Asn184, and both forms are

found in the ECM and are active inhibitors of MMPs. From this

information, one can deduce that localization is not critically dependent

on glycosylation although a role for this post-translational modification

cannot be eliminated. TIMP-3 is the most basic of the four TIMPs, with

Table 2.1: Biochemical Properties of the human TIMPs.
TIMP-1 TIMP-2 TIMP-3 TIMP-4

Localization CM CM ECM CM
Size | 20.7kD 21.8kD 21.7kD 22.4kD
(Mr.) | (~29) (~20) (~23) (~22)

N-glycosylation +
-

-(+)
-

Disulfides 6 6 6 6
% similarity/identity to TIMP-3a || 51.7/39.9 || 60.2/47.3

-
57.4/50.5

pI 8.5b/6.5c 6.5b 9.2b 7.3b
All calculations were made using the mature human form of the protein.
a - calculated using GAP program from Genetics Computer Group, Inc.
b - calculated using peptidesort from Genetics Computer Group, Inc.
c - Reported pL for purified glycosylated bovine TIMP-1 (20).

a p1 of 9.2, and one of the most basic proteins in the ECM.

Because the interactions of chicken TIMP-3 with ECM appeared to

be electrostatic, Kishnani and Hawkes noted three short stretches of

9-11 amino acids that contain a high density of positive charge from

lysines and arginines, uninterrupted by negative charge, in the

N-terminus of TIMP-3 between Arg20 to Arg248, and a longer stretch

from Arg 103 to Lys137 not present in TIMP-1 or TIMP-2 (21). With

the identification of a fourth member of the TIMP family, it was

possible to refine the analysis of sequence alignments of the human

- ºr-----
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TIMPs to locate conserved regions of positive or negative charge. In

addition, homology modeling of TIMP-1, TIMP-3 and TIMP-4 was

performed utilizing the NMR solved structure of truncated TIMP-2 (1).

By utilizing these analytical tools, a highly basic linear sequence has

been identified on the surface of the TIMP-3 molecule that appears as

a groove that could bind a polyanion such as heparan sulfate. It is

postulated that this basic surface could be the critical feature that

differentiates it from the other TIMPs and localizes it to the ECM by

binding to HSPGs.

2.2 Materials and Methods

2.2.1 Protein Sequence Searches – Sequences searches were

performed on a Digital AlphaServer 2100 using blastp from the

Genetics Computer Group (GCG) software Version 10.0 (Genetics

Computer Group) or through the internet, using blastp with the default

parameters, at http://www.ncbi.nlm.nih.gov/BLAST/ (22). TIMP

sequence searches were performed using the all non-redundant

GenBank CDS translations--PDB+SwissProt-H PIR+PRF database.

Further sequence searching was performed using SHOTGUN V2.0a

after determining a set of distantly related members of the TIMP

family (23). Distances were determined from alignments of each

member of the TIMP families. The most distant from each member
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was then used in the SHOTGUN blast to locate any other possible

TIMPs or new TIMPs in the databases.

2.2.2 Multiple Sequence Alignments – The sequences were

downloaded using the FETCH program (GCG Ver. 10.0) and the

sequence accession number (Table 2.2).

Table 2.2: Sequence accession numbers for the TIMPs

º

common | Name used in accession
species subspecies name alignments number
Papio hamadryas Cynocephalu baboon Bab TIMP-1 L37295
Bos taurus bovine BOVTIMP-1 S70841 *

BOS taurus bovine BOVTIMP-2 M32303 i

BOS taurus bovine BOVTIMP-3 U77588
-

BOS taurus bovine BOVTIMP-4 AAD02097
Caenorhabditis elegans CETIMP U53336
Gallus gallus Chicken ChkTIMP-2 AF004664
Gallus qallus Chicken ChkTIMP-3 M94531
Canis familiaris dog Dog TIMP-1 AB016817
Canis familiaris dog Dog TIMP-2 AF112115
Cricetulus longicaudatus hamster HamTIMP-2 S38624
Drosophila melanogaster DroSTIMP AJ010067
Equus Caballus horse EquTIMP-1 U95039
Equus Caballus horse EquTIMP-2 AJ010315
Equus Caballus horse EquTIMP-3 AJ243283 e

Homo sapiens human HumTIMP-1 X03124
Homo sapiens human HumTIMP-2 S48568
Homo sapiens human Hum TIMP-3 S78453
Homo sapiens human HumTIMP-4 U76456
Mus musculus mouse MuSTIMP-1 M28312
Mus musculus mouse MUSTIMP-2 M93954
Mus musculus In OUSe MUSTIMP-3 L27424
Mus musculus InOUSe MUSTIMP-4 (10)
Oryctolagus cuniculus rabbit Rab IIMP-1 J04712
Oryctolagus cuniculus rabbit Rab IIMP-2 AAB35920
Oryctolagus cuniculus rabbit Rab IIMP-3 AAC95006
Oryctolagus cuniculus rabbit Rab■ IMP-4 AAC95007
Ovis aries sheep ShpTIMP-1 S67450
Rattus norvegicus rat Rat TIMP-1 U06179
Rattus norvegicus rat Rat TIMP-2 S72594

H; norvegicus rat Rat TIMP-3 U2720.1Rattus norvegicus rat Rat TIMP-4 P81556
Scyliorhinus torazame Shark ShkTIMP-3 AAD26150
Sus scrofa pig Pig IIMP-1 S962.11
Sus scrofa pig Pig■ IMP-2 AF156030
Sus scrofa pig Pig■ IMP-3 AF156031
Sus scrofa pig Pig■ IMP-4 AF156032
Xenopus laevis frog XenTIMP-3 AF042493
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Each sequence was converted from GCG format to FASTA format

using READSEQ. The FASTA files were concatenated in a text file

using Microsoft Word 97 on a Pentium II/233 MHz computer running

Windows 2000. ClustalW, at the Baylor College of Medicine Search

Launcher web page, was used to align the 38 TIMP sequences

(https://www.sacs.ucsf.edu/secure/cgi-bin/clustalw.pl.) (24, 25). The

ClustalW default conditions of a gap opening penalty of 10.0 and a gap

extension penalty of 5.0 were used. The maximal linkage alignment

was used for further analysis by formatting and highlighting in MS

Word 97 (Microsoft Corp.).

For alignment of the four human TIMPs, PIMA 1.4, Pattern-Induced

Multiple Alignment, software was utilized at the web site

http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.html (26).

The Class 1 matrix default gap of 6.67 and default gap extension

penalty of 1.33 were used. Coloring and formatting were performed in

MS Word 97 (Microsoft Corp.).

2.2.3 Projections of N-TIMPs – The *H NMR solved coordinates

for the truncated N-huTIMP-2 (amino acids 1-127) were kindly

provided by Dr. Richard A. Williamson (University of Kent, U.K.) in PDB

format. The N-TIMP-1, N-TIMP-3 and N-TIMP-4 models were

Constructed by substituting amino acids from the TIMP-2 sequence

with the corresponding homologous amino acids from each TIMP using

* * **,
-

* * * * * *

* * * * *
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the swapaa command in MIDAS, Molecular Interactive Display And

Simulation (27). The N-huTIMP-2 model and the Other TIMP

projections were viewed in MIDAS and CONIC (27, 28). The heparin

PDB file, hep2.pdb, was downloaded from the Protein Data Bank (29).

The distance calculations between hydrogens on the amines of

arginines and lysines and the oxygens on the sulfates of heparin were

carried out using the distance command in MIDAS. Images were

prepared utilizing Target Image File Format from the MIDAS output

and further formatting in Adobe PhotoShop 5.5 and Illustrator 8.0

(Adobe Corp.).

2.2.4 Projections of Full TIMPs – The protein data bank, pdb,

file for X-ray crystallography solved TIMP-2, 1brø.pdb, was

downloaded from the Protein Data Bank (5). The TIMP-1, TIMP-3 and

TIMP-4 models were constructed by substituting amino acids from the

TIMP-2 sequence with the corresponding homologous amino acids

from each TIMP using swapaa in MIDAS, Molecular Interactive Display

And Simulation (27). The TIMP-2 model and the other TIMP

projections were viewed in MIDAS and CONIC (27, 28). Images were

prepared by creating protein data bank files through MIDAS. The

images were oriented and colored utilizing Rasmol Version 2.7.1 (Glaxo

Welcome) and formatted in Adobe PhotoShop 5.5 and Illustrator 8.0

(Adobe Corp.).

**
* ...sa -

* *-* *

- --- a

77



2.3 Results and Discussion

2.3.1 Sequence Alignments of the Four Human TIMPs

In order to investigate the structural features of TIMP-3 that may

differentiate it from TIMP-1, TIMP-2, and TIMP-4 that cause it to

localize to the ECM, a sequence alignment was prepared utilizing the

four known human TIMP sequences, Figure 2.4. All TIMPs share the

conserved 12 cysteines (6 disulfides). TIMP-3 has 51.7% similarity

and 39.9% identity to TIMP-1, 60.2% similarity and 47.3% identity to

TIMP-2 and 57.4% similarity and 50.5% identity to TIMP-4. All four

proteins have conserved sequences CXCXPXHPQXXXCXXXXVIRAK and

YXIKXXKMXXG in the N-terminal domain, and CLWXD in the

C-terminal domain, Figure 2.4. The greatest similarity between

TIMP-3 and TIMP-1, TIMP-2, and TIMP-4 is in the N-terminal sequence

of the proteins. Because TIMP-3 has such a high p1 (9.2), the

distribution of basic and acidic residues within the four TIMPs was

Compared. Unique to TIMP-3 are three basic linear sequences of

amino acids in the primary structure, Figure 2.4. These regions are

highly conserved in the ten TIMP-3 sequences from different species,

Figure 2.1. TIMP-3 is the only sequence that has highly positively

Charged regions from arg20 to lys52 (Region I), arg109 to lysl37

(Region II), and lysis 7 to arg173 (Region III), Figure 2.4. Table 2.3

shows the net charge of these regions in all of the TIMPs. Region I
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CTCVPPHPQTAFCNSDLVIR CSCSPVHPQQAFCNADVVIR CTCSPSHPQDAFCNSDIVIR CSCAPAHPQQ
humanl human

2
human3 human

4
human1 human

2
human3 human

4
humanl human

2
human3 human

4

PAMESVCGYF APSSAVCGVS EASESLCGLK PFDSSLCGVK LSIPCKLQSG PMIPCYISSP YYLPCFVTSK YTVPCTISAP
HICHSALVIR HRSHNRSEEF I.DVGG-KKEY I.EVN--KYQY I.EANS-QKQY THCLWTDQLL DECLWMDWVT NECIAWTDMLS NECLWTDWILL

AKFVGTPEVN AKAVSEKEVD AKVVGKKLVK AKISSEKVVP LIAGKLQ-DG LIAGKAEGDG LLTGRVY-DG LLTGQVLSDG QGSEKGFQSR EKNINGHQAK NFGYPGYQSK ERKLYGYQAQ
Q-------
TT
LYQRYEIKMT SGNDIYGNPIKRIQYEIKQI EG------

PF
GTLVYTIKQM ASAD-PADTE_KMLRYEIKQI Region

I LLHITTCSFVAPWNSLSLAQ KMHITLCDFIVPWDTLSTTQ KMYTGLCNFVERWDOLTLSQ KVFIHLCNYIEPWEDLSLVQ HLACLPREPGLCTWQSLRSQ FFACIKRSDGSCAW--YRGA HYACIRQRGGYCSW--YRGW HYVCMKHVDGTCSW--YRGH RegionIII

RRGFTKTYTV KKSLNHRYQM RKGIANYRYHL, RESIANHHYHL APPKQEFLDI APPDKSIIMA LPLRKEFVDI
DAADIRFVYT ---DIEFIYT —MPHVQYIHT -vKDvoyryT GCEECTVFPC GC-ECKITRC GC-NCKIKSC NC-GCQITTC RegionII

Figure2.4:Sequencealignment
ofthefourmaturehumanTIMPs.Negativelychargedaminoacids,aspandglu,are coloredred.Positivelychargedaminoacids,lysandarg,arecoloredblue.Cysteinesarecoloredgreen.Cyanarrowindicates whereWilliamson

etal.madethetruncation
onTIMP-2(3).Yellowhighlightsshowbasicregions
of
TIMP-3.
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and II of TIMP-3 are clearly much more basic than the corresponding

regions in the other TIMPs. None of the three sequences, Regions I,

II, and III, in TIMP-3 contain putative heparan sulfate binding motifs

such as the linear sequences XBBXBX or XBBBXXBX (B – basic

residure, X – hydropathic residue) defined by Weintraub and Cardin

(30). Furthermore, there are no sequence similarities to either acidic

fibroblast growth factor (afGF) or basic fibroblast growth factor

(bFGF), which bind to heparan sulfate. Neither of these related

proteins contains heparan sulfate-binding motifs. However, the

regions of aFGF and bfGF, that are thought to bind heparan sulfate,

are composed of two sequence-separated beta sheets that create a

basic surface (31, 32). Similarly, the ECM-binding domain of TIMP-3

may be determined by its three-dimensional structure (33).

Table 2.3: Net charge of the three regions of TIMP-3
and the homologous regions in TIMP-1, TIMP-2 and
TIMP-4.

Net Charge
Region I Region II Region III

TIMP-1 || +4 +2 +2
TIMP-2 || +3 +3 +3
TIMP-3 || +8 +6 +4
TIMP-4 || +3 O +1

2.3.2 Homology Modeling of N-TIMP-1, N-TIMP-3, and

N-TIMP-4. Utilizing the N-TIMP-2 NMR Structure

The first basic Region I, Arg20 to lys52, was further analyzed using

the *H NMR solved N-TIMP-2 model (amino acids 1-127) (1). Using

*- :-----
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the N-TIMP-2 model and the sequence alignments, projected models of

N-TIMP-1, 3 & 4 were made in MIDAS and viewed using CONIC, Figure

2.5, (27, 28). The projections assume that the TIMPs will have a

similar fold because of the two-domain structure, conserved cysteine

linkages that have a highly conserved spacing, and the fact that MMP

inhibitory activity is dependent on correct folding. In addition, the

similar profiles for the binding and inhibition of MMPs also would

suggest that they have similar structure. It should also be noted that

the first loop, glu34 to asn28 of TIMP-2, can be accommodated by a

similar loop of glu34 to glu37 in TIMP-4, and tighter loops formed by

gln3 to thr32 in TIMP-1, the gly32 to pro33 in TIMP-3. The projection

of N-TIMP-3 shows an uninterrupted surface region that is highly

basic. This region is the first basic Region I, arg20 to lys52, seen in

the sequence alignments, Figure 2.4. In the N-TIMP-2 structure, this

region is composed of two anti-parallel beta sheets separated by a

long loop, NGIYGN. By comparing the N-TIMP projection in Figure 2.5,

this analogous region on the other N-TIMP projections is either lacking

some of the basic residues and is interrupted by acidic residues as in

N-TIMP-1, or has a basic residue replaced by an acidic residue and is

interrupted by more acidic residues as in N-TIMP-2 and N-TIMP-4. The

single negative charge in Region I of the N-TIMP-3 projection is

located near the first loop of TIMP-3 and as a result does not interrupt

-
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Figure2.5:Homologymodeling
of
N-TIMP-1,N-TIMP-3,andN-TIMP-4basedontheN-TIMP-2NMR structure.Lysinesandargininesarecoloredcyan.Aspartatesandglutamatesarecoloredred. ThewhitearrowneartheN-TIMP-3indicatesthesinglenegativecharge

inRegion
I,
Figure2.4.
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the basic surface region noted above (indicated by the white arrow in

Figure 2.5).

2.3.3 Modeling of TIMP-3 with Heparan Sulfate

When rotated in MIDAS, this region forms a highly basic surface

that appears to form a groove that could accommodate a molecule

such as heparan sulfate. Figure 2.6 shows a heparin molecule as it

might appear with the N-TIMP-3 projection. Heparin is a more

sulfated form of heparan sulfate. The 6 disaccharide heparin model is

the only three-dimensional structure available (29). Mulloy et al.

determined that regardless of the sulfate substitution pattern the

overall polysaccharide structures are similar (34).

Figure 2.7 shows a schematic of the distances from oxygens on the

sulfates of heparin compared to distances of hydrogens of the amines

on arginines and lysines of the N-TIMP-3 projection. The differences of

these distances are well within the 3.0 Å limit for electrostatic

interactions. Models comparing chondroitin sulfate, keratan sulfate

and hyaluronate were constructed and did not appear to be able form

as many close electrostatic interactions as heparan sulfate (data not

shown).

Although, these homology models of N-TIMP-1, N-TIMP-3, and

N-TIMP-4 were not energetically minimized, they do provide important

information that can be used to make hypotheses about TIMP

ºwn .
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heparin

O

O- Q--- - - - -;, x - - - - -%.g. to S.7% 17.7

3.3to 64A
NH3+ NH3+ 17.5% NH3+

ys52 / Lys42 Lys27

TIMP-3

Figure 2.7: Schematic of distances between oxygens on sulfates of heparin and
the hydrogens on the amines of lysines of TIMP-3.
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structure/function relationships. This analysis provides the basis for

the chimeras constructed in Chapter 3. The chimeras were designed

to determine if the first basic region, Region I, of TIMP-3 localizes

TIMP-3 to the ECM through potential interactions with heparan sulfate.

After the sequence analysis and N-TIMP homology models were

made in 1996, additional sequences for TIMPs from different species

were reported. More significantly, a TIMP-1/cd/MMP-3 (cd – catalytic

domain) 2.8 Å structure by X-ray crystallography (2), a

TIMP-2/cd/MT1-MMP 2.75 Å structure by X-ray crystallography (3), a

full TIMP-2 2.1 Å structure by X-ray crystallography (5), and an

N-TIMP-1 NMR structure (6) were solved. For TIMP-2, Cysl to Pro5,

Cys72, and Cys101 appear to be key amino acids involved in chelation

of the active-site zinc and binding to the active site pocket of MMP-3

and MT1-MMP (3, 4). Homologous amino acids were determined to be

involved in TIMP-1 binding to MMP-3 (2). The N-terminus from Cysl

to Pro5, the strand C connector loop (Ser68-Val 71) and the disulfide of

Cys1 to Cys72 comprise most of the intermolecular inhibitory contacts

with MMP-3. The Cysl interacts with the catalytic zinc through the

carbonyl oxygen. The N-terminal ot-amino group is thought to form a

hydrogen bond with one of the carboxylate oxygen atoms of the

catalytic Glu219 of MMP-2 (35). The Ser2 in TIMP-2 and the Thr2 in

TIMP-1 extends into the S1’ pocket, hydrogen bonding to the other
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Glu219 carboxylate. Mutagenesis experiments have shown that

changes to this amino acid results in discrimination between different

MMPs (36). The N-TIMP-2 and N-TIMP-1 structures overlay very

closely with the exceptions of the longer strand A to strand B loop of

N-TIMP-2 and the longer strand C connector loop of N-TIMP-1 (3, 6).

When the full TIMP-2 structure is compared to full TIMP-1 bound to

MMP-3, investigators note a slight turn between the two N- and C

terminal domains. Since there are few C-terminal Contacts with

MMP-3, it is uncertain whether this is a conformational change do to

binding to MMP-3 or is a consequence of the particular crystallization.

The authors of the TIMP/MMP complex references describe several

connecting loops of the TIMPs (3, 35, 37). In TIMP-2 there is a long

strand A to strand B hairpin loop, NDIYGN in Figure 2.5, that folds

over the rim of the active-site cleft of the MT1-MMP (3). The authors

note that “in spite of the relatively large overall interface between the

strand A to strand B loop and the molecular MMP surface, most of the

intermolecular contacts do not seem to be designed for optimal

complementarity” (35). In fact, the shorter strand A to strand B loop

of TIMP-1 does not make contact with MMP-3 (2). The other edge

loops are believed to be involved in very few intermolecular contacts.

Bode et al. suggests that the C-terminal edge loops may be flexible

tº an **
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(35). Furthermore, the C-terminal tail appears to have different

possible conformations (35).

When the N-TIMP projections were performed, the first highly

conserved 22 amino acids of TIMPs were believed to be responsible for

MMP inhibition (11). These amino acids of the TIMP structure appear

on the opposite side from the proposed heparan binding domain. This

region of the TIMP-1 and TIMP-2 was confirmed to be responsible for

MMP inhibition (2, 3). Figure 2.8 demonstrates that the binding

domain for MMP inhibition is on the opposite side of the TIMP molecule

from that containing the proposed basic groove that binds to heparan

sulfate.

2.3.4 Homology Modeling of the TIMP-1, TIMP-3, and TIMP-4

Utilizing the Full TIMP-2 X-ray Crystal Structure

Homology models of TIMP-1, TIMP-3, and TIMP-4 were constructed

utilizing the full TIMP-2 structure, Figure 2.9. These also suggest that

TIMP-3 contains an uninterrupted surface region that is highly basic

and unique to TIMP-3 (compare TIMP structures in Figure 2.9). This

region is the first basic Region I, arg20 to lys32, seen in the sequence

alignments, Figure 2.4. As demonstrated with the N-TIMP homology

models, this analogous region on the other full TIMP projections is

either lacking some of the basic residues and is interrupted by acidic

residues as in TIMP-1, or has a basic residue replaced by an acidic

*
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MMP-BindingDomainHeparanSulfateBindingDomain
Figure2.8:TIMP-3modelsshowingthe
MMP-bindingdomainandtheproposedheparansulfatebindingdomainonopposite facesoftheTIMP-3.Molecule

is
rotated180°aroundtheY-axis.Aspartatesandglutamatesarecoloredred.Arginines andlysinesarecoloredcyan.Cysteinesarecoloredyellow.CyslthatchelatestheactivesitezincofMMPsandArg30near the1stloopareindicatedwitharrows.
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TIMP-1. re2.9:Homologymodeling
of
TIMP-1,TIMP-3,andTIMP-4basedontheTIMP-2X-raycrystalstructure.Lysinesand jininesarecoloredcyan.Aspartatesandglutamatesarecoloredred.
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residue and is interrupted by more acidic residues as in TIMP-2 and

TIMP-4, Figure 2.9. Furthermore, when rotated in MIDAS, this region

forms a highly basic surface that appears to form a groove that could

accommodate a molecule such as heparan sulfate.

In addition to solution structures, recent chimera Constructs and

mutagenesis studies of MMPs with TIMP-2 and TIMP-3 have shown that

TIMP-2 and TIMP-3 can bind to MMP-2 and MMP-9 through both their

respective N- and C-terminal domains (38). The N-terminal domains

of TIMP-2 and TIMP-3 can each bind to the active-site pockets in the

N-terminal domains of MMP-2 and MMP-9, and the C-terminal tails of

TIMP-2 and TIMP-3 can each bind to the C-terminal hemopexin-like

domains of MMP-2 and MMP-9 (38). These data confirm the binding

studies of TIMP-2 and MMP-2 by Kleiner et al. in 1991 and Howard et

al. in 1992 that first suggested the existence of two binding sites (18,

19). TIMP-2 also binds more tightly to MMP-2 than TIMP-3, possibly

because of the greater number of negatively charged amino acids in

the C-terminal tail of TIMP-2 that could interact with the positively

charged amino acids in the hemopexin-like domain of MMP-2 (39).

Much of this information has contributed to understanding the

mechanism of MMP-2 activation and formation of the MT1

MMP/TIMP-2/proMMP-2 ternary complex (40, 41).
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This chapter has described sequence alignment analyses and

construction of a TIMP-3 homology model utilizing the N-TIMP-2

structure to investigate the structural features of the TIMP-3 molecule

that may contribute to its localization in the ECM. In addition,

potential electrostatic interactions were determined by analyzing the

TIMP-3 model and a heparin structure. These calculations predict that

it is conceivable for TIMP-3 to interact with heparan sulfate through

the positively charged amines of lysines and arginines of TIMP-3 and

the negatively charged sulfates of heparan sulfate. Recently, Butler et

al. determined that polyanions, such as heparan sulfate, heparin, and

dextran sulfate enhances inhibition of MMP-2 by TIMP-3 (38). In

addition MMP-2 contains a putative heparan sulfate binding site in its

C-terminus (38). A truncated MMP-2, A418-631MMP-2, does not show

increased inhibition by TIMP-3 when incubated with heparin,

suggesting that a heparin binding site is required for both proteins

(38). The same investigators briefly suggest that modeling of TIMP-3

shows a basic groove that could bind to heparan sulfate. These data

support the hypothesis that basic Region I on the surface of TIMP-3

binds to HSPGs in the ECM and localizes the protein to the ECM.
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Chapter 3

Construction and Expression

of the

Wild-Type and Chimeric TIMPs
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3.1 Introduction

In the previous chapter, using sequence analysis and molecular

modeling, it was hypothesized that the first basic region, Region I, of

TIMP-3 binds to heparan sulfate and thereby localizes the protein to

the ECM. The region is composed of a linear sequence of amino acids

that forms two beta sheets separated by a short loop. In order to test

the hypothesis in vitro, a chimera of TIMP-2 and TIMP-3 was made by

exchanging this linear sequence of TIMP-3 with the homologous linear

sequence of TIMP-2, highlighted in Figure 3.1. The reverse chimera

was constructed to determine if incorporating the basic region, Region

I (Val23-His30), of TIMP-3 into the TIMP-2 structure would be

sufficient to convert it to an ECM-binding protein. As stated in the

previous chapter, because both TIMP-1 and TIMP-2 have very similar

tertiary structures with the six conserved disulfides and because TIMP

activity is dependent on the tertiary structure, it is assumed that TIMP

3 and the chimeras would exhibit a similar folded tertiary structure (1-

5).

human 2 APSSAVCGVS LDVGG-KKEY LIAGKAEGDG KMHITLCDFI VPWDTLSTTQ KKSLNHRYQM GC-ECKITRC
human3 EASESLCGLK LEVN--KYQY LLTGRVY-DG KMYTGLCNFV ERWDQLTLSQ RKGLNYRYHL GC-NCKIKSC

human 2 PMIPCYISSP DECLWMDWVT EKNINGHQAK FFACIKRSDG SCAW--YRGA APPKQEFLDI EDP
human3 YYLPCFVTSK NECLWTDMLS NFGYPGYQSK HYACIRQKGG YCSW--YRGW APPDKSIINA TDP

Figure 3.1: Alignment of huTIMP-2 and hu■ IMP-3 showing the sequences that
were exchanged highlighted in yellow.

102



The chimeras were constructed utilizing the TIMP-2 sequence

because the tertiary structure of the N-terminal domain of TIMP-2 was

solved, it is constitutively expressed, and, unlike TIMP-1, TIMP-2 is not

glycosylated. In addition, a comparison of the amino acids of the

TIMP-2 and TIMP-3 sequences, demonstrates that an exchange of the

beta sheets should result in predominantly similar or identical amino

acid interactions with the core of the protein that should not disrupt

the structure. Although TIMP-4 is also found in the conditioned media

in cell culture, it was only recently discovered and, therefore, not as

well Characterized as TIMP-2.

The alignment of human TIMP-2 and TIMP-3, Figure 3.1, diagrams

the regions that were exchanged between the two proteins. Val23 to

Hisé0 of TIMP-3 were replaced with Alaz3 to Tyró4 from TIMP-2 to

construct a TIMP-3/TIMP-2 chimera, designated C3, and the reverse

exchange was made for TIMP-2 to construct a TIMP-2/TIMP-3 chimera

designated C2.

The cDNAs for the chimeras were constructed by using the

polymerase chain reaction (PCR) with overlapping primers. The flow

diagram on the following page illustrates the process for cloning and

expression of the wild-type and chimeric TIMPs, Figure 3.2. Initially,

the PCR products were placed into a PCR product-cloning vector
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pCR2.1, to confirm the chimera sequences by fluorescent DNA

sequencing. To test for functional activity, the cDNAs were transferred

from p(-R2.1 into the pXMT2 vector (SV40 promoter) for transient

transfection in COS-1, Cercopithecus aethiops (African green monkey,

SV40-transformed kidney fibroblasts). MMP inhibitory activity and

relative protein size was determined by reverse zymography, a SDS

polyacrylamide substrate gel for detecting TIMP activity. Standard

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in

parallel to distinguish TIMP activity from high protein expression.

When the proteins were confirmed to have activity in the

pXMT2/COS-1 system, the cDNAs were transferred into the pNUT

vector (metallothionein promoter, methotrexate selection) for stable

transfection in BHK-21, Mesocricetus auratus (Syrian golden hamster,

normal kidney fibroblasts). The pNUT vector contains a mutated

dihydrofolate reductase gene under control of the SV40 early promoter

for selection. It encodes an altered enzyme with decreased affinity for

the competitive inhibitor methotrexate, in comparison to the wild-type

protein (6). The cDNA insert is under the control of the mouse

metallothionein promoter that is inducible by zinc. Investigators have

reported protein expression from pnuT transfected BHK-21 cells as

high as 125 mg/L of recombinant protein in culture medium when

induced with ZnSO4 (7, 8). These expression levels should provide a
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significant quantity of wild-type and chimeric TIMPs for purification and

characterization. The ECM and conditioned media samples from the

transfected cells were collected and analyzed by reverse zymography

and gelatin zymography, a SDS-PAGE substrate gel for gelatinase

activity. Wild-type and chimeric protein epitopes were confirmed by

Western blots.

3.2 Materials and Methods

3.2.1 Construction of the chimeras by PCR – The C3 chimera

was constructed using a three-step PCR process, Figure 3.3, replacing

bases 136-249, Val23 to His80, of the TIMP-3 sequence with bases

145-260, Alaz3 to Tyró4, of the TIMP-2 sequence.

Step 1: The first step consisted of three separate polymerase chain

reactions, using overlapping primers (see Table 3.1) to create

three sections, the N-terminal section that includes the signal

peptide, PCR-1 in Figure 3.3, the middle section, PCR-2, and

the C-terminal section, PCR-3.

PCR-1: N-terminal section: The N-terminal section was

constructed by amplifying the first 135 bases of the 5’

end of TIMP-3 and 16 bases at the 3’ end of the

sequence to overlap the exchanged TIMP-2 region.

t
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PCR-2:

PCR-3:

This was accomplished by utilizing the TIMP-3 cDNA as

the template and the forward NT3 and reverse

NT3-MT2 primers. The XhoI restriction site was

retained for ligation into the pXMT2 vector. An Xmal

restriction site was created upstream of the ATG start

codon of the TIMP-3 sequence for ligation into the

pNUT vectors.

Middle section - The middle section was Constructed

by amplifying bases 140-260 of TIMP-2 with an

additional 20 and 17 bases to overlap the TIMP-3

sequence at the 5' and 3’ ends, respectively. This was

accomplished by utilizing TIMP-2 cDNA as the

template and the forward NT3-MT2 and reverse MT2

CT3 primers.

C-terminal section: The C-terminal section was

constructed by amplifying the last 382 bases of

TIMP-3 adding 18 bases at the 5' end to overlap the

TIMP-2 sequence. EcoRI and Xmal restriction sites

were added downstream from the 3’ end of the coding

region for ligation into the pXMT2 and pnuT vectors,

respectively. This was accomplished by utilizing
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Step 2:

Step 3:

TIMP-3 cDNA as the template and the forward MT2

CT3 and the reverse CT3 primers.

The second step involved linking the middle section, PCR-2

product, to the C-terminal section, PCR-3 product, to

synthesize the middle section of TIMP-2 with the TIMP-3 C

terminus. This was accomplished by utilizing the purified

products of PCR-2 and PCR-3 and the forward NT3-MT2 and

reverse CT3 primers. The PCR-2 and PCR-3 products acted

as both templates and primers in this reaction.

Finally, the N-terminal section from PCR-1 and the product

from Step 2 were linked by PCR to create the final product,

the C3 chimera cDNA. This was accomplished by using the

purified products from PCR-1 and PCR-4 and the forward NT3

and reverse CT3 primers. The PCR-1 and PCR-4 products

acted as both templates and primers in this reaction.

The C2 chimera, TIMP-2/TIMP-3, was constructed utilizing a similar

three-step procedure replacing bases 145-273, Ala23 to Tyró4, of the

TIMP-2 sequence with bases 136-252, Val23 to His30, of the TIMP-3

Sequence. Primers for these reactions are shown in Table 3.2.

The cDNAs for wild-type TIMP-2 and TIMP-3 were amplified by PCR

using the respective forward and reverse primers from Tables 3.1 and

3.2. As in the chimera constructs, the primers were designed to

r
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incorporate XhoI and Xmal restriction sites upstream of the 5' ends

and EcoRI and Xmal restriction sites downstream of the 3’ ends for

ligation into the pXMT2 and pnuT vectors, respectively.

The TIMP-3 template cDNA was obtained by restriction digestion of

pBShTIMP-3 with XhoI and Xbal (Promega Corp.). The TIMP-2

template cDNA was obtained by restriction digestion of pBSh TIMP-2

with EcoRI and Not■ (Promega Corp.). Professor Dylan Edward at the

University of East Anglia, UK provided the pBShTIMP-3 and

pBShTIMP-2 vectors. The respective cDNA templates were purified

from the vectors by agarose gel electrophoresis and the US Bioclean

DNA purification kit (US Biochemicals).

Overlapping primers were designed to incorporate approximately

50% of the bases from the TIMP-3 and 50% from TIMP-2. All primers

were synthesized and purified by reverse phase liquid chromatography

by the UCSF Biomolecular Resource Center.

Table 3.1: Primers for the C3 chimera
Primer name Primer sequence Trn
Forward N-T3 5' AAACTCGAGCCCGGGCAATGACCCCTT 3' 64
Reverse NT 3– 5' CCTTCTCACTGACCGCCTTGGCCCTGATCACGATG 3' 70

Forward NT 3– 5* CATCGTGATCAGGGCCAAGGCGGTCAGTGAGAAG | 70
Reverse MT 2– 5' CTCTCGGAAGCTTCCGTGTAGATAAACTCTATAT | 63
Forward MT 2– 5' GATATAGAGTTTATCTACACGGAAGCTTCCGAGA 63
Reverse CT3 5' ACTAGTGAATTCCCCGGGTCAGGGGTCT 3’ 64

N = N-terminus M = midsection C = C-terminus
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Table 3.2: Primers for the C2 chimera
Primer name Primer sequence TIn
Forward N-T2 5' CTCGAGCCCGGGATGGGCGCCG 3' 68
Reverse NT2- 5' CTTCTTCCCCACCACTTTGGCCCTGATCACTAC 67
Forward NT2- 5’ GTGATCAGGGCCAAAGTGGTGGGGAAGAAG 3' 66

Reverse MT3– 5' TGCCGAGGAGGGGGCCGTATGGATGTACTGCAC 71
Forward MT3– 5' GTGCAGTACATCCATACGGCCCCCTCCTCGGC 71
Reverse C-T2 5’ TTTTGAATTCCCGGGTTATGGGTCCTC 3' 60

N = N-terminus M = midsection C = C-terminus

Table 3.3: Additional primers for C2CT3, T3cT2 and C3-L chimeras
Primer name | Primer sequence TIn
Forward T3 tail for C2 cT3 || 5’ TGGTACCGCGGCGCGGCCCCCCCGGATAAA 3’ 78

Forward T2 tail for T3CT2 || 5' ACTAGTGAATTCCCCGGGTCAGGGGTCT 3' 80

Forward primer for C3–L 5' AAGGAAGTGGACTCTGGACCTATCAAGAGGATCCAGTAT 3' 67

Reverse primer for C3–L 5 * GATCCTCTTGATAGGTCCAGAGTCCACTTCCTTCTCACT 3’ 68

The polymerase chain reactions were performed in a MJ Research

Model 2100 Peltier thermocycler using Pfu DNA polymerase

(Stratagene) and dm TPs (Amersham Pharmacia Biotech). Each

reaction consisted of 5 cycles of heating at 94 °C for 1 min, annealing

at 50 °C for 1 min, and polymerization at 74 °C for 1 min, and 30

cycles of heating 94 °C for 1 min, annealing at 55°C for 1 min, and

polymerization at 74 °C for 1 min. The PCR products were purified by

agarose gel electrophoresis and the US BioClean DNA purification kit

(US Biochemicals) or the DNA purification kit (Qiagen Inc.). Agarose

concentration ranged from 0.7% to 1.2% depending on expected

product size.

3.2.2 Cloning and sequence confirmation - The C3 chimera

and the TIMP-3 PCR products were ligated into the pGR2.1 TA cloning

vector (Invitrogen Corp.). The C2 chimera and TIMP-2 PCR products

were ligated into the pGRBlunt TA cloning vector (Invitrogen Corp.)

*
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utilizing the Rapid DNA Ligation Kit (Boehringer-Mannheim

Biochemicals). The pCR2.1 and pCRBlunt vectors were transformed

into Escherichia coli, One Shot Top10 Competent Cells (Invitrogen

Corp.), for cloning and selection. Several clones were selected by

plating on 50 pg/ml ampicillin (Sigma Chemical Co.), Luria broth (LB)

agar plates for the pCR2.1 clones and 50 pg/ml kanamycin (Sigma

Chemical Co.), LB agar plates for the pGRBlunt clones and grown at 37

°C for 16 h. Several colonies were selected from the pGR2.1 and

pCRBlunt clones and grown in 50 pg/ml ampicillin or 50 pg/ml

kanamycin, respectively, in LB for 16 h at 37 °C at 225 rpm in a rotary

shaking incubator. The plasmid DNA was purified from an aliquot of

each culture using the Qiaprep 8 DNA Purification kit (Qiagen Inc.).

Purified plasmid DNA was restriction digested with XhoI and EcoRI

(Promega Corp.) and analyzed by agarose gel electrophoresis (1.2%

agarose (Sigma Chemical Co.)) to determine base pair, bp, sizes.

Clones were selected based on CDNA insert size from the restriction

digests. The inserted cDNA sequences of selected clones were

confirmed using automated fluorescent sequencing by the UCSF

Biomolecular Resource Center.

3.2.3 Transient expression in COS-1 cells for activity

confirmation - For transient transfection in COS-1 cells, cDNAs for

the wild-type and chimeric proteins were ligated into the XhoI and
t
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EcoRI sites of the pXMT2 expression vector (provided by Dylan

Edward's Lab at the University of East Aglia, UK). The pXMT2 plasmids

were transfected into E. coli, Subclone Efficiency DH5o competent cells

(GibcoBRL) for subcloning and selection by plating on 50 pg/ml

ampicillin LB agar plates grown at 37 °C for 16 h. Several Colonies

were selected and grown in 50 pg/ml ampicillin in LB for 16 h at 37 °C

at 225 rpm in a rotary shaking incubator. The plasmid DNA was

purified from an aliquot of each culture using the Qiaprep 8 DNA

Purification kit (Qiagen Inc.). Purified plasmid DNA was restriction

digested with XhoI and EcoRI (Promega Corp.) and analyzed by

agarose gel electrophoresis (1.2% agarose) to determine base pair

size. Clones were selected based on CDNA insert size from the

restriction digests. Larger volumes of plasmid DNA were obtained by

purifying the plasmid DNA from 250-500 ml of E. coli utilizing the

Maxiprep DNA Purification kit (Promega Corp.).

The pXMT2 vectors were transiently transfected into COS-1 cells

(ATCC) using the calcium phosphate method of Chen and Okayama (9)

in 10% FBS (fetal bovine serum) (Sigma Chemical Co.), 50/50

Dulbecco's Modified Eagles Medium/F-12, DMEM/F-12, (GibcoBRL), see

below for details of the transfection. Controls without vector and with

the empty pXMT2 vector were also prepared. After transfection, the

cells were maintained at 37 °C, 5% CO2 for two days before harvesting
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the conditioned media and ECM, see Appendix A for conditioned media

and ECM collection. Samples were stored at −20 °C before analyzing.

The conditioned media and ECM samples were analyzed by

electrophoresis on a 15% SDS-polyacrylamide gel and a 15% reverse

zymogram, see Appendix A for SDS-PAGE and reverse zymography.

3.2.4 Generation of stably transfected BHK-21 cell lines and

expression of wild-type and chimeric proteins — The cDNAs for

the wild-type and chimeric proteins were separately subcloned into the

Xmal (SmaI) site of the pNUT expression vector for stable transfection

and expression in BHK-21 cells (6). The pNUT vectors were

transfected into E. coli, Subclone Efficiency DH5o competent cells, for

Subcloning and selection by plating on 50 pg/ml ampicillin LB agar

plates grown at 37 °C for 16 h. Several colonies were selected and

grown in 50 pg/ml ampicillin in LB for 16 h at 37 °C at 225 rpm in a

rotary shaking incubator. The plasmid DNA was purified from an

aliquot of each culture using the Qiaprep 8 DNA Purification kit.

Clones were analyzed for correct insert size and orientation by

restriction digest by Xmal and KpnI, respectively, and agarose gel

electrophoresis utilizing 0.8% agarose gels.

The pNUT clones were transfected into the BHK-21 cells utilizing the

method described by Chen and Okayama in 5% FBS (Sigma Chemical

Co.), 50/50 DMEM/F-12 (GibcoBRL), see below for transfection details

y
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(9). Controls without vector and with the empty pnuT vector were

also prepared. After the transfection, cells were maintained at 37 °C,

5% CO2 for 48 h before passaging at a 1:10 split ratio into medium

containing 500pm methotrexate (Calbiochem) in 5% FBS (Sigma

Chemical Co.), 50/50 DMEM/F-12 (GibcoBRL). The ECM and

conditioned media were collected as described in Appendix A-1.

3.2.5 Tansfection of COS-1 and BHK-21 cells – The following

method is an adaptation of the procedure described by Chen and

Okayama (9). Cells were seeded at 6.5 x 10° cells/dish and

maintained in the respective growth media as described in the cell

maintenance section at 37 °C and 5% CO2. After 24 h of growth and 1

h prior to transfection, the medium was replaced with fresh medium.

TE buffer (10 mM Tris(hydroxymethyl) aminomethane (US

Biochemicals) pH 8.0, 1.0 mM EDTA (ethylenediaminetetraacetic acid)

(Sigma Chemical Co.)) was added to 18 pig of vector DNA to a total

volume of 900 pil. This was followed by the addition of 100 pil of

2.5M CaCl2 (Sigma Chemical Co.) and mixed. BES saline (50 mM N,N-

bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (Sigma Chemical Co.),

280 mM NaCl (Fisher Scientific), pH 6.95) was slowly added dropwise

(1 ml total volume of BES saline), with vortexing to mix between

drops. The mixture was incubated for 20 min at room temperature.

Half of the DNA mixture (1 ml) was added dropwise to each of two
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dishes of cells while gently rotating. The cells were incubated at 37 °C

and 3% CO2. After 16-18 h, medium was replaced with fresh medium

and the dishes were transferred to 37 °C, 5% CO2.

3.2.6 Maintenance of COS-1 cells prior to transfection – The

COS-1 cells (American Type Culture Collection) were seeded at 6.5 x

10° cells/100mm dish (Corning Costar) and maintained in 50/50

DMEM/F-12 (Gibco BRL) containing 10% (vol./vol.) FBS (Sigma

Chemical Co.) at 37 °C under 5% CO2. Cells were passaged by

aspirating the media, washing with 1 ml of PBS-CMF (phosphate

buffered saline, calcium and magnesium free) adding 1ml 0.25%

trypsin/0.02% EDTA (Sigma Chemical Co.), aspirating the excess

trypsin/EDTA and incubating at 37 °C, 5% CO2 for 5 min. The cells

were removed by gentle washing with an appropriate amount of

medium to be subcultured at a 1:10 split ratio every 5 days.

3.2.7. Maintenance of BHK-21 cells - The BHK-21 Cells were

seeded at a density of 6.5 x 10° cells/100mm dish (Corning Corp.) in

10 ml of 50/50 DMEM/F-12 (Gibco BRL) containing 5% (vol./vol.) FBS

(Sigma Chemical Co.) at 37 °C under 5% CO2. Cells were passaged by

aspirating the media, washing with 1 ml of PBS-CMF, adding 1ml

0.25% trypsin/0.02% EDTA, aspirating the excess trypsin/EDTA and

incubating at 37 °C, 5% CO2 for 5 min. The cells were removed by

gentle washing with an appropriate amount of medium to be
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subcultured at a 1:20 split ratio every 3–4 days. Every fourth passage

500 pm methotrexate in 5% FBS, DMEM/F-12 selection was reapplied

in order to maintain stable, high-level expression.

3.2.8 Induction of stably transfected BHK-21 cells - The

stably transfected BHK-21 cells were seeded at a density of 6.5 x 10°

cells/100mm dish (Corning Corp.) in 10 ml of 50/50 DMEM/F-12

(Gibco BRL) containing 5% (vol./vol.) FBS (Sigma Chemical Co.) at 37

°C, 5% CO2. After another 24 h and when the Cells were

approximately 70-80% confluent, the medium was exchanged with

fresh medium containing 80pM ZnSO4. After 24 h, the conditioned

medium was removed and filtered through a 0.2 pm polyethersulfone,

PES, filter (Millipore Corp.). A 500 pil aliquot of the filtered conditioned

medium was added to 2X Laemmli sample buffer without reducing

agent, see reverse zymogram method in Appendix A-2. All samples

including the ECM were stored at −20 °C prior to analysis by reverse

zymography and Western blots.

3.2.9 Western Blots - Reduced samples were loaded in duplicate

and electrophoresed in a 17% SDS-polyacrylamide gel utilizing a Xcell

II Mini-cell SDS-PAGE apparatus (Novex) at 180V (constant voltage)

for 2.5 h. The MultiMark Multicolored standard (NOVEX) was used for

molecular weight standards and for monitoring the electrophoresis.

The transfer to the polyvinylidenedifluoride, PVDF, membrane (Bio-Rad

A
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Laboratories) was performed in 10 mM CAPS (3-[cyclohexylamino]-1-

propanesulfonic acid) (pH 11.0) containing 10% methanol, utilizing a

Mini-trans blot cell (Biorad) at 14V (constant voltage) for 16 h at 4 °C.

The membrane was blocked by immersion in 5% non-fat dry milk (Bio

Rad Laboratories) in PBS-T, phosphate buffered saline with 0.1%

Tween-20 (Fisher Scientific) for 1.5 h at room temperature on a

rocking platform. On a rocking platform, the membrane was washed

twice with PBS-T for 5 min, once with PBS-T for 15 min at room

temperature and finally washed quickly with PBS-T. The membrane

was cut in two and each piece was separately probed with primary

antibody: 1:2000 rabbit anti-huTIMP-2 (1* loop) p■ b (Chemicon

International, Inc.); 1:1000 mouse anti-huTIMP-2 mAb clone 69

10B11 (Fuji Chemical Co.); 1:1000 mouse anti-huTIMP-2 (C-term)

mAb clone 67-4H11 (Fuji Chemical Co.); or, 1:500 rabbit anti

chickenTIMP-3 (Hawkes' Laboratory), in PBS-T for 16 h at 4 °C. The

membranes were washed separately, utilizing the same washing

protocol as described above. The membranes were separately probed

with 1:2000 secondary antibody – horseradish peroxidase, HRP

conjugated, donkey anti-rabbit secondary antibody (Amersham

Pharmacia Biotech) or HRP-conjugated goat anti-mouse antibody

(Chemicon) in PBS-T for 1.5 h at room temperature on a rocking

platform. The membranes were washed separately utilizing the same
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washing protocol as described above. Blots were developed using the

ECL-Plus kit (Amersham Pharmacia Biotech) and Hyperfilm ECL

(Amersham Pharmacia Biotech).

3.2.10 Analysis of pºwuThuTIMP-3 BHK-21 in VP-SFM – The

pMUThuTIMP-3 BHK-21 cells were seeded on 6-100mm tissue culture

plates (Corning Corp.) at a density of 6.5 x 10° cells/plate in 10 ml of

50/50 DMEM/F-12 (Gibco BRL) containing 2.5% (vol./vol.) FBS (Sigma

Chemical Co.) and allowed to grow for 24 h. at 37 °C under 5% CO2.

The media was removed and replaced with 10 ml of media as follows:

Plate | Replacement media
2.5% FBS, 50/50 DMEM/F-12
2.5% FBS, 50/50 DMEM/F-12 containing 80 pm ZnSO4
5% FBS, 50/50 DMEM/F-12
5% FBS, 50/50 DMEM/F-12 containing 80 pm ZnSO4
VP-SFM
VP-SFM containing 80 pm ZnSO4

:
The cells were allowed to grow for another 24 hours before collecting

the conditioned media for analysis by reverse zymography.
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3.3 Results

3.3.1 PCR Results

The C3 chimera was constructed utilizing a three-step PCR process

utilizing overlapping primers, Figure 3.3, to exchange base pairs 136

249, Val23 to His80, of the TIMP-3 sequence with base pairs 145-260,

Alaz3 to Tyró4, of the TIMP-2 sequence. The reverse chimera, C2,

was constructed utilizing a similar three-step PCR process exchanging

base pairs 145-260, Ala23 to Tyró4, of the TIMP-2 sequence with base

pairs 136-249, Val23 to His80, of the TIMP-3 sequence.

Products for the first three reactions in Step 1 are shown in Figures

3.4a and 3.4b for the C3 and C2 chimeras, respectively. Base pair

sizes for the intense bands in lanes 2, 3 and 4 of Figure 3.4a and lanes

3, 4, and 5 in Figure 3.4b correspond to the expected size of the

products shown in parentheses in the legends. These products were

purified from the gels and used in subsequent PCR as both templates

and primers. Step 2 (PCR-4) was performed with the purified DNA

products from PCR-2 and PCR-3 of the respective C3 and C2 chimeras.

The agarose gels from these reactions are shown in Figures 3.5a and

3.5b. The DNA product of PCR-4 (expected size of 550 base pairs –

Figure 3.5a, lane 4) was purified and utilized in the final reaction, PCR

5, together with the DNA product from PCR-1 (Figure 3.4a, lane 2) and
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Figure 3.4a: 0.7% agarose gel of PCR products
from Step 1 of the C3 chimera DNA construction.
1 - Gibco BRL 1k bp DNA std.
2 - NT3-part MT2 (169 bp) - PCR-1
3 - part NT3-MT2-part CT3 (162 bp) - PCR-2
4 - part MT2-CT3 (423 bp) - PCR-3

Figure 3.4b: 0.7% agarose gel of PCR
products from Step 1 of the C2 chimera DNA
COnstruction.
1 - Gibco BRL 1k bp DNA ladder
2 - TIMP-2 control (690 bp)
3 - NT2-part MT3 (171 bp) - PCR-1
4 - part NT2-MT3-part CT2 (149 bp) - PCR-2
5 - part MT3-CT2 (423 bp) - PCR-3

Figure 3.5a: 0.7% agarose gel of PCR products
from Step 2 of the C3 chimera DNA construction.

#838 1 - Gibco BRL 1k bp DNA std.
2 - primers and no template control
3 - blank

E-4 - part NT3-MT2-CT3 (550 bp) - PCR-4

Figure 3.5b: 0.7% agarose gel of PCR products
from Step 2 of the C2 chimera DNA construction.
1 - Gibco BRL 1k bp DNA ladder
2 - TIMP-2 control (690 bp)
3 - part NT2-MT3-CT2 (533 bp) - PCR-4

1500
600–
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600

1500

600 —-

Figure 3.6a: 1% agarose gel of PCR products
from Step 3 of C3 chimera DNA construction.
1 - Gibco BRL 100 bp DNA ladder
2 - hu■ lMP-3 (672 bp)
3 - NT3-MT2-CT3 (684 bp) - PCR-5

Figure 3.6b: 1% agarose gel of PCR products
from Step 3 of C2 chimera DNA construction.
1 - Gibco BRL 1k bp DNA ladder
2 - TIMP-2 (690 bp)
3 - NT2-MT3-CT2 (678 bp) - PCR-5
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the forward NT3 and reverse CT3 primers to create the C3 chimera.

The DNA product of PCR-4 (expected size of 533 base pairs — Figure

3.5b, lane 3) was purified and utilized in the final reaction, PCR-5,

together with the DNA product from PCR-1 (Figure 3.4b, lane 3) and

the forward NT2 and reverse CT2 primers to create the C2 chimera.

The DNA products for these final reactions are shown in Figures 3.6a

and 3.6b, respectively. Again, the expected sizes (684 bp for the C3

chimera and 678 bp for the C2 chimera) are shown for the products

(Figure 3.6a, lane 3, and Figure 3.6b, lane 3, respectively). The PCR

products for wild-type TIMP-3 and TIMP-2 are also shown in Figures

3.6a, lane2, and 3.6b, lane 2, respectively.

3.3.2 Cloning and Sequence Confirmation of PCR Products

The final PCR products for the C3 chimera and wild-type TIMP-3

were purified from the gels and ligated into pCR2.1 vectors, a TA

cloning vector for PCR products, and cloned in E. coli and selected for

ampicillin resistance. The final PCR products for the C2 chimera and

wild-type TIMP-2 were ligated into pCRBlunt vectors, another TA

cloning vector for PCR products, and cloned in E. coli and selected for

kanamycin resistance.

NOTE: The TA cloning vectors require A and T sequences at the 5’

and 3’ ends of the PCR products. The pGR2.1 vector must have sticky

5' and 3’ ends, whereas, the pGRBlunt vector must have blunt ends.
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The Pfu DNA polymerase was utilized for its proofreading capability for

higher efficiency. This polymerase leaves blunt ends on the PCR

products, whereas, Taq DNA polymerase creates sticky ended DNA.

Therefore, an extra step utilizing Taq DNA polymerase was required to

add A and T sticky ends to the PCR products to ligate into the PCR2.1

vector. The PCR products created with Pfu DNA polymerase were

directly ligated into the pGRBlunt vector.

Twenty of each of the C3 chimera and TIMP-3 clones were

selected and grown in overnight cultures with ampicillin. Half of each

of the cultures was purified and digested with XhoI and EcoRI for

characterization by restriction enzyme digest and agarose gel

electrophoresis and confirmation by DNA sequencing. The expected

base pair sizes for the XhoI and EcoRI restriction digests are 656 bp

for TIMP-3 and 668 bp for the C3 chimera. Figures 3.7 to 3.10 show

the agarose gels of the digests of the C3 chimera and TIMP-3 pCR2.1

clones. Several of the clones showed bands with the expected size,

indicated by asterisks in the figures. A second enzyme, War■ , was

used for further confirmation. Restriction digest with War.I should

result in three fragments for both TIMP-3 and C3 chimera poR2.1

vectors. The Nar■ recognition sequence is at the 5' end of each of the

cDNA inert sequences. The pGR2.1 vector has two War■ sites. The
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Figure 3.7: 1.0% agarose gel of Xhol
and EcoR1 restriction digest of C3
chimera poR2.1 clones.
1 - 100 bp DNA ladder (GibcoBRL)

- - -- 2-11 - Clones 1-10

12 - Clone 2 undigested
13 - Clone 1 undigested

-

*-Clones with expected bp size

--670 bp

Figure 3.8:1.0% agarose gel of
XhoI and EcoR1 restriction
digest of the C3 chimera and
huTIMP-3 (T3) poR2.1 clones.
1 - 100 bp DNA ladder (GibcoBRL)
*- Clones with expected bp size

1500 bp
-

—-670 b
600 bp p

ço go go cºp co cºp go go go go go º co co co co
O O O O O O O O O O O 9: H → H H =
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Figure 3.9:1.0% agarose gel of
XhoI and EcoR1 restriction
digest of the hu■ iMP-3 and C3
chimera pCR2.1 clones.
1 - 100 bp DNA ladder (GibcoBRL)
*-Clones with expected bp size

- - - - - —-670 bp
600 bp
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1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16 17 Figure 3.10: Agarose gel of
- Nad restriction digest of the

huTIMP-3 (T3) and C3 chimera
pCR2.1 clones.
1, 17 - 100 bp DNA ladder

5 §3 º gº º gº º gº º ■ ■ ■ So So F : 5# O Q Q Q Q Q Q Q @ 9 @ E - 9 @ 3
§ - N is ■ o o N Go 3 ■ . ■ . ■ . Nº& + 4 + + * Q) q) q) CD CO º
— O) Cº. Cº .9 C) –

to U to to C
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Figure 3.11: Agarose gel of of the
C2 chimera pCRBlunt clones.
1 — 100bp DNA ladder (GibcoBRL)

- - - - - - - - - - - - - - - -2-9–Clones 1-8 undigested
10-17 – Clones 1-8 digested

with Xhol and EcoRI

º
1500 bp- -

600 bp- -

1 2 3 4 5 6 7 8 9 10 1112 131415 1617

Figure 3.12: Agarose gel of the
huTIMP-2 pCRBlunt clones
1 – 100bp DNA ladder (GibcoBRL)
2-9–Clones 1-8 undigested
10-17 – Clones 1-8 digested1500 bp

with Xºc and Eccº
600 bp

1 2 3 4 5 6 7 8 9 10 1112 131415 1617
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insert could be ligated into the vector in either direction. Although this

vector will not be used to express the protein, digestion with War.I

would determine which direction the insert is ligated and give further

confirmation of the inserted DNA. War.I digestion of the pGR2.1 clones

containing the C3 chimera and TIMP-3 insert ligated in the direction of

the M13 forward primer or TV promoter would be expected to produce

fragments of approximately 3440 bp, 950 bp and 248 bp. Clones with

inserts ligated in the opposite direction would be digested into

fragments of approximately 2910 bp , 1460 bp and 250 bp. Clones 1,

2, 4, 5, 6, 7, 8 and 9 for the C3 chimera and clones 1 and 2 for TIMP-3

were digested with War■ , Figure 3.10. (Note: The smaller fragments

below 300 bases are either too small to be detected or migrate from

the gel. Clone 2 of C3 should not have been further characterized

because it did not have the correct size when digested with XhoI and

EcoRI, Figure 3.7, lane 3.) For most of these clones, the insert was in

the M13 forward primer direction except for clones 7 and 8, which

were in the opposite direction. All clones, except clone 2, could have

been selected for DNA sequencing. Clone 2 had the correct size when

digested with War■ but either contained a mutation or the insert was a

PCR fragment that caused it to be digested differently with XhoI and

EcoRI. Clone 1 of the C3 chimera and Clones 1 of TIMP-3 were
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selected, confirmed by DNA sequencing and ligated into the pXMT2

Vector.

XhoI and EcoRI restriction digests of pcRBlunt clones of the C2

chimera and TIMP-2 were also performed, Figures 3.11 and 3.12,

respectively. All clones had the correct base pair sizes of 690 bp for

TIMP-2 and 672 bp for the C2 chimera when digested with XhoI and

EcoRI. War■ restriction enzyme digest was not performed on these

clones because it did not provide useful information. Clone 3 of the C2

chimera and clone 3 of TIMP-2 were selected and confirmed by

Sequencing.

3.3.3 Ligation into pxMT2 for Transient Transfection of COS-1

Cells

The cDNA inserts from the respective XhoI and EcoRI digested

clones were excised from the agarose gels, purified and ligated into

the XhoI and EcoRI sites of pXMT2. The pXMT2 vectors were

subcloned and clones were selected. Restriction digests with XhoI and

EcoRI were performed on several clones of each of the respective

plasmids and analyzed by agarose gel electrophoresis for base pair

size confirmation of the cDNA inserts, Figures 3.13–3.16. All clones

had DNA inserts with the correct base pair size. Clone 2 was chosen

for the C3 chimera, Figure 3.13, lanes 3 and 9. Clone 3 was chosen
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Figure 3.13: Agarose gel of the C3
chimera pXMT2 clones.
1 — pXMT2 undigested
2-5— Clones 1-4 undigested
6–pxMT2 digested with Xhol and

EcoR
7–pCR2.1 TIMP-3 digested with

XhoI and EcoRI
8-17 – Clones 1-10 digested with

XhoI and EcoRI

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1617

Figure 3.14: Agarose gel of the hu■ lMP-3
pXMT2 clones.
1 – 100bp DNA ladder (GibcoBRL)
2–C3 chimera clone 1 digested with

XhoI and EcoRI
3-10 — huTIMP-3 clones 1-8 digested

With XhoI and ECOR

1500 bp

600 bp

1 2 3 4 5 6 7 8 9 10

Figure 3.15. Agarose gel of the C2
chimera pxMT2 clones.
1 – 100bp DNA ladder (GibcoBRL)
2 - Blank
3-9–Clones 1-7 digested with

XhoI and ECOR
10–Clones 1-7 undigested

Figure 3.16: Agarose gel of the hu■ lMP-2
pXMT2 clones.
1 – 100bp DNA ladder (GibcoBRL)
2 - Blank
3-9–Clones 1-7 digested with

XhoI and EcoR
10-Clones 1-7 undigested

3 4 5 6 7 8 9 10 1 1 12 13 14 15 16
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for TIMP-3, Figure 3.14, lane 5. Clone 1 was chosen for the C2

chimera, Figure 3.15, lanes 3 and 10. Clone 2 was chosen for TIMP-2,

Figure 3.16, lanes 4 and 11. Large-scale plasmid preparations were

performed with each of these clones to provide sufficient DNA for

transient transfection into COS-1 cells.

The COS-1 cells were transfected with each of the pXMT2

vectors. pXMT2 without an insert and a blank transfection, no DNA,

were controls. The cells were allowed to grow for 48 h after the

transfection with a media change at 24 h. Analysis of the ECM and

conditioned media from COS-1 controls and transfected cells by SDS

PAGE and reverse zymography is shown in Figure 3.17. The reverse

zymogram, panels C and D, show TIMP activities that are not in either

of the SDS-PAGE gel, panels A and B.

Table 3.4 shows the Calculated molecular weights and the relative

mobilities, Mr, for TIMP-1, TIMP-2, TIMP-3 and glycosylated TIMP-3

and the calculated molecular weights for the C3 and C2 chimeras.

Table 3.4: Calculated molecular
weights and relative mobilities.

MW Mr
TIMP-1| 20,708.83 v29,500
TIMP-2| 21,754.80 v20,000
TIMP-3| 21,689.98 v23,000

gly TIMP-3 ~29,000
C3| 22,170.15
C2| 21,274.64

Note: The calculation of the MVVs were made
using only the amino acid sequence
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1 2 3 4 5 6 7

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Figure 3.17: 15% SDS-PAGE of conditioned media, A, and extracellular matrix, B,
and reverse zymography of conditioned media, C, and extracellular matrix, D, from
transiently transfected COS-1 cells. Sample load of 40 pil for conditioned media,
CM, is 1/500 of the total volume collected from each dish and 1 pil for the
extracellular matrix, ECM, is 1/250 of the total volume used to extract the ECM from
the dish. TIMP-1, -2 & -3 standards are from a mixture of TIMP-1 and TIMP-2 from
conditioned media and TIMP-3 from extracellular matrix of pVUThuTIMP-3 BHK-21 cells.
Red arrow indicates C3 chimera activity and the green arrow indicates the possible dimer
of the C2 chimera.

1 - TIMP-1, -2 & -3 standards
2 - COS-1
3 - COS-1 pxMT2
4 - COS-1 pxMT2 huTIMP-3
5 - COS-1 pxMT2 C3
6 - COS-1 pxMT2 hu■ IMP-2
7 - COS-1 p)(MT2 C2
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TIMP-1 migrated with a slower mobility, Mr v29 kDa, than the other

TIMPs because of its glycosylation. Glycosylated TIMP-3 and

glycosylated TIMP-1 had similar electrophoretic mobilities.

Unglycosylated TIMP-3 migrates much slower than TIMP-2 even

though the calculated molecular weight of TIMP-3 was 55 Daltons less

than TIMP-2.

TIMP activities in conditioned media and ECM samples from the

untransfected and pXMT2 transfected COS-1 cells were similar, as

shown in Figure 3.17 (panels C and D, lanes 2 and 3). Each had

TIMP-1 and TIMP-2 activities in the Conditioned media and TIMP-3

activity in the ECM. The pXMT2huTIMP-3 transfected COS-1 cells

showed similar amounts of TIMP-1 and TIMP-2 in the Conditioned

media (panel C, lane 4) in comparison to the conditioned media of

untransfected and pXMT2 transfected cells (panel C, lanes 2 and 3) but

showed an increase in activities attributed to TIMP-3 and glycosylated

TIMP-3 in the ECM (compare panel C and D, lane 4). Conditioned

media and ECM of pXMT2C3 transfected COS-1 cells (panel C and D,

lane 5) showed similar amounts of TIMP-1, TIMP-2 and TIMP-3

activities as the controls. However, a new activity that migrated

slightly slower than unglycosylated TIMP-3 was present in the

conditioned media (panel C, lane 5, indicated by the red arrow).

Consistent with the identification of this activity as the C3 chimera was
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the fact that its theoretical molecular size is 480 Daltons more than

TIMP-3. This activity was not present in the ECM (panel D, lane 5). It

appears that the C3 chimera localized to the conditioned media instead

Of the ECM.

The Conditioned media and ECM of cells transfected with

pXMT2huTIMP-2 showed an increase in the level of TIMP-2 activity in

the conditioned media (panel C, lane 6). Interestingly, under

conditions of high level of TIMP-2 expression, an additional band was

present at approximately 50 kDa. It was possible that this

represented a TIMP-2 dimer, although further experimentation would

be required to be certain. In addition, the low level of TIMP-2 activity

detected in the ECM (panel D, lane 6), may have been due to binding

to MMP-2 that is sometimes found in the ECM, although there was no

evidence of MMP-2 activity as a clear band (Mr v 72 kDa) at the top of

this gel.

With respect to the reverse chimera, pXMT2C2, the ECM of these

transfected COS-1 cells showed a faint band of TIMP activity similar to

the level of TIMP-2 in the ECM (panel D, lane 6) that migrates slightly

faster than TIMP-2 (panel D, lane 7). Consistent with the identification

of this activity as the C2 chimera was the fact that its theoretical

molecular size is 480 Daltons less than TIMP-2. Most of this new

activity was detected in the conditioned media (panel C, lane 7)
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causing the TIMP-2 band to appear more intense but with a mobility

slightly faster than that of TIMP-2 (panel C, lane 6).

3.3.4 Stable Transfection of BHK-21 Cells

Having established that the chimeras expressed in the COS-1 cell

system displayed MMP inhibitory activity, stable transfections of BHK

21 cells utilizing the pNUT vector were performed. The BHK-21 cell

system should provide sufficient wild-type TIMPs and chimeric proteins

for purification and characterization. This vector has been successfully

utilized by Dr. Dylan Edward's laboratory at the University of East

Anglia, UK, to produce TIMP-3 and TIMP-3 mutants.

An experiment was performed to establish if the BHK-21 cells

would grow in serum-free media because serum can cause

interference with Western blots and hamper purification by binding to

proteins. Media from Gibco-BRL called Virus Production Serum-Free

Media, VP-SFM, have been demonstrated by the manufacturer to

support growth of BHK-21 cells. Previous data has demonstrated that

overexpression of TIMP-3 in BHK-21 cells results in localization of the

protein in the conditioned media in addition to ECM. This is probably

due to the saturation of the TIMP-3 binding sites in the ECM.

To test TIMP-3 expression utilizing VP-SFM, a comparison

pNUThuTIMP-3 BHK-21 cells grown in 2.5% and 5% FBS DMEM/F-12

and VP-SFM was performed. Because the BHK-21 cells would not
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attach to the culture dishes when seeded in VP-SFM, cells were seeded

in 2.5% FBS DMEM/F-12 prior to induction. Aliquots of the conditioned

media were analyzed by reverse zymography as shown in Figure 3.18.

As expected, cells grown without the inducer, ZnSO4, produced

negligible amounts of TIMP-3 in the conditioned media, under all three

conditions tested (lanes 1, 3, and 6). Induction of TIMP-3 protein

expression by addition of ZnSO4 resulted in significant amounts of

TIMP-3 activity in the conditioned media (lanes 2, 4, and 5). TIMP-3

expression was enhanced in the cultures grown in the presence of 5%

FBS (lane 4) in comparison to cultures with 2.5% FBS (lane 2). The

amount of TIMP-3 activity in the conditioned media from cells induced

in VP-SFM, lane 5, was comparable to that in conditioned media from

cells in 5% FBS DMEM/F-12, lane 4.

The schematic of the pNUT vector (Figure 3.19) shows that there is

only one site where cDNA can be inserted and this site is recognized

by the SmaI restriction enzyme. To insert each cDNA of interest into

the pNUT vector, it was first cut out of the pXMT2 vector and ligated

into pMUT. The inserted DNA must be ligated in the correct direction

into the pnuT vector in order to be expressed under the control of the

metallothionein promoter. The resulting pnuT vector was therefore

characterized using other restriction enzymes to check for the correct

orientation of the inserted cDNA. KpnI was utilized because the TIMP

135



TIMP-1 –– Figure 3.18: Reverse zymogram
IyTIMP-3-ºils i of conditioned media from

gly →i pNUThuTIMP-3 BHK cells uninduced
TIMP-3-) . * * and induced in FBS DMEM/F-12 medium
TIMP-2-E_* or virus production serum-free medium

1 2 3 4 5 6-(VP-SFM).

2.5% FBS DMEM/F-12 U
2.5% FBS DMEM/F-12 I

U
I

5% FBS DMEM/F-12
5% FBS DMEM/F-12
VP-SFM I
VP-SFM U

- uninduced
I - induced with 80 p M ZnSO4

: -
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Hind III Pvu II (-670)

Figure 3. 19: Schematic diagram of the pn UT vector.
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and chimeric inserts have specific KpnI restriction sites that together

with the pnuT vector's KpnI restriction site (Figure 3.19) would help

deduce the direction of the inserted DNA.

Preliminary experiments indicated that ligation into a site created

by SmaI digestion were not successful. This was probably due to the

fact that SmaI Creates blunt ends in cDNA that made it difficult to

ligate into the vector (10). This technical problem was overcome by

utilizing Xmal, which is an isoschizomer of SmaI. Both recognize the

CCCGGG sequence but SmaI cuts in the middle and Xmal cuts after

the first cytosine. Xmal leaves overhangs or sticky ends increasing

the ligation efficiency.

cDNA inserts of TIMP-2, TIMP-3 and the C2 and C3 chimeras were

transferred to the pNUT vector by digestion of the respective pXMT2

plasmids and ligation into pMUT. Plasmid DNA was purified from ten

clones of each plasmid type and digested with Xmal and KpnI for

characterization. Tables 3.5 shows the expected size of the DNA

fragments for plasmids cut with Xmal. Table 3.6 shows expected size

of DNA fragments when they are in the correct and incorrect directions

when digested with KpnI.

Table 3.5: Expected size of DNA
fragments generated with Xmal.

pMUT plasmid | fragments
TIMP-3 || 5500, 644

C3 chimera || 5500, 656
TIMP-2 || 5500, 669

C2 chimera || 5500, 657
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Table 3.6: Expected size of DNA fragments generated with KpnI.
Fragments for Fragments for

PNUT plasmid | correct direction incorrect direction
TIMP-3 || 4904, 1240 5440, 704

C3 chimera || 4904, 1252 5452, 704
TIMP-2 || 4904, 1097, 168 5297, 704, 168

C2 chimera || 4904, 1085, 168 5285, 704, 168

The digestion products of the plasmids digested with Xmal and

KpnI by agarose gel electrophoresis are shown in Figures 3.20 to 3.24.

Restriciton digests of clones 1-10 of pVUTTIMP-3 with Xmal and KpnI

are shown in Figure 3.20 and lanes 8-11 of Figure 3.24. Although

Figure 3.20 is very dark, the original gel showed bands of the expected

size (~5500 bp and 644 bp) in lanes 6 and 8 (clones 6 and 8)

following digestion of pnuThuTIMP-3 with Xmal and (4904 bp and

1240 bp) in lanes 12 and 14 (clones 6 and 8) following digestion with

KpnI.

The bands in lanes 9 and 11, clone 10 of Figure 3.24, were also of

the correct size for Xmal and KpnI. Clone 10 of pnuTTIMP-3 was

chosen for large-scale purification using a Qiagen Plasmid Midi Kit

(Qiagen Inc.) for transfection into BHK-21 cells. Clone 3 of pnuTC3,

lanes 4 and 13 of Figure 3.21, clone 8 of pnuTTIMP-2, lanes 9 and 18

of Figure 3.22, and clone 2 of pVUTC2, lanes 3 and 12 of Figure 3.23,

were also used for large scale plasmid purification for stable

transfection of BHK-21 Cells.
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Figure 3.20: Agarose gel of
Xmal and KpnI restriction
digests of pnuThuTIMP-3
clones.

1 - 100 bp DNA ladder
2-9 - Clones 1-8 digested

with Xmal

TETTETETTETSTOTTITETTIETET 10-17 - Clones 1-8 digested
>k >k >k >k with KpnI

* indicates dones with comed expected DNA bp sizes

| Figure 3.21: Agarose gel of
Xmal and KpnI restriction
digests of pnuTC3 clones.

-1 & 20 - 100 bp DNA ladder
2-10 - Clones 1-9 digested

1000 bp- with Xmal
600 bp-- - 11-19 - Clones 1-9 digested

1 2 3 4 5 6 7 8 9 1011121314151617181920 with KpnI
* indicates dones with correct expected DNA bp sizes

Figure 3.22: Agarose gel of
Xmal and KpnI restriction
digests of pnuThuTIMP-2

-

clones.
- -

-1 & 20 - 100 bp DNA ladder
1000 bp- 2-10 - Clones 1-9
600 bp-- digested with Xmal

11-19 - Clones 1-9 digested
with KonI

1 2 3 4 5 6 7 8 9 101112.13.1415 161718 1920 p
>k >k

* indicates dones with correct expected DNA bp sizes

* - - - - - - Figure 3.23: Agarose gel of
- - ----, -. ------ Xmal and KpnI restriction

digests of pnuTC2 clones.
1 & 20 - 100 bp DNA ladder

1000 bp- 2-10 - Clones 1-9 digested
600 bp-- with Xmal

11-19 - Clones 1-9 digested
with Kºn■

1 2 3 4 5 6 7 8 9 101112131415 1617181920>k

* indicates dones with comed expected DNA bp sizes
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3.3.5 Reverse Zymography Analysis of Condition Media and

ECM of C3 and C2 Chimeras

Aliquots of conditioned media and ECM were collected from both

un-induced and induced cultures of the BHK-21 cells and analyzed by

SDS-PAGE and reverse zymography, Figure 3.25. Coomassie Blue

stained bands in lanes 2-15 of the reverse zymograms, panels C and D

(Figure 3.25), represent TIMP activities as confirmed by comparison

with the control SDS polyacrylamide gels, panels A and B (Figure

3.25), where no staining was observed in the region of migration of

standards rv50kDa and smaller. TIMP activities in Conditioned media

and ECM samples from both uninduced and induced untransfected and

pNUT transfected BHK-21 cells were similar, as shown in Figure 3.25

(panels C and D, lanes 4 and 5 and lanes 6 and 7, respectively). Each

had TIMP-1 and TIMP-2 activities in the conditioned media. In

addition, no endogenous TIMP-3 activity was detected in the ECM of

untransfected and pnuT transfected BHK-21 cells with this sample

load.

The pNUThuTIMP-3 transfected BHK-21 cells showed similar

amounts of TIMP-1 and TIMP-2 in the conditioned media (panel C,

lanes 8 and 9) in comparison to the conditioned media of

untransfected and pnuT transfected cells (panels C and D, lanes 4 and

5 and lanes 6 and 7, respectively). However, the pNUThuTIMP-3

142



transfected BHK-21 Cells showed activities attributed to TIMP-3 and

glycosylated TIMP-3 in the ECM (compare panel C and D, lanes 8 and

9). Some TIMP-3 activity was observed in the conditioned media of

the pNUThuTIMP-3 transfected BHK-21 cells (panel C, lanes 8 and 9)

with a higher degree of staining in the induced sample (panel C, lane

9). Again, as in the COS-1 cell system, this was believed to represent

TIMP-3 that was not bound to the ECM due to the Saturation of TIMP-3

ECM-binding sites. Expression of new TIMP activity in uninduced

samples compared to controls is likely to be due to zinc already

Contained in the formulated media.

The Conditioned media and ECM of cells transfected with

pNUThuTIMP-2 showed an increase in the level of TIMP-2 activity in

the conditioned media, Figure 3.25 (panel C, lane 12 and 13). As

demonstrated in the COS-1 system, under conditions of high level of

TIMP-2 expression, an additional band was present at approximately

50 kDa (indicated by red arrow, panel C, lane 13). Because the

intensity of the band was higher in the induced sample (panel C, lane

13) in comparison to the uninduced sample (panel C, lane 12), this

suggested that it was a form of TIMP-2. Further experimentation is

needed to ascertain if this was a dimer of TIMP-2.

Conditioned media and ECM of p■ wuTC3 transfected BHK-21 cells

(panel C and D, lanes 10 and 11) showed similar amounts of TIMP-1,
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Figure 3.25: 17% SDS-PAGE of conditioned media, A, and extracellular matrix, B, and
17% reverse zymography of conditioned media, C, and extracellular matrix, D, from
uninciuced (U) and induced (I) BHK-21 cells. Conditioned media loads were 3 pil or
1/6666 of the 10 ml of media from each dish. ECM loads were 2 pil or 1/250 of a
dish. TIMP-1, TIMP-2, and TIMP-3 standards were from conditioned media (1/6666 dish)
and extracellular matrix (1/100 dish) of FHsl73We cells, human embryo fibroblasts,
respectively.

1 - Novex Mark12 Protein stol.
2 - TIMP-3 Sto.
3 - TIMP-1 and TIMP-2 Stds.
4 - BHK-21 U
5 - BHK-21 I
6 - pnUT BHK-21 U
7 - pluT BHK-21 I
8 - pnuThuTIMP-3 BHK-21 U
9 - pnUThuTIMP-3 BHK-21 I
10 - pnuTC3 BHK-21 I
11 - pluTC3 BHK U
12 - pnuThuTIMP-2 BHK-21 U
13 - pnUThuTIMP-2 BHK-21 I
14 - pnuTC2 BHK-21 U
15 - pnuTC2 BHK-21 I
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TIMP-2 as the controls. However, a new activity migrated slightly

slower than unglycosylated TIMP-3 and was present in the conditioned

media (panel C, lanes 10 and 11). There also appeared to be a

glycosylated form of the C3 chimera in the conditioned media that

migrated slightly slower than glycosylated TIMP-3 (panel C, lanes 10

and 11). As in the transfected COS-1 system, this was consistent with

the icientification of this activity as the C3 chimera because its

theoretical molecular size is 480 Daltons more than TIMP-3. Faint

staining of a band was observed in the ECM of the pNUTC3 transfected

BHK-21 cells (panel D, lanes 10 and 11) that aligns with the

unglycosylated TIMP-3 standard, lane 2, and the unglycosylated

TIMP-3 activity in the adjacent lane, lane 9. Further analysis of these

Samples by reverse zymography confirmed that this activity was due

to diffusion upon sample loading.

Conditioned media and ECM from uninduced and induced pnuTC2

transfected BHK-21 cells are shown in Figure 3.25 (panel C and D,

lanes 14 and 15, respectively). A new activity that migrated slightly

faster than unglycosylated TIMP-2 was present in the conditioned

"edia (panel C, lanes 14 and 15). This observation was again

Sonsistent with the identification of this activity as the C2 chimera

because its theoretical molecular size is 480 Daltons less than TIMP-2.

^s observed in the Cos-1 cell system, the C2 chimera did not
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completely localize to the conditioned media (panel C, lanes 14 and

15), but was also found to a lesser extent in the ECM (panel D, lanes

14 and 15). This localization to the ECM appeared to be due to

properties of the C2 chimera and not due to the overexpression of the

C2 Chimera because TIMP-2 was not observed in the ECM of BHK-21

cells transfected with pnuThuTIMP-2 (panel D, lanes 12 and 13). An

additional band of activity was present at approximately 50 kDa in the

ECM of the pNUTC2 transfected BHK-21 cells (indicated by the green

arrow, panel D, lanes 14 and 15) that did not appear in the

conditioned media (panel C, lanes 14 and 15). (NOTE: This was

clearer in the original gel.) Analagous to the band migrating at ~50

kDa in the conditioned media of pnuThuTIMP-2 transfected BHK-21

cells (panel C, lanes 12 and 13), this band in the pNUTC2 transfect

BHK-21 cells was more intense in the ECM of induced cells compared

to the uninduced cells (compare panel D, lanes 14 and 15).

3.3.6 Western Blots of the C3 and C2 Chimeras

Western blots were performed to confirm the TIMP-2 and TIMP-3

epitopes of the chimeras. A rabbit polyclonal antibody to chicken

TIMP-3, chkTIMP-3, that had been demonstrated to recognize human

TIMP-3 and a mouse monoclonal antibody to the first loop of human

TIMP-2 were utilized to probe for the C3 chimera. The mouse

monoclonal antibody to huTIMP-2 (1* loop) was created by
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immunizing a mouse with a peptide with the amino acid sequence,

DSGNDIYGNPIKRIQ. This sequence contains the first loop of TIMP-2,

NDIYGN, and was part of the TIMP-2 sequence (Ala23 to Tyró4) that

was exchanged into TIMP-3 to construct the C3 chimera. Figure 3.26

shows the Western blot of Conditioned media from transfected BHK-21

cells. The rabbit anti-chkTIMP-3 pab stained the TIMP-3 standard

(panel B, lane 2) but did not stain the TIMP-2 (panel B, lane 1) or any

proteins in the conditioned media of pnuT BHK-21 or pnuThuTIMP-3

transfected BHK-21 cells (panel B, lanes 3 and 4, respectively). The

rabbit anti-chkTIMP-3 pab stained a band in the conditioned media of

pMUTC3 transfected BHK-21 cells (panel B, lane 5). This band

migrated slightly faster than the TIMP-3 band (panel B, lane 2) that

was consistent with the reverse zymography, Figure 3.25 (panel C,

lanes 10 and 11), and the fact that the C3 chimera was 480 Daltons

larger than TIMP-3. The rabbit anti-huTIMP-2 (1* loop) p■ b stained

the TIMP-2 standard (panel A, lane 1) but did not stain proteins in the

TIMP-3 standard (panel A, lane 2). The endogenous TIMP-2 in the

conditioned media from pnuT or pn UThuTIMP-3 transfected BHK-21

cells (panel A, lanes 3 and 4, respectively) was not detectable. The

rabbit anti-huTIMP-2 (1* loop) pab stained two bands in the

conditioned media of pnuTC3 transfected BHK-21 cells (panel A,
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Figure 3.26: Western blots of conditioned media from transfected
BHK-21 cells.

A - rabbit anti-hu■ IMP-2 (1st loop) pab clone 68-6H4.
B - rabbit anti-chickenTIMP-3 p.Ab

1 - TIMP-2 standard
- TIMP-3 standard
- p NUT
- pnuThuTIMP-3

pNUTC3 BHK-21
:

TIMP-2

1 2 3 4 5 6

Figure 3.27: Western blot of conditioned media
and extracellular matrix from pn UTC3, pINUTC3-L,
pNUTT3cT2, pnuTC2, and pn UTC2cT3 transfected
BHK-21 cells probed with mouse anti-huTIMP-2 mAb
clone 69-10B11

1 - TIMP-2 Standard
2 - CM pnuTC3
3 - CM pnuTC3-L
4 - ECM pnuTT3cT2
5 - ECM pm UTC2
6 - ECM pnuTC2CT3

4 8



lane 5). The lower band (panel A, lane 5) had the same

electrophoretic mobility as the band stained by the rabbit anti

chkTIMP-3 pab (panel B, lane 5). The upper band (panel A, lane 5)

was believed to be glycosylated C3 chimera. The rabbit anti

chkTIMP-3 pab did not stain the upper band (panel B, lane 5) nor did

it stain the glycosylated TIMP-3 (panel B, lane 2).

A Western blot of the conditioned media of pnuTC2 transfected

BHK-21 cells probed with the mouse anti-huTIMP-2 mAb clone 69

10B11 is shown in Figure 3.27. (NOTE: pnuTC3-L and pnuTC2CT3 will

be discussed later in this chapter.) The monoclonal antibody was

created by immunizing a mouse with a peptide with the amino acid

sequence, DTLSTTOKKSLNHRYQ, of TIMP-2 as the antigen. The

sequence is downstream of the sequence that was exchanged out of

TIMP-2 to create the C2 chimera. The antibody stained the TIMP-2

standard, lane 1. Low levels of endogenous TIMP-2 were stained in

both the pnuTC3 and pnuTC3-L (discussed later in the chapter), lanes

2 and 3, respectively. The mouse anti-huTIMP-2 mAb also stained a

band in the conditioned media of pnuTC2 transfected BHK-21 cells,

lane 5, that migrated slightly faster than TIMP-2 standard, lane 1.

This was consistent with the reverse zymogram, Figure 3.25 (panel C,

lanes 14 and 15) and the fact that the C2 chimera was 480 Daltons

Smaller than TIMP-2.
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Western blot experiments utilizing the rabbit anti-chicken TIMP-3

pAb to probe for the C2 chimera were unsuccessful. A possible reason

for this result is that the rabbit anti-chkTIMP-3 pab may not recognize

any of the TIMP-3 sequence (Val23 to His80) that was exchanged into

the C2 chimera. The use of a mouse anti-TIMP-3 (1* loop) mab

(Chemicon International) was not able to detect the TIMP-3 standard

or the C2 chimera, data not shown. This was possibly due to the

purity or quality of the antibody. In addition, a Western blot to

demonstrate the negative control for the C2 chimera by probing

conditioned media from pnuTC2 BHK-21 cells with the rabbit anti

huTIMP-2 (1* loop) pab was not shown because no staining was

detected.

3.3.7 Significance of the C3 and C2 chimeras

Reverse zymography data from both the transiently transfected

COS-1 cells and the stably transfected BHK-21 cells demonstrated that

the C3 chimera with the first basic region, Region I (Val23 to His30),

of TIMP-3 exchanged with the homologous region, (Alaz3 to Tyró4), of

TIMP-2 localizes to the conditioned media. The reverse chimera, C2,

partially localizes to the ECM. It is clear that the basic Region I of

TIMP-3 (Val23 to His80) is a major factor in the binding of this protein

to the ECM because exchange of this domain with the analogous

region of TIMP-2 abolishes ECM-binding. However, although this
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region may be necessary for ECM-binding of TIMP-3, it is not sufficient

for the complete conversion of TIMP-2 into a matrix-bound protein.

That is, the C2 chimera (TIMP-2 containing basic Region I of TIMP-3),

while showing some evidence of ECM-binding is still localized

predominantly in the conditioned media. An explanation for these

observations may be that structural features of TIMP-2 actively

interfere with binding of the C2 chimera to the ECM. For example,

TIMP-2 has a highly negatively charged C-terminus that could

conceivably interact directly with Region I and could thus block other

electrostatic interactions with molecules such as heparan sulfate.

Bode et al. Observed that the C-terminal tails of both TIMP-1 and

TIMP-2 structures have many confirmations and are very flexible (11).

In order to address this possibility, additional chimera constructs were

analyzed.

It is conceivable that the basic Regions II and/or III in the TIMP-3

structure also contribute to its ECM-binding properties in addition to

Region I. An analysis utilizing the full TIMP-2 structure, Figure 3.28,

showed that chimeras incorporating Region II and/or III would not add

significant positive charge to increase the capacity for ECM-binding.

The areas that would undergo an electrostatic change are indicated by

the white arrows in Figure 3.28 where a negatively charged

glutamateis changed to a glutamine in Region II, and a negatively
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Figure 3.28: Structure of TIMP-2 with Regions I (yellow), II (green) and III
(blue). A - TIMP-2 without changes made in Region II or III. Red arrow
indicates part of Region II on the MMP binding side of the molecule.
B - White arrows indicate where amino acids would be changed to neutral,
orange, or positively charged amino acids, cyan, if Region II and III of
TIMP-2 were exchanged with Region II and III of TIMP-3.
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charged aspartate is changed to a glycine and another lysine appears

on the surface in Region III. Although these changes may result in a

+3 change in the net charge, this did not appear to provide a

significant change to the surface, therefore C2 chimeras incorporating

Region II and/or III were not constructed.

Since the C-terminal tail is known to be somewhat flexible in the

TIMP-1 and TIMP-2 structures, the possibility that the tail may

electrostatically interact with Region I of the C2 chimera is quite

plausible. To test this hypothesis, a chimera of C2 with the last 10

amino acids of TIMP-3, DKSIINATDP, designated C2CT3 (C2 chimera

with the C-terminus of TIMP-3) and a chimera of TIMP-3 with the last

10 amino acids of TIMP-2, KQEFLDIEDP, designated T3CT2 (TIMP-3

with the C-terminus of TIMP-2) were constructed. It was anticipated

that the tail of the C2CT3 chimera would no longer block the basic

Region I and allow binding to the ECM. Conversely, the negatively

charged tail of T3CT2 would electrostatically interact with the basic

Region I and prevent it from binding to the ECM.

In parallel with construction and expression of the C2CT3 and T3CT2

chimeras, a third chimera was constructed and expressed that was

designated C3-L (C3 chimera with the 1* Loop of TIMP-2, NDIYGN,

removed). The sequence of amino acids of TIMP-2 that was

exchanged into TIMP-3 to create the C3 chimera consisted of two beta
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sheets connected by a long 1° loop consisting of the amino acids

NDIYGN. This 1* loop of TIMP-2 is thought to confer selectivity

towards interactions with MT1-MMP to form the ternary complex of

MT1-MMP, TIMP-2 and proMMP-2 (11). Removing the NDIYGN

sequence of amino acids from the C3 chimera should create a shorter

1° loop connecting the two beta sheets resulting in a chimera, C3-L,

similar to TIMP-3 but localized to the Conditioned media. It was

anticipated that by removing this TIMP-2 1" loop, NDIYGN, from the

C3 chimera would create a TIMP, C3-L, with similar MMP selectivity

and/or sheddase selectivity as wild-type TIMP-3, but is not bound to

the ECM.

3.3.8 Construction of the New Chimeras, C2CT3, T3CT2 and C3-L

The new chimeras were constructed utilizing a similar PCR protocol

used in the Construction of the C2 and C3 chimeras. The chimeras

were cloned in pCR-Blunt vectors for cloning and sequence

confirmation. After the sequences were confirmed and because

previous chimeras showed activity, cDNAs were ligated directly into

the pNUT vector. The pNUT plasmids were transfected into BHK-21

cells and the ECM and conditioned media were collected and analyzed

by reverse zymography.
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3.3.9 The C2CT3 Chimera Partially Localizes to the ECM

The reverse zymogram for the CM and ECM of the C2CT3 chimera is

shown in Figure 3.29. The reverse zymogram in Figure 3.29 had

contaminants migrating in each lane around glycosylated TIMP-3, just

above TIMP-3 and just above TIMP-2. This did not interfere with

interpretation of the gel. Unglycosylated TIMP-3, glycosylated TIMP-3

and a band that migrated slightly faster than TIMP-3 (indicated by

dimer?) were observed in the standard (panel A and B, lane 1). The

band that migrated slightly faster than TIMP-3 (panel A and B, lane 1)

was believed to be a ‘processed’ form of TIMP-3. TIMP-1 and TIMP-2

activities in the Conditioned media of both uninduced and induced

controls of untransfected BHK-21 cells were similar, as shown in Figure

3.29 (panels A, lanes 2 and 3, respectively). Faint staining of bands

that migrated with electrophoretic mobilities similar to those of TIMP-3

and its processed form were detected in the conditioned media and

ECM from BHK-21 cells (panel A and B, lane 2 and 3) that were not

observed in previous samples. It is interesting to note that these

TIMP-3 activities were detected more in the induced BHK-21 Cells

(panel A and B, lane 3) than in the uninduced BHK-21 cells (panel A

and B, lane 2). The conditioned media and ECM of uninduced and

induced pnuTC2CT3 transfected BHK-21 cells (panel A, lanes 4 and 5)

had many new TIMP activities that were not in the untransfected

155



MMP-2–

-dimer?

|yTIMP-3
9 'Hºi’,

TIMP-3-
2—

TIMP-2-
clip

1 2 3 4 5 1 2 3 4 5

Figure 3.29: 15% Reverse zymogram of conditioned media (A) and extracellular
matrix (B) from BHK-21 cells transfected with p■ wuTC2CT3. CM loads were
1/6666th of 10 ml of media from one dish. ECM loads were 1/1000th of a dish.

1 - TIMP-3 standard
2 - BHK-21 uninduced
3 - BHK-21 induced
4 - pm UTC2CT3 BHK-21
5 - p■ wuTC2CT3 BHK-21
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BHK-21 cells (panel A, lanes 2 and 3). These bands were detected

more in the induced samples when compared to the uninduced

samples (compare panel A and B, lanes 4 and 5). The first of the new

activities migrated faster than TIMP-2 and appeared predominantly in

the conditioned media (panel A, lanes 4 and 5) and to a lesser extent

in the ECM (panel B, lanes 4 and 5). This was consistent with the

identification of this activity as the C2CT3 chimera because its

theoretical molecular size is 640 Daltons less than TIMP-2. The other

new activities migrated below TIMP-3 with electrophoretic mobilities

similar to those of glycosylated TIMP-3 or TIMP-1, respectively, in the

conditioned media of the pNUTC2CT3 transfected BHK-21 cells (panel

A, lanes 4 and 5). The lower band in the conditioned media that

migrated just below TIMP-3 (panel A, lanes 4 and 5), was likely to

have been the glycosylated form of the C2CT3 chimera because the

glycosylation was at the arginine in the C-terminal 10 amino acids of

TIMP-3 that were exchanged into the C2 chimera. It was uncertain

whether the band that migrated with an electrophoretic mobility

similar to that of TIMP-1 was indeed TIMP-1 or another form of

glycosylated C2CT3. Interestingly, two bands whose mobilities were

similar to those of unglycosylated TIMP-3 and processed’ TIMP-3 were

detected more in the ECM of pnuTC2CT3 transfected BHK-21 cells

(panel B, lanes 4 and 5) than in the ECM of untransfected BHK-21 cells
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(panel B, lanes 2 and 3). The levels of these two activities were also

higher in the induced pnuTC2CT3 BHK-21 samples compared to the

uninduced samples (panel B, lanes 4 and 5). In addition, similar to

previous results with the C2 chimera, a band of activity was detected

around 50kDa only in the ECM of the induced pnuTC2CT3 transfected

BHK-21 cells that may be a dimer of the C2CT3 chimera (indicated by

dimer?, panel B, lane 5).

Western blots of the C2CT3 chimera were not conclusive, but a

band was detected using the mouse anti-huTIMP-2 mAb clone 69

10B11, Figure 3.27 (page 48), lane 6, that migrated faster than the

TIMP-2 control. This was consistent with the identification of this

activity as the C2CT3 chimera because its theoretical molecular size is

640 Daltons less than TIMP-2.

3.3.10 The T3CT2 Chimera Does not Localize to the Conditioned

Media

Reverse zymography comparing conditioned media and ECM from

pMUThuTIMP-3 and pnuTT3CT2 transfected BHK-21 cells is shown in

Figure 3.30. Induced and uninduced samples are not displayed

because there were no significant differences other than levels of

expression. TIMP-3 and glycosylated TIMP-3 activities were detected

in the ECM of the pnuThuTIMP-3 BHK-21 cells with a slight amount of
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Figure 3.30: Reverse zymogram of ECM and CM from BHK-21 cells transfected
with pin UTT3CT2. CM loads were 1/6000th of a dish. ECM loads were 1/200th
of a dish.

1 - ECM pnUThuTIMP-3
2 - CM pnuThuTIMP-3
3 - ECM pluTT3CT2
4 - CM pm UTT3CT2
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the processed’ TIMP-3 that migrated just below TIMP-3, lane 1.

TIMP-1 and TIMP-2 activities in the conditioned media of both

pNUThuTIMP-3 and pnUTT3CT2 BHK-21 cells, lanes 2 and 4,

respectively, were similar. However, a new activity was detected in

the ECM of the pNUTT3CT2 BHK-21 cells, lane 3, with an

electrophoretic mobility that was slightly slower than that of

unglycosylated TIMP-3. This was consistent with the identification of

this activity as the T3CT2 chimera because its theoretical molecular

size is only 160 Daltons more than TIMP-3. A very faint band in lane 3

was detected that migrated just below glycosylated TIMP-3, lane 1.

This does not appear to be a glycosylated form of the T3CT2 chimera

because it migrated below glycosylated TIMP-3. In addition, the T3CT2

chimera should not be glycosylated because the glycosylation site of

TIMP-3 is in the C-terminal 10 amino acids that were replaced with the

C-terminal 10 amino acids of TIMP-2.

3.3.11 The Localization of the C3-L Chimera is Similar to that

Displayed by the C3 Chimera

Following the initial transfection of pnuTC3 into BHK-21 cells,

contrary to previous observations, the C3 chimera was found to

localize partially in the ECM. ECM and conditioned media samples

from the initial transfection of COS-1 cells and the stable transfected
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BHK-21 cells collected over a 12 month period had demonstrated

localization of the C3 chimera exclusively in conditioned media.

Subsequently, approximately 1/12" of the total activity of the C3

Chimera localized to the ECM.

Reverse zymography comparing conditioned media and ECM from

pNUTC3 and pnuTC3-L transfected BHK-21 cells is shown in Figure

3.31. The unglosylated and glycosylated C3 chimera were detected in

the conditioned media, lane 1, and to a lesser extent in the ECM, lane

2, of the pNUTC3 transfected BHK-21 cells. A new TIMP activity was

detected in the conditioned media, lane 3, and to a lesser extent in the

ECM, lane 4, of the pnuTC3-L transfected BHK-21 cells that migrated

slightly faster than the unglycosylated C3 chimera, lane 1. This was

consistent with the identification of this activity as the C3-L chimera

because its theoretical molecular size is 677 Daltons less than the C3

chimera. In addition, what appeared to be the glycosylated form of

the C3-L chimera was detected predominantly in the conditioned

media, lane 3, but was almost undetectable in the ECM, lane 4, of the

pNUTC3-L BHK-21 cells that migrated slightly faster than the

glycosylated C3 chimera, lane 1. Both the conditioned media and the

ECM of the pNUTC3 and pnuTC3-L BHK-21 cells, lanes 1 and 2, and

lanes 3 and 4, respectively, appeared to have a processed’ form

migrating just below their respective unglycosylated forms.
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Figure 3.31: Reverse zymography of ECM and CM from BHK-21 cells transfected
with pnuTC3 and pnuTC3-L. CM loads were 1/6666th of a dish. ECM loads were
1/1000th of a dish.

1 - CM plwuTC3
2 - ECM pnUTC3
3 - CM pnuTC3-L
4 - ECM pnuTC3-L
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The activity of the processed’ form of each of the chimeras appeared

to be higher in the ECM, lanes 2 and 4, when compared to the

conditioned media, lanes 1 and 3. The amount of C3-L chimera

activity detected in the pNUTC3-L BHK-21 cells, lane 3, was about half

of the amount of C3 chimera activity detected in the pNUTC3 BHK-21

cells, lane 3. It is interesting to note that the detectable amount of

TIMP-2 in the conditioned media of the BHK-21 cells expressing the

C3-L chimera, lane 3, was higher than the amount of TIMP-2 in the

conditioned media of the BHK-21 cells expressing the C3 chimera, lane

1.

3.3.12 Gelatin Zymography of Conditioned Media from BHK-21

Cells Expressing TIMP-2 and TIMP-3 and the C2 and C3

Chimeras

TIMP-2, TIMP-3, C2 and C3 transfected BHK-21 cells were analyzed

by gelatin zymography to detect MMP activity and determine if higher

expression of TIMP-2 or TIMP-3 or the expression of the chimeras

influences MMP activity or expression. Gelatin zymography of the

C2CT3, T3CT2 and C3-L chimeras are not presented here due to the

changes in C3 and C3-L chimera expression (discussed later in this

chapter). Gelatin zymography of the conditioned media of

untransfected and transfected BHK-21 cells is shown in Figure 3.32.
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MMP-2 and MMP-9 activities and an uncharacterized gelatinase

activity, A, in the conditioned media from FHsl73We cells were

detected in lane 1. ProMMPs are activated in situ presumably by the

denaturation/renaturation process and autocatalytic cleavage (12).

The levels of MMP-2, proMMP-2 and MMP-9 activities and ‘A’ appeared

similarly in the conditioned media of untransfected BHK-21, pnuT

BHK-21 and pnuTTIMP-3 BHK-21 cells, lanes 3, 4, and 7, respectively.

Increased levels of MMP-2 and proMMP-2 activity were detected in the

pNUThuTIMP-2 BHK-21 cells, lane 5, in comparison to the

untransfected BHK-21, pINUT BHK-21 and pnuThuTIMP-3 BHK-21 cells,

lanes 3, 4, and 7, respectively. The levels of MMP-9 and ‘A’ activities

in the pNUThuTIMP-2 BHK-21 may have also been higher. The levels

of gelatinase activities in the conditioned media of pnuTC2 and

pNUTC3 transfected BHK-21 cells, lanes 6 and 8, respectively,

appeared comparable to each other but higher, than those in the

conditioned media of the pNUThuTIMP-2, lane 3, and much higher

than those detected in the conditioned media of the other cell types,

lanes 4, 5, and 7, respectively. Higher levels of gelatinase activities

that migrated between proMMP-2 and MMP-9, and above A were

detected in the conditioned media of pVUThuTIMP-2, pINUTC2 and

pMUTC3 transfected BHK-21 cells (lanes 5, 6, and 8) than in the

controls (lanes 3 and 4). While all detectable gelatinase activities
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Figure 3.32: 8% zymography of
conditioned media from untransfected
and transfected BHK-21 cells.
A - unknown gelatinase activity.

1 2 3 4 5 6 7 8

1 - CM FHS173We
2 - ECM FHS173We
3 - CM BHK-21
4 - CM pm UT BHK-21
5 - CM pm UThuTIMP-2 BHK-21
6 - CM prluTC2 BHK-21
7 - CM pnUThuTIMP-3 BHK-21
8 - CM pnUTC3 BHK-21
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appeared to be increased in cultures of BHK-21 cells overexpressing

TIMP-2 or expressing the C2 and C3 chimeras, (Figure 3.32) lanes 5,

6, and 8, respectively, the levels of proMMP-2 and MMP-2 activities

appeared most affected. The detectable gelatinase activities observed

in the conditioned media of BHK-21 cells overexpressing TIMP-3 did

not appear to be different than the untransfected or prluT transfected

BHK-21 controls. Although this could be confirmed by mRNA analysis,

the detection of this increased proMMP-2 and MMP-2 activity appeared

to be due to an increase in the expression of proMMP-2 in cultures of

the pNUThuTIMP-2, pIMUTC2 and pnuTC3 BHK-21 cells. There are no

published data relating increased TIMP expression to an increase in

MMP expression. Current opinion is that TIMP-2 forms a ternary

complex with proMMP-2 and MT1-MMP on the cell surface that results

in the activation MMP-2 (13, 14). Butler et al. reported that MMP-2

activation by MT1-MMP is enhanced by low concentrations TIMP-2 but

is inhibited by high concentrations of TIMP-2 (15). If the increase of

TIMP-2 in the conditioned media of the pNUThuTIMP-2 BHK-21 cells

only increased activation of MMP-2 then only MMP-2 levels and not

proMMP-2 levels should have increased. However, the levels of

proMMP-2 and MMP-2 were higher in the conditioned media of the

BHK-21 cells expressing TIMP-2 and the C2 and C3 chimeras in

comparison to the proMMP-2 and MMP-2 levels in the BHK-21 controls

166



and the BHK-21 cells expressing TIMP-3. Therefore, the proMMP-2

expression levels may have been higher in the pNUThuTIMP-2,

pNUTC2 and pnUTC3 BHK-21 cells.

If the expression of proMMP-2 was indeed being induced by TIMP-2

and the C2 and C3 chimeras, are the C2 and C3 chimera forming the

ternary complex with MT1-MMP and proMMP-2 to activate MMP-2? As

described in Chapter 1, the ternary complex is believed to be formed

by the N-terminal domain of MT1-MMP binding to the N-terminal

domain of TIMP-2 and the C-terminal domain of MMP-2 binding to the

C-terminal domain of TIMP-2 (14–16). The C2 chimera retains the C

terminal domain of TIMP-2 and the N-terminal binding regions of

TIMP-2 except for the 1° loop, therefore, it could still form the ternary

complex. TIMP-3 has been demonstrated to bind to the C-terminal

domain of MMP-2 and the C3 chimera contains the 1° loop of TIMP-2

in the N-terminal domain, therefore, it could possibly form the ternary

complex (17). Theoretically, both the C2 and C3 chimeras could

interact with MT1-MMP and proMMP-2 to form the ternary complex to

activate MMP-2.
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3.4 Discussion

The C2 and C3 chimeras were Constructed to determine if the first

basic Region I of TIMP-3 was involved in the binding of TIMP-3 in the

ECM. The basic Region I, Val23 to His30, of TIMP-3 was replaced with

the analogous region, Alaz3 to Tyró4, from TIMP-2 to construct the C3

chimera, and the reverse exchange was made for TIMP-2 to construct

the C2 chimera. It was anticipated that the C3 chimera would localize

to the Conditioned media and the C2 chimera would localize to the

ECM. Transiently transfected COS-1 cells and the stably transfected

BHK-21 Cells demonstrated that the C3 chimera localizes to the

conditioned media. The reverse chimera, C2, partially localizes to the

ECM. It is clear that the basic Region I of TIMP-3 (Val23 to His80) is a

major factor in the binding of this protein to the ECM because

exchange of this domain with the analogous region of TIMP-2 abolishes

ECM-binding. However, although this region may be necessary for

ECM-binding of TIMP-3, it is not sufficient for the complete conversion

of TIMP-2 into a matrix binding protein. That is, the C2 chimera

(TIMP-2 containing basic Region I of TIMP-3), while showing some

evidence of ECM-binding is still localized predominantly in the

Conditioned media.

It was proposed that the negatively charged C-terminal tail of the

C2 chimera could be interacting with basic Region I, blocking binding
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to molecules such as heparan sulfate in the ECM. By constructing the

C2CT3 chimera (C2 chimera with the C-terminus of TIMP-3) and the

T3CT2 chimera (TIMP-3 with the C-terminus of TIMP-2) it was

determined that the negatively charged C-terminal tail of TIMP-2 does

not alter the localization of the C2 chimera or TIMP-3.

The observations made in the previous chapter only analyzed the

electrostatic nature of TIMP-3 by mapping out differences of positive

and negative charge. Although the interactions appear to be

predominantly electrostatic, based on the TIMP models and polyanion

and polycation interaction studies by Kishnani et al., the possibility of

hydrogen bond formation was not analyzed (18). Preliminary

observations suggest that several tyrosines may also be involved in

the localization of TIMP-3 to the ECM. TIMP-3 contains 16 tyrosines

whereas TIMP-1, TIMP-2 and TIMP-4 contain 6, 7, and 11 tyrosines,

respectively. Seven of the tyrosines found in TIMP-3 are in or near

Regions II and III that appear on the same surface as the proposed

heparan sulfate binding domain, Region I, in the projected TIMP-3

model (data not shown). These tyrosines are not in TIMP-1 or TIMP-2,

or are near negatively charged amino acids and areas lacking

positively charged amino acids in TIMP-4. In reanalyzing Region II

and III with the addition of tyrosine content, it is conceivable that one

or both of these regions contributes to the binding of TIMP-3 in the
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ECM. In addition to the electrostatic interactions, these 'extra’

tyrosines in TIMP-3 could conceivably form hydrogen bonds with many

hydroxyl or amine groups in the heparan sulfate molecule.

Another possibility is that the binding of TIMPs to MMPs in the

conditioned media could be localizing TIMP-2 and the C2 and C3

chimeras in the conditioned media. To what degree does MMP-binding

influence localization? Although both TIMP-2 and TIMP-3 bind to MMP

2 with a K in the 10* M range, TIMP-2 binds to MMP-2 approximately

2-fold more than TIMP-3 (17, 19). The exchange of analogous regions

of TIMP-2 and TIMP-3 to create the chimeras may have altered this

selectivity towards MMP-2. The apparent expression level of MMP-2

appears to be higher in the BHK-21 cells expressing TIMP-2 and the C2

and C3 Chimeras. It is conceivable that the increased amounts of

proMMP-2 and MMP-2 in the conditioned media are binding to TIMP-2

and the C2 and C3 chimeras and retaining them in the conditioned

media. In order to study this possibility in vitro the TIMP-2 and the

chimeras must be expressed in cells that do not express MMP-2.

Currently, these cells do not exist. MMP-2 knockout cells would need

to be Created.

A possible dimer of TIMP-2 was detected exclusively in the

conditioned media of BHK-21 cells overexpressing TIMP-2. It is

possible that the dimer is formed through disulfide linkages that do not
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destroy TIMP activity. A disulfide-linked dimer would likely be through

the C-terminal TIMP domains because TIMP inhibitory activity is

through the N-terminal domain (11). A dimer of this type would

probably lack the ability to bind the C-terminal domain of MMP-2 (20).

Williamson et al. noted a highly hydrophobic surface region on the

MMP binding face of TIMP-2 (21, 22). This surface could conceivably

provide a site for dimerization of TIMP-2 or the C2 chimera through

hydrophobic interactions. If this form of dimerization were to occur it

would likely block N-terminal MMP interactions. The N-terminal

domains of TIMP-2 and TIMP-3 interact with the N-terminal domain of

MMP-2 more strongly than the C-terminal domains of TIMP-2 and

TIMP-3 interact with the C-terminal domain of MMP-2 (17). Either

form of a dimer, whether disulfide linked or through hydrophobic

interactions, would likely decrease their combined ability to bind to

MMP-2. With respect to a C2 dimer, the dimerization could be

lowering its capacity for binding to MMP-2 and allowing interaction of

the basic Region I with heparan sulfate and, therefore, localization to

the ECM. Whereas, dimerization of TIMP-2 may lower its capacity for

binding to MMP-2 but without basic Region I, it therefore localizes in

the Conditioned media.

The C3-L chimera may have also aided in probing the question of

localization by MMP-2 interactions in the conditioned media in cell
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culture. The C3 chimera contains the first loop of TIMP-2 that may be

involved in MMP-2 binding (11). The C3-L chimera was constructed by

removing this first loop, NDIYGN, of TIMP-2 to create a shorter loop

similar to the first loop in TIMP-3. It was anticipated that the C3-L

Chimera would localize in the Conditioned media similar to the C3

chimera but have similar TIMP-3 selectivity towards MMPs and/or

ADAMs. The initial COS-1 transfections were repeated three times.

Each resulted in the C3 chimera exclusively localizing in the

Conditioned media. The initial stable transfections of BHK-21 Cells

were repeated twice. Again, each resulted in the C3 chimera

exclusively localizing in the conditioned media. Recently, due to

unknown circumstances, the C3 chimera began to partially localize to

the ECM hampering the comparison between the C3 and C3-L

chimeras. During the past year, new stable transfections of BHK-21

cells with pnuTC3 and pm UTC3-L resulted in the C3 and C3-L chimeras

predominantly localized in the conditioned media but approximately

1/12" of the C3 and C3-L chimeras detected in the ECM. The pNUTC3

BHK-21 Cells from the earliest stable transfections when the C3

chimera exclusively localized in the conditioned media were thawed,

grown and the ECM and conditioned media were collected and

analyzed by reverse zymography. The C3 chimera was observed

predominantly localized in the conditioned media but approximately
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1/12" of the C3 chimera detected in the ECM. Serum, DMEM/F-12 and

tissue culture plate lot numbers have changed. It is possible that one

of these changes has altered the cells or the environment of the cells

Causing this change in localization. This is still under investigation.

To further study the interaction of TIMP-3 and the chimeras with

heparan sulfate in cell culture, we proposed transfecting the pNUT

vectors in cells that do not produce heparan sulfate. Esko et al. have

produced Chinese hamster ovary cells, PgsD-677, that lack both N

acetylglucosaminyltransferase and glucuronyltransferase activities that

are required for synthesis of heparan sulfate. It was anticipated that

because the cells do not produce heparan sulfate, TIMP-3 would not

localize to the ECM and would be detected in the Conditioned media of

pMUThuTIMP-3 transfected PgsD-677 cells. Several attempts to

transfect these cells with the pNUT vectors were unsuccessful. The

pNUT vector may have been toxic to the cells.

Because of the change in the exclusive localization in the

conditioned media by the C3 chimera, the possibility of MMP binding

conveying localization, and failed attempts at transfecting the PgsD

677 cells lacking heparan sulfate, it is clear that the TIMPs and

chimeras must be purified to study the interaction of heparan sulfate

and the MMPs in vitro. Chapter 4 describes experiments performed to

purify TIMP-3 and the chimeras for further characterization.
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Chapter 4

Purification of TIMP-3 and the C3 and C3-L Chimeras
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4.1 Introduction

To further test the hypothesis that TIMP-3 binds to the ECM

through interactions with heparan sulfate, TIMP-3 must be purified. In

addition, because the C3 and C3-L chimeras do not bind to the ECM,

these will also be purified to test whether their interactions with

heparan sulfate is less than that of TIMP-3. This chapter outlines the

steps taken to purify TIMP-3 and the C3 and C3-L chimeras.

Heparan sulfate has been shown to bind several proteins, such as

aFGF, bFGF, interleukin-5, and lipoprotein lipase (1-3). TO

demonstrate the preferential binding to heparan sulfate, two of the

investigators utilized purified protein and a heparan sulfate-binding

assay, such as equilibrium dialysis or a heparin Column with salt

elution chromatography. The other utilized medium from cells

expressing the protein and eluted the target protein from a heparin

column using a salt gradient to demonstrate differential binding. In

the latter method, the protein was impure. This approach could not be

utilized with the wild-type and chimeric TIMPs because of potential

complex formation with MMPs that may cause causing erroneous

heparan sulfate-binding results that could interfere with the

interpretation of heparan sulfate binding data. Therefore, the proteins

must be purified.
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Investigators have reported that TIMP-2 and TIMP-3 can be

purified from the conditioned media of human gingival fibroblasts and

TIMP-3 transfected NSO myeloma cells, respectively (4, 5). These

investigators used gel filtration chromatography with 1M NaCl in a

neutral Tris buffer to separate the MMP and TIMP complexes followed

by purification using cation exchange chromatography. Ward et al.

have also purified TIMP-1 and TIMP-2 by reverse phase

chromatography (correspondence).

Negro et al. demonstrated the purification of recombinant TIMP-3

from E. coli (6). The purification required TIMP-3 to be refolded

because the recombinant TIMP-3 formed inclusion bodies of TIMP-3

with incorrect disulfide bonds and, therefore, was not active. Due to

the difficulties involved in refolding proteins from inclusion bodies of E.

coli, this method was not pursued.

In the following sections, the partial purification of minute amounts

of TIMP-3 and chimeras are reported. Because of the complexity of

the molecular interactions and the low levels of available material, this

purification was not completed. Nevertheless, the information can aid

future purification when sufficient materials become available.
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4.2 Materials and Methods

4.2.1 Collection of Conditioned Media and Preparation of

Extracellular Matrix – BHK-21 cells transfected with pnuThuTIMP-3,

BHK-21 cells transfected with pnuTC3, and BHK-21 cells transfected

with pnuTC3-L were seeded at 6.5 x 10° cells/10 cm dish in 5% FBS

DMEM/F-12 (UCSF Cell Culture Facility) at 37 °C, 5% CO2 for 24 h.

The media were aspirated and replaced with either 5% FBS DMEM/F-

12 containing 80 pm ZnSO4 or Gibco-BRL VP-SFM, virus production

serum-free media, containing 80 p!M ZnSO4 and the cells were allowed

to grow for another 24 h before ECM and CM collection. The ECM from

the pNUThuTIMP-3 BHK-21 cells was isolated using the method

described in Appendix A by applying 500 pil of Laemmli sample buffer

to each culture dish. The pooled samples were concentrated v40:1

(unless specified) in a Centriplus-20 8000 MW cut-off concentrator

(Millipore Corp.). The conditioned media from the pNUTC3-L BHK-21

cells was filtered through a 0.2 pm 0.2 pm polyethersulfone, PES, filter

(Millipore Corp.) and concentrated ºvá0:1 (unless specified) in a

Centriplus-20 8000 MW cut-off concentrator (Millipore Corp.). A

sample of the ECM and CM before the concentration step was stored

for analysis by reverse zymography analysis.

4.2.2 Ion Exchange Chromatography – A 16 cm x 10 mm

HiLoad 16/10 SP Sepharose ion exchange column (Amersham
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Pharmacia Biotech) was equilibrated in the specified buffers indicatedd

in the figures, at 0.6 ml/min on a Hewlett Packard 1100 HPLC system.

The Hewlett Packard 1100 system consisted of an HP1100 quaternary

pump, HP1100 vacuum degasser, HP1100 UV/Visible variable

wavelength detector and an HP 1100 Chemstation data system kindly

provided by Quantum Analytics (Foster City, CA). Concentrated ECM

or CM (500 pl) were diluted in 15 ml of ion exchange equilibration

buffer and concentrated to ~500 pil in a Centriplus-20 8000 MW cut-off

concentrator (Millipore Corp.). A 500 pil aliquot was injected onto the

column and eluted with a sodium chloride gradient. The UV/Visible

wavelength detector was set at 280 nm. Eluted fractions were

collected at 0.6 ml/tube and analyzed by reverse zymography (see

Appendix A).

4.2.3 Gel Filtration Chromatography – A 10 mm X 30 cm

column was packed with Superdex 200 preparative grade (Amersham

Pharmacia Biotech) and equilibrated in mobile phase buffer at 1.0

ml/min on the Hewlett Packard 1100 HPLC system and the UV/Visible

wavelength detector was set at 280 nm. Eluted fractions were

collected at 1.0 ml/tube and analyzed by reverse zymography

4.3 Results and Discussion

Preliminary experiments indicated that it was necessary to

concentrate the ECM and conditioned media prior to chromatography
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in order to facilitate the detection of TIMP-3 and the C3 and C3-L

chimeras, respectively, by absorbance at 280 nm and their activities

by reverse zymography. Apte et al. demonstrated the purification of

TIMP-3 from TIMP-3 transfected mouse myeloma cell conditioned

medium by utilizing an S-Sepharose cation exchange column with a

MES buffered salt gradient (5). An SP-Sepharose cation exchange

column was utilized in the initial attempt to purify TIMP-3 from the

ECM of pnuThuTIMP-3 BHK-21 cells.

The chromatogram of the ion exchange chromatography of

concentrated ECM from pnuThuTIMP-3 BHK-21 cells is shown in Figure

4.1 with the reverse zymogram of the eluted fractions shown in Figure

4.2. Peak 1 (Figure 4.1) contained TIMP-3 and glycosylated TIMP-3,

lane 1 (Figure 4.2), with MMP activity that was determined to be

MMP-2. Although, at a lower concentration, peak 2 (Figure 4.1) also

contained TIMP-3 and glycosylated TIMP-3 but without any MMP

activity, lane 2 (Figure 4.2). Both peaks also appeared to contain the

processed form of TIMP-3 that migrated just below the unglycosylated

TIMP-3.

Ion exchange chromatography and reverse zymography of

concentrated conditioned media of pnuTC3 BHK-21 cells induced in

5% FBS DMEM/F-12 containing 80 pm ZnSO4 showed similar results,

Figures 4.3 and 4.4, respectively. The C3 chimera predominantly
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Figure 4.1: Ion exchange chromatogram of concentrated ECM from pnuThuTIMP-3
BHK-21 cells chromatographed on a HiLoad 16/10 SP Sepharose column
equilibrated in 25 mM Tris (pH 7.0), 0.025% Brij95, 0.02% NaN3 and eluted with
25m M Tris (pH 7.0), 1 M NaCl, 0.025% Brij35, 0.02% NaN3 with the following
gradient: 0-5 min - 5% elution buffer

5-65 min – 100% elution buffer
Flow rate: 0.6 ml/min. Injection volume: 0.5 ml.

pro-MMP-2 Figure 4.2: Reverse zymogram of eluted
MMP-2–3 fractions from ion exchange chromatography

of concentrated ECM from pnuThuTIMP-3
BHK-21 Cells.

1 - 20 ul Peak 1
2 - 20 pil Peak 2
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SP Sepharose column in 25 mM MES, 0.025% Brij 35, 0.02% NaN3 (pH 6.0) and
eluted with 1 M NaCl, 25 mM MES (pH 6.0), 0.025% Brij 35, 0.02% NaN3 with the
following gradient:

0–5 min – 5% elution buffer
5-65 min - 100% elution buffer

Flow rate: 0.6 ml/min. Injection volume: 0.5 ml.

pro-MMP-2 Fº
-

|Figure 4.4: Reverse zymogram of eluted
MMP-2 —- fractions from ion exchange chromatography

of concentrated 5% FBS DMEM/F-12 CM from
Albumin- pnuTC3 BHK-21 cells.

1 - 5 pil CM from pnuTC3 BHK-21
(starting material)

2 - 25 pil Peak 1
3 - 25 pil Peak 2
4 - 25 pil Peak 3
5 - 25 pil Peak 4
6 - 25 pil Peak 5
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eluted in peak 3 (Figure 4.3), lane 4 (Figure 4.4). The albumin

obscured the gelatinase activity in lane 4 (Figure 4.4) and the adjacent

lanes. TIMP-1 or the glycosylated form of the C3 chimera eluted at

different salt Concentrations. Because both TIMP-1 and the C3

chimera are glycosylated and glycosylation is usually heterogeneous,

the observed elution pattern would be expected. ProMMP-2 and

MMP-2 were not resolved on this gel. The band that migrated just

above the proMMP-2/MMP-2 band was unresolved proMMP-9 and MMP

9, which appeared in each eluted fraction. These MMP activities were

confirmed by gelatin zymography (data not shown). Their elution at

different salt concentrations may have been due to heterogeneous

glycosylation and/or complex formation with TIMPs. Although

obscured by the gelatinase activity in lane 4 (Figure 4.4), the C3

chimera appeared to be separated from TIMP-2, lane 3 (Figure 4.4).

The TIMP-3 and C3 chimera eluted in the ion exchange

experiments together with MMP activity. This co-elution may have

been due to formation of MMP/TIMP complexes. Gel filtration

chromatography was utilized to separate these complexes before

separation by other chromatographic methods. In addition, because

TIMP-3 ECM harvesting requires several dishes to collect sufficient

sample for a single chromatography experiment, the purification of the

C3 or C3-L chimeras from conditioned media was attempted first
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because larger quantities were more easily produced and

concentrated. The quantity of TIMP-3 in the conditioned media of

induced pnuThuTIMP-3 BHK-21 cells is significantly lower than the

quantities of C3 and C3-L chimeras in the conditioned media of

pNUTC3 BHK-21 and pnuTC3-L BHK-21 cells, respectively. Although

chromatographic procedures were not developed for purification of

TIMP-3 from conditioned media of pnuThuTIMP-3 BHK-21 cells, gel

filtration chromatography conditions for the C3 and C3-L chimeras

could be applied to the purification of TIMP-3. Because the high

quantity of albumin in the conditioned media of cells grown in 5% FBS

DMEM/F-12 obscured the analysis by reverse zymography and may

also cause purification problems, Gibco BRL's virus production serum

free media, VP-SFM, was utilized for induction and expression of the

chimeric proteins.

Gel filtration chromatography of VP-SFM conditioned media from

BHK-21 cells expressing the C3 chimera was performed utilizing a 30

cm x 10 mm, 30/10, Superdex 200 preparative grade column with 25

mM MES, 0.025% Brij 35, 0.02% sodium azide (pH 6.0). The

chromatogram and reverse zymogram in Figures 4.5 and 4.6,

respectively, showed that the chimera does not separate from the MMP

activities. The MMP and TIMP activities were present in each eluted
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Figure 4.5: Gel filtration chromatogram of concentrated VP-SFM CM from pnuTC3
BHK-21 cells chromatographed in 25 mM MES (pH 6.0), 0.025% Brij 35, 0.02%
NaN3 using a 10mm x 30 cm column packed with Superdex 200 preparative
grade packing. Flow rate: 1.0 ml/min. Injection volume: 1 ml.

Figure 4.6: Reverse zymogram of eluted
fractions from gel filtration of concentrated
VP-SFM CM from pnuTC3 BHK-21 cells
chromatographed in 25 mM MES (pH 6.0),
0.025% Brij 35, 0.02% NaN3.
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fraction. The TIMP activity in lane 2 (Figure 4.6) may have been

diffusion from lane 3. Under these conditions, the MMPs and TIMPs

(including the chimeras) appeared to form intermolecular and/or

intramolecular complexes. For globular proteins, the fractionation

range of this column packing is 10-600 kDa. If the MMPs and TIMPs

did not form intermolecular and/or intramolecular complexes, the

MMPs and TIMPs should have separated with some resolution and not

with such a heterogeneous elution pattern. The MMPs and TIMPs may

have formed complexes with other unknown proteins. The

glycosylated C3, or TIMP-1, appeared to show preferential binding or

other complex formations because the ratio of glycosylated C3 (or

TIMP-1)/C3 was higher in peak 4 (Figure 4.5), lane 5 (Figure 4.6) than

in peak 2 or 3, lane 3 and 4, and unglycosylated C3 was not contained

in peak 5 (Figure 4.5), lane 6 (Figure 4.6). Where as unglycosylated

C3 was in peaks 2, 3, and 4, lanes 3, 4, and 5.

In order to disrupt the molecular interactions of the MMP and TIMP

Complexes, the use of strong chaotropes, such as urea or guanidine,

was considered. However, these chaotropes could cause a loss of

TIMP activity due to denaturation and/or interference in reverse

zymography. Ward et al. reported using 1 M NaCl in a Tris buffer to

separate TIMP-2 and MMP-2 (4). Although it was not stated in the

reference, it was assumed that the salt was utilized to disrupt
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electrostatic interactions between TIMP-2 and MMP-2. However, the

goal was to separate the chimera from the other TIMPs. A lower salt

concentration may disrupt any complexes of the chimera with MMP-2

or MMP-9 and not those complexes between TIMP-2 and MMP-2 and/or

MMP-9. Therefore, a lower salt concentration such as 0.5 M instead of

1 M may result in the separation of the chimera from TIMP-2 and the

MMPS.

Figure 4.7 and 4.8 show the chromatogram and reverse zymogram,

respectively, of gel filtration utilizing the 30/10 Superdex 200 column

in 0.5 M NaCl, 25 mM MES (pH 6.0), 0.025% Brij 35, 0.02% sodium

azide. Most of the C3 activity was contained in peaks 3 and 4 (Figure

4.7) shown in lanes 6 and 7 (Figure 4.8), respectively. This method

appeared to separate most of the glycosylated and unglycosylated C3

chimera, lanes 6 and 7 (Figure 4.8), from the MMPs and TIMP-2 and,

possibly, TIMP-1, lane 5. Very low quantities of C3 activity was

detected in peaks 1, 2 and 5 (Figure 4.7), lanes 4, 5 and 8 (Figure

4.8), respectively. Peak 3 (Figure 4.7), lane 6 (Figure 4.8), contained

very low levels of MMP-2 and TIMP-2 activities. Peak 4 (Figure 4.7),

lane 7 (Figure 4.8) appeared to be free of TIMP-2 activity but

appeared to retain a small amount of MMP-2 activity. However,

because MMP-2 activity was detected in the blank lane, lane 3 (Figure
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Figure 4.7: Gel filtration chromatogram of concentrated VP-SFM CM from pnuTC3
BHK-21 cells chromatographed in 0.5 M NaCl, 25 mM MES (pH 6.0), 0.025% Brij 35,
0.02% NaN3 using a 10mm x 30 cm column packed with Superdex 200 preparative
grade packing. Sample: CM concentrated from 30 ml to 500 pil and diluted in
running buffer to 1 ml. Flow rate: 1.0 ml/min. Injection volume: 1 ml.

Figure 4.8: Reverse zymogram of
eluted fractions from gel filtration
of concentrated VP-SFM CM from
pNUTC3 BHK-21 cells

7 chromatographed in 0.5 M NaCl,
25 mM MES (pH 6.0)., 0.025%
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4.8) part of the MMP-2 activity seen in lanes 4, 6, 7, and 8 may have

been due diffusion from lane 5 during sample loading.

To determine if better resolution of the MMPs and the C3 chimera

could be attained, the salt concentration was raised from 0.5M to 1 M

NaCl. In addition, the buffer was changed to a 25 mM Tris (pH 7.0),

containing 1 M NaCl, 0.025% Brij 35, 0.02% sodium azide as in the

method described by Ward et al. (4). Figures 4.9 and 4.10, show the

chromatogram and reverse zymogram results, respectively. Although,

the C3 activity was detected in all eluted fractions, the highest activity

was in peaks 3 and 4 (Figure 4.9), lanes 3 and 4 (Figure 4.10). There

was clearly no TIMP-2 activity in either lane 3 or 4 (Figure 4.10) and

no detectable levels of MMP-2. It is of interest to note that these

chromatographic conditions did not disrupt the TIMP-2/MMP-2 complex

as described in the literature (4). The column began to compress

during this chromatographic separation.

Utilizing the 1 M NaCl in 25 mM Tris, 0.025% Brij 35, 0.02%

sodium azide (pH 7.0) buffer and two tandem 30/10 Superdex 200

preparative grade column, VP-SFM conditioned medium frompNUTC3-L

BHK-21 cells was chromatographed, Figure 4.11. The tandem columns

increased the number of theoretical plates and, therefore, a higher

degree of separation was achieved. In addition, the assumption was

that the C3 and C3-L chimeras would have similar separation
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Figure 4.9: Gel filtration chromatogram of concentrated VP-SFM CM from pnuTC3
BHK-21 cells chromatographed in 1.0 M NaCl, 25 mM Tris (pH 7.0), 0.025% Brij 35,
0.02% NaN3 using a 10mm x 30 cm column packed with Superdex 200 preparative
grade packing. Flow rate: 1.0 ml/min. Injection volume: 500 pil.

Figure 4.10: Reverse zymogram of eluted
fractions from gel filtration of concentrated

MMP-2—3 VP-SFM CM from pnuTC3 BHK-21 cells
-

chromatographed in 1.0 M NaCl, 25 mM Tris
(pH 7.0), 0.025% Brij 35, 0.02% NaN3.
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Figure 4.11: Gel filtration chromatogram of concentrated VP-SFM CM from pnuTC3-L
BHK-21 cells chromatographed in 1.0 M NaCl, 25 mM Tris (pH 7.0), 0.025% Brij 35,
0.02% NaN3 using two tandem 10 mm x 30 cm column packed with Superdex 200
preparative grade packing. Flow rate: 0.6 ml/min. Injection volume: 1.0 ml.
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Figure 4.12: Reverse zymogram of
eluted fractions from gel filtration
of Concentrated VP-SFM CM from
pNUTC3-L BHK-21 cells
chromatographed in 1.0 M NaCl,
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characteristics because they had a difference of only 6 amino acids

that form the 1° loop. Analysis by reverse zymography, Figure 4.12,

demonstrated that indeed the C3-L chimera, lanes 4-6, was separated

from the TIMP-1, TIMP-2 and the MMPs, lane 3. In addition, most of

the glycosylated C3-L, lane 4 (Figure 4.12), was resolved from the

unglycosylated C3-L, lane 5. A relatively low level of glycosylated

C3-L co-eluted with the C3-L but was much less than in the previous

fraction. In addition, it appeared that the processed form of C3-L,

lane 6 (Figure 4.12), was separated from the full C3-L.

The separation of the VP-SFM conditioned media from pnuTC3-L

BHK-21 cells was repeated twice. Eluted fractions from the three runs

were pooled and concentrated. The buffer of the eluted fractions was

also exchanged with ion exchange equilibration buffer containing no

NaCl. This was achieved by diluting the pooled eluted fractions with

ion exchange equilibration buffer during the concentration. The

concentrated samples were chromatographed utilizing the ion

exchange chromatography as described above and eluted fractions

were collected. The ion exchange chromatogram showed extremely

low levels of absorbance at 280 nm and no TIMP activity was detected

in the fractions by reverse zymography (data not shown). The C3-L

chimera was likely lost during the concentration and buffer exchange.
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The low quantities of protein may have adhered to the walls or the

filter of the 15 ml plastic concentration device.

During the last few chromatographic separations, the columns were

compressing and finally collapsed. Two new columns were packed and

placed in tandem but the separation could not be repeated without co

elution of MMP-2 and the chimeras. The Superdex 200 preparative

grade packing is best suited for proteins between 50-200 kDa. The

collapsing of the columns may have decreased the pore size,

therefore, increasing their ability to discriminate smaller proteins such

as the chimeras (21.5 – 22.1 kDa) resulting in the separations

demonstrated in Figure 4.9 and 4.11. Superdex 75 would be a better

packing for separation of the chimeras because the fractionation range

is 3-70 kDa for globular proteins. To address the problem of sample

loss, more VP-SFM conditioned media should be produced,

concentrated, and chromatographed on a higher capacity column (26

mm x 60 cm) to obtain more chimeric protein for further purification

by ion exchange and/or reverse phase chromatography.

Because TIMP-3 can be extracted from the ECM with heparan

sulfate, production of TIMP-3 with VP-SFM containing 80 pm ZnSO4

and heparan sulfate may result in more TIMP-3 in the conditioned

medium. This Conditioned medium Could be concentrated and
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theoretically chromatographed under similar conditions as the C3 and

C3-L chimeras.

Although the goal of purifying TIMP-3 and the chimeras for binding

experiments with heparan sulfate was not achieved, these gel filtration

chromatography conditions provide an excellent first step towards the

purification of the C3 and C3-L chimeras. Eluted fractions were not

analyzed for purity by silver-stained SDS polyacrylamide gels because

the primary goal of these chromatographic steps was to separate the

MMP and TIMP complexes.
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Chapter 5

Co-localization of TIMP-3 and Heparan Sulfate

By

Confocal Microscopy
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5.1 Introduction

Part of the hypothesis is that TIMP-3 is held in the ECM by heparan

sulfate chains of HSPGs. This was based on the observation by

Kishnani and Hawkes that heparan sulfate-coated agarose beads could

extract TIMP-3 from the ECM of cultured chicken embryo fibroblasts

(1). In addition, molecular modeling of TIMP-3 and heparan sulfate

demonstrated that TIMP-3 could electrostatically interact with heparan

sulfate.

The heparan sulfate chains of HSPGs bind to various proteases,

protease inhibitors, cytokines and growth factors such as MMP-7, anti

thrombin III, lipoprotein lipase, the FGFs, VEGF, hepatocyte growth

factor, keratinocyte growth factor, and TGF-B (2, 3). Heparan sulfate

chains also bind to structural proteins in the ECM such as fibrillar

collagen, fibronectin, and laminin (4). In each case HSPGs appear to

function as a way of accumulating or localizing heparan sulfate binding

molecules to enhance and/or promote ligand-receptor, protease

inhibitor and protease-substrate interactions. HSPGs in the the ECM

include perlecan, agrin and type XVIII collagen (5). Two families of

HSPGs, Syndecans-1 through –4 and glypicans-1 through -6, and two

unrelated HSPGs, CD44E and the TGF-B-receptor betaglycan have

been identified on the cell surface (6, 7).
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Confocal microscopy was performed to determine if TIMP-3 and

heparan sulfate co-localize in cultured cells. The pNUThuTIMP-3 BHK

21 cells were also incubated with heparan sulfate to determine if

Kishnani and Hawkes observations could be repeated with these cells.

In addition, pINUThuTIMP-3 BHK-21 cells were incubated with

heparinase III and chondroitinase ABC to determine if the degradation

of heparan sulfate or chondroitinase sulfate chains would release

TIMP-3 from the extracellular matrix. Although TIMP-3 has been

designated an ECM protein, Blenis and Hawkes reported that TIMP-3

also appears to be associated with the cell surface (8). The data

presented in this chapter demonstrate that TIMP-3 co-localizes with

heparan sulfate in the ECM and on the cell surface.

5.2 Materials and Methods

5.2.1 Maintenance of BHK-21 Cells - The BHK-21 Cells were

seeded at a density of 650,000 cells/100mm dish (Corning Corp.) in

10 ml of 50/50 DMEM/F-12 (Gibco BRL) containing 5% (vol./vol.) FBS

(Sigma Chemical Co.) at 37 °C and 5% CO2. Cells were passaged by

aspirating the media, washing with 1 ml of PBS-CMF, adding 1ml

0.25% trypsin/0.02% EDTA, aspirating the excess trypsin/EDTA and

incubating at 37 °C, 5% CO2 for 5 min. The cells were removed by

gentle washing with an appropriate amount of medium to be
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subcultured at a 1:20 split ratio every 3–4 days. Every fourth passage

500 pm methotrexate in 5% FBS, DMEM/F-12 selection was reapplied

in order to maintain stable, high-level expression.

5.2.2 BHK-21 Cell Growth and treatment with heparinase

III - Cells were plated on 8-well Labtek glass chamber slides at

10,000 cells/well in 400 pil of 2% FBS DMEM/F-12 (UCSF Tissue

Culture Facility) with 100 units/ml penicillin and 0.1 mg/ml

streptomycin and maintained at 37 °C, 5% CO2. Each cell type was

plated in duplicate (BHK-21 without vector and BHK-21 transfected

with pnuThuTIMP-3). After 72 h, the medium was removed from one

well of each cell type and the monolayer of cells was washed with 400

pl PBS three times. Heparinase III from Flavobacterium heparinum

(Sigma Chemical Co.), 0.5 units 100 pil of PBS was added to one well

of each cell type and incubated at 37 °C, 5% CO2 for 1.5 h. The cells

were washed three times with 400 pil PBS and fixed with 400 pil of cold

(4 °C) 4% paraformaldehyde in PBS for 8 min at room temperature.

The wells were washed three times with 400 pil PBS.

5.2.3 Cell Growth and treatment with heparan sulfate,

heparinase III and chondroitinase ABC - Cells were plated on 8

well Labtek glass chamber slides at 10,000 cells/well in 400 pil of 2%

FBS DMEM/F-12 (UCSF Tissue Culture Facility) with 100 units/ml

penicillin and 0.1 mg/ml streptomycin and maintained at 37 °C, 5%
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CO2, utilizing 8-wells/cell type (untransfected BHK-2 and

pMUThuTIMP-3 transfected BHK-21). After 64 h, the medium was

removed and an aliquot was added to 2X Laemmli sample buffer and

stored at -20 °C. The monolayer of cells was rinsed three times with

400 pil PBS. The following protocol was repeated for each cell type: A

200 pil aliquot of PBS was added to two of the wells. A 200 pil aliquot of

1 mg/ml heparan sulfate (Sigma Chemical Co.) in PBS was added to

two wells. A 200 pil aliquot of 5 units/ml of heparinase III from

Flavobacterium heparinum in PBS was added to two wells. A 200 pil

aliquot of 3.33 units/ml of chondroitinase ABC (Seikagaku America

Inc.) was added to two wells. The slides were incubated at 37 °C, 5%

CO2 for 1.5 h. The solution from each well was mixed with an equal

volume (~200 pil) 2x Laemmli sample buffer without B

mercaptoethanol and stored at -20 °C until analyzed by reverse

zymography (See Appendix). Cells were detached from one well of the

two wells treated with either PBS, heparan sulfate, heparinase III, and

chondroitinase ABC by rinsing the cells with PBS-CMF, adding 400 pil of

5 mM EGTA PBS-CMF and incubating the slides at 37 °C, 5% CO2 for

15 min. The cells were rinsed off with 400 pil PBS-CMF and saved.

The wells were rinsed three times with 400 pil PBS-CMF, one time with

400 pil sterile da}{2O, and dried. The ECM was collected by pipetting

20 pil of 1x Laemmli sample buffer without 6-mercaptoethanol into the
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well, moving the pipette against the bottom surface of the well and re

collecting the sample buffer. The ECM samples were stored at -20 °C

until analysed by reverse zymography (See Appendix). The cells from

the remaining well treated with PBS, heparan sulfate, heparinase III,

and chondroitinase ABC were rinsed with 400 pil PBS and fixed with

400 pil cold (4 °C) 4% paraformaldehyde in PBS for 8 min at room

temperature. The paraformaldehyde was removed and the well was

rinsed three times with 400 pil PBS.

5.2.4 Staining with Anti-chkTIMP-3 Polyclonal Antibody and

Anti-human Heparan Sulfate Monoclonal Antibody - The

monolayer of cells was blocked with 400 pil of 0.5% BSA in PBS for 1 h

on a rocking platform at room temperature. The blocking solution was

aspirated from each well and replaced with rabbit anti-chkTIMP-3 pab

(Hawkes' Laboratory) diluted at 1:500 and mouse anti-human heparan

sulfate mab (Calbiochem) diluted at 1:200 in 200 pil of 0.5% BSA in

PBS. The slides were incubated at 4 °C for 16 h. The primary

antibody solutions were removed and the wells were gently washed

three times with 300 pil 0.5% BSA PBS. Texas Red- conjugated goat

anti-mouse IgG (Molecular Probes) diluted at 1:500 and Alexa Fluor

488-conjugated goat anti-rabbit IgG (Molecular Probes) diluted at

1:1000 in 200 pil of 0.5% BSA in PBS were added to each well and set

on a rocking platform for 1 h at room temperature. The secondary
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antibody solutions were aspirated off and the wells were washed 3

times with 300 pil PBS. The chamber dividers and seals were removed

and 2-3 drops of Vector Shield (Molecular Probes) were added with a

cover slip and sealed using clear nail polish. After 30 min, the slides

were analyzed with the confocal microscope or stored at −20 °C.

5.2.5 Confocal Microscopy - Confocal microscopy was

performed utilizing a the Bio-Rad MRC 1024 Microradiant Imaging

System (Bio-Rad) with an Argon/Krypton laser tuned to an excitation

wavelength of 488 nm and set to analyze emmission wavelengths of

602 nm for Texas Red and 522 nm for Alexa Fluor 488. Data were

collected at 60X magnification using a sequential Z-series method with

1 pm steps.

Images from the confocal microscope were stored as *.pic files, a

Bio-Rad proprietary format, on the Bio-Rad instrument. The files were

transferred to a Pentium II/233MHz computer running Windows 2000

Professional and converted to *.tif (tagged image format) files using

Confocal Assistant version 4.02 (Bio-Rad). Adobe Photoshop 5.5

(Adobe Systems Inc.) was utilized to merge the final images.
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5.3 Results

In order to demonstrate that TIMP-3 and heparan sulfate co

localize and could interact, confocal microscopy was utilized. BHK-21

cells and BHK-21 cells transfected with pnuThuTIMP-3 were

propagated on 8-well glass slides for immunofluorescence staining of

TIMP-3 and heparan sulfate and analysis by confocal microscopy.

TIMP-3 was detected by a rabbit anti-chicken TIMP-3 antibody and an

Alexa Fluor 488-conjugated, goat anti-rabbit affinity purified secondary

antibody that emits green fluorescence. Heparan sulfate was detected

by a mouse anti-human heparan sulfate monoclonal antibody and a

Texas Red-conjugated, goat anti-mouse affinity purified antibody that

emits red fluorescence. Several fluorescent images through the plane

of the cell monolayer, Z-sections, were collected sequentially to reduce

fluorescent bleed from one fluorophore to the other. The green

images showing TIMP-3 staining and the red images showing heparan

sulfate staining were overlayed in Adobe Photoshop 5.5 to

demonstrate co-localization that was depicted in yellow. Due to

difficulties with color matching between the computer monitor and

printer, some printed images appeared with sections of green where

yellow was actually observed.
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5.3.1 Confocal Microscopy of Untransfected and pnuThuTIMP-3

Transfected BHK-21 Cells

Figure 5.1 shows examples of images collected from the confocal

microscope from untransfected and pnuThuTIMP-3 transfected BHK-21

cells stained with the heparan sulfate and TIMP-3 antibodies, and their

respective red and green fluorescing secondary antibodies. The

distribution of TIMP-3 and heparan sulfate in the untransfected

BHK-21 cells appeared to be similar, Figure 5.1, A and B. However

more intense staining was observed for heparan sulfate, Figure 5.1, B.

Figure 5.1, C, demonstrated the complete co-localization of TIMP-3

with heparan sulfate depicted in yellow, and regions where staining

was observed for heparan sulfate and not TIMP-3 depicted in red. No

staining of TIMP-3 without co-localized staining of heparan sulfate,

which would be depicted in green in Figure 5.1, C, was observed in the

untransfected BHK-21 Cells.

The detection of TIMP-3 and heparan sulfate in the pNUThuTIMP-3

transfected BHK-21 cells appeared very similar, Figure 5.1, D and E.

Figure 5.1, F, demonstrates the co-localization of TIMP-3 with heparan

sulfate depicted in yellow, and regions where staining was observed

for heparan sulfate and not TIMP-3 depicted in red. No areas were

detected where TIMP-3 staining is observed without co-localization of

heparan sulfate that would be depicted in green in Figure 5.1, C. The
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Figure 5.1: Confocal microscopy images of untransfected BHK-21 (A-C) and pnuThuTIMP-3
transfected BHK-21 (D-F). A and D - probed with rabbit anti-chicken TIMP-3 påb and Alexa
Fluor 488-conjugated, goat anti-rabbit secondary Ab emitting green fluorescence. B and E -
probed with mouse anti-human heparan sulfate mab and Texas Red-conjugated, goat anti
mouse secondary Ab emitting red fluorescence. C and F - merged images showing
co-localization in yellow. All images are at 60X magnification.
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relative amount of TIMP-3 observed in the pNUThuTIMP-3 BHK-21 co

localizing with heparan sulfate was much higher than that observed in

the untransfected BHK-21 cells, Figure 5.1, C and F, respectively. In

addition, there were significantly fewer areas of heparan sulfate

staining without TIMP-3 staining observed in the pNUThuTIMP-3 than

in the untransfected BHK-21 cells. Although the cell density was

higher in the images of pnuThuTIMP-3 BHK-21 cells compared to the

images of untransfected BHK-21 cells, the distribution of TIMP-3 and

heparan sulfate was observed to be the same for other regions of each

respective well. In Figure 5.1, F (white arrow), co-localization of

TIMP-3 and heparan sulfate also appeared to be co-localized on the

cell surface. TIMP-3 and heparan sulfate co-localization on the cell

surface was observed in other images of pnuThuTIMP-3 transfected

BHK-21 and untransfected BHK-21 Cells.

5.3.2 Confocal Microscopy of pnuThuTIMP-3 BHK-21 Cells

Incubated with Heparinase III

The pNUThuTIMP-3 transfected BHK-21 cells were incubated with

heparinase III to determine if heparan sulfate degradation would

release TIMP-3 from the ECM. Kishnani and Hawkes observed TIMP-3

in the conditioned media of chicken embryo fibroblasts when they were

incubated with heparan sulfate (1). Heparinase III is an
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endoglycosidase that specifically cleaves the 1-4 linkages between the

hexosamine and glucuronic acid residues of heparan sulfate (9). The

assumption was made that heparinase III would cleave the heparan

sulfate binding TIMP-3 and that any TIMP-3 bound to heparan sulfate

would be concomittantly released.

Figure 5.2, panels A, B and C, show examples of the untreated

pNUThuTIMP-3 BHK-21 cells. The distribution of TIMP-3 and heparan

sulfate in the pNUThuTIMP-3 transfected BHK-21 cells appeared very

similar, Figure 5.2, A and B. Figure 5.2, C, demonstrates the complete

co-localization of TIMP-3 with heparan sulfate depicted in yellow, and

regions where staining was observed for heparan sulfate and not

TIMP-3 depicted in red. The staining of the untreated pnuThuTIMP-3

BHK-21 cells with both antibodies appeared as a meshwork around

and on the cell surface, Figure 5.2, A, B and C.

Figure 5.2, panels D, E, and F, show examples of images observed

following incubation of the pNUThuTIMP-3 transfected BHK-21 cells

with heparinase III in PBS. TIMP-3 and heparan sulfate staining was

observed concentrated around circular areas that appeared to be

partially detached cells, Figure 5.2, D and E. The co-localization of

TIMP-3 and heparan sulfate is shown in Figure 5.2, F. There were no

areas where TIMP-3 or heparan sulfate staining was observed alone.

Small spots of intense TIMP-3 and heparan sulfate staining were also
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D E F

Figure 5.2: Confocal microscopy images of TIMP-3 transfected BHK-21 (A-C) and TIMP-3
transfected BHK-21 treated with heparinase Ill (D-F). A and D - probed with rabbit anti
chicken TIMP-3 påb and Alexa Fluor 488-conjugated, goat anti-rabbit secondary Ab emitting
green fluorescence. B and E - probed with mouse anti-human heparan sulfate mab and
Texas Red-conjugated, goat anti-mouse secondary Ab emitting red fluorescence. C and F
- merged images showing co-localization in yellow. All images are at 60X magnification.
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observed, Figure 5.2, D, E, and F (indicated by white arrows). These

may have been anomalies or fragments of ECM or cells that

Concentrated in these areas. The meshwork around and on the cell

surface of the heparinase III treated pnuThuTIMP-3 BHK-21 cells

could barely be detected by either antibody.

5.3.3 Confocal Microscopy of pnuThuTIMP-3 BHK-21 Cells

Incubated with Heparan Sulfate, Heparinase III, and

Chondroitinase ABC

The heparinase III experiment was repeated. In addition, heparan

sulfate and Chondroitinase ABC were also incubated with the

pNUThuTIMP-3 transfected BHK-21 cells. Although this did not affect

the experiment, these cultures of pm UThuTIMP-3 BHK-21 cells did not

appear to express much TIMP-3 as observed in the previous

experiments. Figure 5.3 shows examples of confocal microscopy

images observed with the incubation of the pNUThuTIMP-3 BHK-21

cells with PBS, A, heparan sulfate, B, heparinase III, C, and

chondroitinase ABC. Only the co-localization images are shown in

Figure 5.3. Figure 5.3, A, shows the untreated pnuThuTIMP-3 BHK-21

cells that were incubated in PBS. The co-localized staining of TIMP-3

and heparan sulfate could be seen on and around the cell surface

depicted in yellow. Areas of green were actually observed as

212



D

Figure 5.3: Confocal microscopy images of TIMP-3 transfected BHK-21 treated with PBS (A),
heparan sulfate (B), heparinase Ill (C), and chondroitinase ABC (D). The cells were probed
with rabbit anti-chicken TIMP-3 påb and Alexa Fluor 488-conjugated and goat anti-rabbit
secondary Ab emitting green fluorescence, and mouse anti-human heparan sulfate mab
and Texas Red-conjugated, goat anti-mouse secondary Ab emitting red fluorescence. All
are merged images showing co-localization in yellow. All images are at 60X magnification.
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yellow on the computer monitor except for the small green spots

(indicated by white arrows) seen in Figure 5.3, A and B. These spots

appeared to be anomalies from staining. Areas of heparan sulfate

without TIMP-3 were observed around the untreated pnuThuTIMP-3

BHK-21 cells, Figure 5.3, A. The pNUThuTIMP-3 BHK-21 cells

incubated with heparan sulfate are shown in Figure 5.3, B. Areas of

co-localization, yellow (greenish) between the cells and areas staining

with only heparan sulfate, red, near the edges of cells was observed.

In addition, TIMP-3 or heparan sulfate staining was undetectable on

the surface of the heparan sulfate treated cells.

The heparinase III treated pnuThuTIMP-3 BHK-21 cells are shown

in Figure 5.3, C. This result was similar to that observed in the

previous experiment except that staining was observed for heparan

sulfate (depicted in red) in locations where there was no TIMP-3,

Figure 5.3, C. This was possibly due to decreased expression of

TIMP-3. Again intense, co-localized staining for TIMP-3 and heparan

sulfate was observed around the edges of the spherical cells. In

addition, the meshwork surrounding the cells and on the cell surface

was not present.

The overall staining of the pNUThuTIMP-3 BHK-21 cells incubated

with chondroitinase ABC appeared to be very similar to that observed

for the untreated cells, Figure 5.3, D and A, respectively. Figure 5.3,
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D, shows an example of the confocal microscopy images collected from

pMUThuTIMP-3 BHK-21 cells incubated with chondroitinase ABC. Co

localization of TIMP-3 and heparan sulfate was observed on the

surface of cells and around some of the cells. In addition, the

meshwork was still intact around and on the cells.

5.3.4 Reverse Zymography of Incubation Solutions and

Extracellular Matrix from pnuThuTIMP-3 BHK-21 Cells

Incubated with Heparan Sulfate, Heparinase III, and

Chrondroitinase ABC

The incubation solutions and ECM were collected from duplicate

wells of the pNUThuTIMP-3 BHK-21 cells incubated with heparan

sulfate, heparinase III, and chondroitinase ABC and analyzed by

reverse zymography. Figure 5.4, panel A, shows the reverse

zymogram of ECM of pnuThuTIMP-3 BHK-21 cells incubated with PBS,

lane 1, heparan sulfate, lane 2, heparinase III, lane 3, and

chondroitinase ABC, lane 4. All samples appeared to have similar

amounts of TIMP-3 activity and glycosylated TIMP-3 activity (original

gel shows gly-TIMP-3 activity to be similar among all samples). Figure

5.4, panel B, shows the reverse zymogram of the incubation solution

from the pNUThuTIMP-3 BHK-21 cells incubated with PBS, lane 1,

heparan sulfate, lane 2, heparinase III, lane 3, and chondroitinase
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TIMP-3–

1 2 3 41 2 3 4

Figure 5.4. Reverse zymogram of extracellular matrix (A) and incubation solutions{} from pnuThuTIMP-3 transfected BHK-21 cells treated with PBS (1), heparan
sulfate (2), heparinase III (3), and chondroitinase ABC (4). gly ■ lMP-3 -
glycosylated TIMP-3. Note: Gels A and B were electrophoresed separately.
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ABC, lane 4. Glycosylated TIMP-3 and unglycosylated TIMP-3 activity

were only detected in the heparan sulfate incubation solution, Figure

5.4, panel B, lane 2, and not in the other solutions, lanes 1, 3, and 4.

5.4 Discussion

The confocal microscopy data demonstrate that TIMP-3 and

heparan sulfate co-localize in cell cultures of untransfected and

pNUThuTIMP-3 transfected BHK-21 cells. In addition, they provide the

first definitive demonstration of Cell surface-associated TIMP-3.

Heparinase III treatment of TIMP-3 BHK-21 cells results in less

staining of the ECM with both TIMP-3 and heparan sulfate antibodies.

In addition, as demonstrated by reverse zymography, TIMP-3 is

extracted by heparan sulfate but not by PBS, heparinase III, or

chondroitinase ABC. Although heparinase III treatment results in the

loss of the meshwork staining of the ECM with heparan sulfate

antibody, TIMP-3 is not released into the heparinase III enzyme

Solution.

The data reported here with pnuThuTIMP-3 transfected BHK-21

cells are in agreement with the observation of Kishnani and Hawkes

that demonstrated heparan sulfate treatment of chicken embryo

fibroblasts results in the extraction of TIMP-3 (1). However, in the

experiments reported here, it does not appear that the TIMP-3 is
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derived from the ECM but rather from the cell surface. The heparan

sulfate incubation solution contained TIMP-3 activity that was not

detected in the PBS control or the heparinase III and chrondroitinase

ABC incubation solutions. The TIMP-3 activity in the heparan sulfate

incubation solution did not appear to come from the ECM because the

ECM samples collected from all of the incubation experiments

appeared to have the same amount of TIMP-3 activity. Lowe-Krentz et

al. demonstrated that addition of heparin to cultures of porcine aortic

endothelial cells results in the release of approximately half of the cell

surface HSPGs and none of the ECM HSPGs (10). They determined

that the released HSPGs are intercalated with or possibly bound in the

cell surface or are interacting through their heparan sulfate chains with

some molecule on the cell surface such as a receptor. It is feasible

that the heparan sulfate added to the BHK-21 cells would have a

similar effect as heparin. The heparan sulfate that was added to the

pNUThuTIMP-3 BHK-21 cells could have caused the release of HSPGs

from the cell surface resulting in the TIMP-3 activity observed in the

incubation solution.

Although heparinase III treatment does not result in TIMP-3

extraction, the cells that are treated with heparinase III appear to

detach and retract, Figure 5.2, F, and 5.3, C, and the TIMP-3 appears

more dense around the Cells. HSPGs have been demonstrated to be
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necessary for cellular attachment and have been linked to integrin

mediated cell adhesion (11). The HSPGs involved in adhesion may be

accessible and cleaved by heparinase III. Degradation of this

population of heparan sulfate molecules may cause the cells to detach

and appear spherical. The TIMP-3 on the cell surface and in the ECM

may not be released because the TIMP-3 may block the cleavage sites

of heparan sulfate thus rendering them inaccessible to heparinase III.

Blenis and Hawkes have demonstrated that more TIMP-3 could be

radioactively labeled in the ECM when the cells are detached than

when the cells are left attached (8). This suggests that the cells

themselves may be limiting accessibility to TIMP-3 in the ECM beneath

cells. In addition, the amount of TIMP-3 activity in the ECM of

pNUThuTIMP-3 BHK-21 cells incubated in PBS, heparan sulfate,

heparinase III, and chondroitinase ABC were similar. This would

suggest that the TIMP-3 on the cell surface remains with the detached

cells. EGTA detached pnuThuTIMP-3 cells that were lysed in Laemmli

sample buffer without reducing agent have a high degree of TIMP-3

activity when analyzed by reverse zymography (data not shown).

However, this activity could be attributed to newly synthesized TIMP-3

that has not been released from the cytoplasm.

Although Li and Hawkes have observed TIMP-3 in the nucleus of

transformed chicken embryo fibroblasts (personal communication), a
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nuclear localization was not observed in the BHK-21 cells. These data

have confirmed that TIMP-3 and heparan sulfate are in the same

location where they could interact. The conclusion cannot be made

that the molecules indeed do interact because the resolution of these

confocal microscopy experiments is only in the sub-micrometer range.

To demonstrate by microscopy that TIMP-3 and heparan sulfate do

interact, fluorescence resonance energy transfer microscopy would

need to be performed where contact between the two molecules

(within 100Å) would be necessary for fluorescence to be observed.

Other methods such as immunoprecipitation and cross-linking were

not utilized because of the complexity of the ECM and because the

SDS that would be required to collect the ECM would undoubtedly

disrupt the very interactions that were being probed.

The localization of TIMP-3 at the cell surface through interactions

with membrane-anchored HSPGs such as syndecans or glypicans,

would place TIMP-3 in a region where it could closely regulate MMP

activity near the cell surface. Recently, Yu and Woessner

demonstrated that MMP-7 and HSPGs co-localize by confocal

fluorescence microscopy in the apical region of uterine glandular

epithelial cells (12). Butler et al. demonstrated increased binding of

TIMP-3 to MMP-2 in the presence of heparan sulfate (13). ProMMP-2

activation is regulated at the cell surface by the MT1-MMP/TIMP-2
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complex. TIMP-3, held at the cell surface by HSPGs, could provide

additional regulation of MMP-2 activity. In addition, membrane bound

HSPGs may be a mechanism for the cell to localize TIMP-3 at the cell

surface, where it can closely regulate the inhibitory activities of TIMP

3. The result could be focalized inhibition of MMPs preventing ECM

degradation that could result in accumulation of ECM components at

the contact sites allowing for other cell-matrix interactions.

Interestingly, TIMP-3 inhibits a metalloproteinase that is believed to

be an ADAM, a disintegrin and metalloproteinase, involved in the

shedding of syndecan-1 and -4 from the cell surface (14). Binding of

TIMP-3 to heparan sulfate chains of syndecans at the cell surface could

provide a mechanism for close regulation of the shedding process.

This possibility is supported by the observation that shedding of both

L-selectin and TNFol from the cell surface are also inhibited by TIMP-3

(15-17). This novel function of inhibiting shedding that is displayed by

TIMP-3 may lead to a better understanding of apoptosis, angiogenesis,

invasion, and cell-cell and cell-matrix interactions.

:
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Chapter 6

Growth Effects of the Wild-Type and Chimeric TIMPs
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6.1 Introduction

In 1975, Bauer et al. and McCroskery et al. first described a natural

inhibitor of MMPs that was later designated TIMP and eventually, TIMP

1 (1, 2). Two years later, while studying erythropoiesis, a protein with

erythroid-potentiating activity, EPA, was discovered in leukoctye

conditioned media free of erythropoietin (3, 4). It was not until eight

years later that Docherty et al. sequenced TIMP and discovered that

EPA and TIMP were identical (5, 6). Other proteins, originally

described by their cytokine effects, such as tumor promoting factor,

TPA-S1, phorbin, and embryogenin-1 were later found to be TIMP-1

(7, 8). In 1992, TIMP-2 was also demonstrated to have erythroid

potentiating activity (9).

Hayakawa et al. demonstrated that TIMP-1 and TIMP-2 promote

the growth of several types of adherent and non-adherent human and

bovine cells (10). These authors postulated that the MMP activity and

growth-promoting activity were independent and in 1994, they did

indeed demonstrate that reduction and alkylation of TIMP-1 destroys

its MMP inhibitory activity but not its growth-promoting activity (11).

In addition, Chesler et al. demonstrated that point mutations of

TIMP-1 abolish the MMP inhibitory activity while retaining the

growth-promoting activity (12). Utilizing a TIMP-2 variant with an

alanine on the amino terminus that abolishes MMP inhibitory, Wingfield

º
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et al. have also reported that the two actwities are separate (13).

Corcoran et al. further characterized the cytokine activity of TIMP-2 by

demonstrating that it activates adenylate cyclase through a G-protein

coupled receptor that increases CAMP dependent protein kinase

activity, resulting in cell proliferation (14).

In contrast, TIMP-3 has been shown to induce apoptosis in HeLa,

HT1080, colon carcinoma and vascular smooth muscle cell lines (15

17). By using synthetic MMP inhibitors, the investigators

demonstrated that the effect was independent of MMP inhibition.

Although, in 1992, Yang and Hawkes reported that TIMP-3 stimulates

the proliferation of chicken embryo fibroblasts, this could be

interpreted as apoptosis because DNA synthesis was slowed by

addition of TIMP-3 to transformed cells (18). Smith et al. suggested

that TIMP-3 might induce apoptosis by stabilizing the TNFalpha

receptor and preventing shedding of the TNFalpha receptor from the

surface of the cell (15). A year later, it was discovered that TIMP-3,

and not TIMP-1 or TIMP-2, inhibits TNFalpha converting enzyme, TACE

(19). In contrast to the ability of TIMP-3 to induce apoptosis, TIMP-1

and TIMP-2 have the ability to rescue cells from apoptosis. Li et al.

demonstrated that TIMP-1 inhibits MCF10A cell death induced by

hydrogen peroxide, adriamycin, or X-ray irradiation (20). The

inhibition of apoptosis occurred after the MCF10A cells detached and,
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therefore, was not dependent on the stabilization of the matrix by

TIMP-1. Valente et al. reported that B16F10 melanoma cells are also

protected from apoptosis by TIMP-2 (21).

Experiments were performed to study the effects of wild-type and

chimeric TIMP proteins on the growth of the BHK-21 cells. All nine cell

lines, BHK-21 without pnuT vector, pINUT BHK-21, pINUThuTIMP-3

BHK-21, pINUThuTIMP-2 BHK-21, pnuTC3 BHK-21, pnuTC2 BHK-21,

pNUTC2CT3 BHK-21, pnuTC3-L BHK-21, and pluTT3CT2 BHK-21,

were grown over a six day period to analyze their relative growth rates

and determine if any cells were undergoing apoptosis.

6.2 Materials and Methods

6.2.1 Seeding and growth of BHK-21 cell lines - BHK-21

without pnuT vector, pnuT BHK-21, pnuThuTIMP-3 BHK-21,

pNUThuTIMP-2 BHK-21, pnUTC3 BHK-21, pnuTC2 BHK-21,

pNUTC2CT3 BHK-21, pnuTC3-L BHK-21, and pnuTT3CT2 BHK-21 cells

were thawed from stocks stored at -80 °C. Cells had been stored

frozen in 50% FBS, 5% DMSO DMEM/F-12 with 100 units/ml penicillin

and 0.1 mg/ml streptomycin. The cells were seeded in 10 cm dishes

in DMEM/F-12 with a final FBS concentration of ~5%. The cells were

maintained at 37 °C and 5% CO2 for 24 h before and then passaged

1:20 in 196 FBS DMEM/F-12 with 100 units/ml penicillin and 0.1 mg/ml
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streptomycin. Twenty fours h before the next passage, the media

were changed to 0.5% FBS DMEM/F-12 with 100 units/ml penicillin

and 0.1 mg/ml streptomycin. Each cell line was passaged into 0.5%

DMEM/F-12 with 100 units/ml penicillin and 0.1 mg/ml streptomycin

into 6 wells of a 6-well plate (Falcon) at 25,000 cells/well.

6.2.2 Cell Proliferation Assay - Cells were counted at

approximately 24 h intervals over a 6-day period. The media were

removed, checked for volume and saved. The cells were gently

washed with 500 pil of PBS-CMF, that was aspirated and replaced with

500 pil of 0.25% trypsin, 0.02% EDTA solution. The trypsin-EDTA

solution was removed after 15–30 sec and the plates were incubated at

37 °C and 5% CO2 for 4 min. The cells were washed from the plate

using the saved conditioned media and were added to 50 pil of 0.4%

trypan blue in PBS. After 5 min the number of viable cells was

determined with a hemocytometer.

6.3 Results

Several preliminary experiments were performed to determine

optimal parameters of serum concentration, cell density, and time

points. Initially, the experiment was performed using two different cell

densities, 1 x 10° and 2 x 10° cells/9.6 cm” well, in 2.5% FBS

DMEM/F-12, Figures 6.1 and 6.2. Data points were collected only for a

º s
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48 h period. This was not sufficient time to obtain saturated growth

data. Therefore, an extended experiment using 5 x 10° cells/9.6 cm.”

well, in 196 FBS DMEM/F-12 was performed over a 6 day period,

Figure 6.3. In this experiment, it appeared that the pnuT BHK-21

cells were seeded higher than the expected 5 x 10° cells/well.

Although the data in Figures 6.1-6.3 clearly overlap, a trend can be

determined. In each of these experiments, Figures 6.1-6.3, the

pNUThuTIMP-3 BHK-21 cells exhibited the lower growth rate.

However, these cells did not appear to be apoptotic because less than

1% of the cells were not viable as assessed by the trypan blue assay.

The untransfected BHK-21 cells proliferated faster than any of the cell

types including the pnuT BHK-21 cells. The cells transfected with

TIMP-2, C2, or C2CT3 appeared to grow faster than those transfected

with C3, C3-L, or T3CT2. They were clearly more prolific than the

TIMP-3 transfected cells. After 4 days of growth, it became difficult to

determine the Correct Cell Counts because the Cells would stack and

clump. Trypsinization would disperse the clumped cells but many cells

would lyse. Therefore, another experiment starting at a lower density

was performed.

Figure 6.4 is the graph of the growth experiment for cells seeded

at 2.5 x 10° cells/well. At this density, cells would still clump and

stack after 4 days of growth. Some would form mounds that

º
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appeared as islands in the media. This stacking was not dependent on

the type of TIMP protein being expressed. The growth trend was

similar to the previous experiment.

6.4 Discussion

These data demonstrate that the chimeric and wild-type TIMPs

have an effect on the proliferation of BHK-21 cells. Clearly, wild-type

TIMP-3 slows the growth of the BHK-21 cells more than TIMP-2 or the

chimeric TIMPs. The doubling time appears to be almost twice that of

untransfected BHK-21 cells. The trend for the other TIMP proteins

appears to follow a pattern: the more TIMP-3 like, the slower the

growth. The pnuTT3CT2 BHK-21 proliferate faster than pnuThuTIMP-3

BHK-21 but slower than the pnuTC3-L and pnuTC3 BHK-21 cells. The

trend from slower to faster growth is as follows: TIMP-3, T3CT2, C3-L,

C3, C2CT3, C2, and TIMP-2. The pNUThuTIMP-2 BHK-21 cells grow

slower than the BHK-21 but faster than the pNUT BHK-21 cells. The

pMUT vector alone causes the BHK-21 cells to proliferate at a slower

rate than the untransfected BHK-21. This may be due to the mutant

dihydrofolate reductase protein, expressed through the pNUT vector

slowing the normal turnover of the folic acid system. The TIMP-2

transfected BHK-21 cells apparently have the ability to overcome this,

possibly through the adenylate cyclase activation.
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Although all cell types were viable over the 6-day period using the

trypan blue test, apoptosis cannot be ruled out. A 6-day period may

have not been enough time to observe cell death. An apoptosis assay

such as the TUNEL assay (Terminal deoxynucleotidyl Transferase

mediated duTP nick end labeling) may be able to detect early stages

of apoptosis.

The BHK-21 cells expressing the wild-type and chimeric TIMPs is

not an optimal system to study the growth effects of these proteins.

Because MMP inhibitory activity and cytokine activities are separate

functions of the TIMPs, the effects of these activities cannot be

clistinguished in the BHK-21 cells expressing the wild-type TIMPs and

chimeras. The protein would be most usefully expressed in TIMP-3 -/-

=nd/or TIMP-2 -/- Cells. In order to make a distinction between the

inhibitory and cytokine effects, the expressed proteins should be

Eurified and added to Cells in both reduced and non-reduced forms.

Alternatively, the TIMP or chimera could be expressed with an

= d.ditional alanine on the N-terminus (13).

These chimeras may provide useful tools to probe the effect of

Ocalization of the TIMPs on the cellular microenvironment. For

example, two immediate questions are: 1) Does the unique localization

of TIMP-3 on the cell surface and to the ECM affect its ability to induce

*POPtosis or is this due to its inhibitory selectivity? 2) Does the
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"Scalization of TIMP-1 and TIMP-2 affect their ability to inhibit

apoptosis? Because the C3-L chimera does not localize to the cell

surface or ECM and if it has the same inhibitory selectivity as wild-type

TIMP-3, experiments with the C3-L chimera may be able to answer the

first question.

The MMP inhibitory and cell proliferation activities of the TIMPs are

separate functions (10, 12, 13). The unique property of TIMP-3 to

localize to the ECM and cell surface may focalize these activities.

Chimeras such as those reported in this thesis may aid in

Lunderstanding the effects these separate functions have on cells and

their environment.

*
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7-1 Conclusion

Experiments reported in this thesis determined and demonstrated:

a) By sequence analysis and homology modeling basic Region I,

Arg20 to Lys 52, of TIMP-3 that forms two anti-parallel beta sheets

Connected by a short loop, appears as a basic surface on the TIMP

3 model that could interact with heparan sulfate. The negatively

charged sulfate groups of heparan sulfate are separated by

distances similar to the positively charged amines of the TIMP-3

model where they could electrostatically interact. The GAGs,

keratan sulfate, chondroitin sulfate and hyaluronate do not appear

to be able to form as many close interactions.

b) The C2 and C3 chimeras were constructed to determine if the

first basic Region I, Arg20 to Lys52, of TIMP-3 was involved in the

binding of TIMP-3 in the ECM. The basic Region I, Val23 to His30,

of TIMP-3 was replaced with the analogous region, Alaz3 to Tyró4,

from TIMP-2 to construct the C3 chimera, and the reverse exchange

was made for TIMP-2 to construct the C2 chimera. It was

anticipated that the C3 chimera would localize to the conditioned

media and the C2 chimera would localize to the ECM. Transient

transfections in COS-1 Cells and the stable transfections in BHK-21

Cells demonstrated that the C3 chimera localizes to the Conditioned

media. The reverse chimera, C2, partially localizes to the ECM. It º

(?
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is clear that the basic Region I of TIMP-3 (Val23 to His30) is a

major factor in the binding of this protein to the ECM because

exchange of this domain with the analogous region of TIMP-2

abolishes ECM-binding. However, although this region may be

necessary for ECM-binding of TIMP-3, it is not sufficient for the

complete conversion of TIMP-2 into a matrix bound protein. That

is, the C2 chimera, while showing some evidence of ECM-binding, is

still localized predominantly in the conditioned media.

c) The preliminary gel filtration and ion exchange

chromatographic experiments demonstrate that it is possible to

purify the C3 and C3-L chimeras from the conditioned medium. In

addition, from these experiments, it appears that the affinity of

MMP-2 for the C3 and C3-L chimeras is less than for TIMP-2, to

which it binds avidly. Heparan sulfate was demonstrated to release

TIMP-3 from the cell surface of the BHK-21 cells in Chapter 5. The

heparan sulfate could be utilized to extract TIMP-3 into the

conditioned media for purification.

d) The confocal microscopy experiments are the first definitive

demonstration of TIMP-3 on the cell surface. If the findings that

heparin causes the release of cell-surface HSPGs from endothelial

cells by Lowe-Krentz et al. is applied to the interpretation of the

Clata from the incubation of heparan sulfate with pnuThuTIMP-3

|
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BHK-21 cells, then it can be concluded that TIMP-3 binds to HSPGs

on the cell surface and in the ECM (1).

e) Growth experiments have determined that wild-type TIMP-2

and TIMP-3 and the chimeras have an effect on the proliferation of

the transfected BHK-21 cells. However, because the TIMPs have

separate inhibitory and cell proliferation activities, their relative

contributions to the growth differences cannot be ascertained.

Because both Cell-Cell and Cell-matrix interactions affect Cell

proliferation, these MMP and/or sheddase inhibition and cytokine

activities of the TIMPs may, in concert, affect cell proliferaction.

The binding experiments of TIMP-3 with heparan sulfate-coated

agarose beads by Kishnani and Hawkes and the confocal microscopy

experiments reported in Chapter 5, demonstrate that TIMP-3 binds to

HSPGs on the cell surface and the ECM. However, even though basic

Region I, Arg20 to Lys52, of TIMP-3 has been demonstrated to be

important for its ECM localization, this is not proof that Region I binds

to heparan sulfate. Binding experiments of purified wild-type and

chimeric proteins with heparan sulfate would aid in determining if

Region I does indeed preferentially bind to heparan sulfate. Site

directed mutagenesis along with binding experiments could determine

which amino acids are necessary for the interactions of Region I of

TIMP-3 and heparan sulfate. The mutagenesis experiments should not

º

º

;
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be limited to lysines and arginines, because amino acids such as

glutamate, aspartate, tyrosine and histidine may form hydrogen bonds

with proton donors and acceptors on heparan sulfate. In addition, the

TIMP-3 and heparin interaction could be observed by X-ray

Crystallography. Heparan sulfate-binding proteins such as FGF are

dependent on the sulfation patterns on the heparan sulfate chains (2-

4). A comparison of the binding of differentially sulfated forms of

heparan sulfate with TIMP-3 should also be investigated. It should

also be noted that the HSPG-binding could also occur through

interactions with the core protein. Herndon et al. showed that laminin

1 can bind to glypican-1 and syndecan-3 independent of their GAG

chains (5).

The localization of TIMP-3 at the cell surface is important and

significant in that this localization positions it where TIMP-3 can

directly interact with MT-MMPs, sheddases such as TACE and other

ADAMs, syndecans and glypicans. Investigators have many times

postulated that the ECM localization of TIMP-3 placed it in a location to

directly effect the homeostasis of the ECM (6-9). The cell surface

localization of TIMP-3 places it in a location to directly interact with

and possibly be controlled by the cell. The expression patterns of

membrane-bound HSPGs such as syndecans and glypicans could

focalize the inhibitory effects of TIMP-3 at the cell surface. Recently,

º
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Hotary et al. demonstrated that MT1-MMP and MT2-MMP, and not

MT3-MMP were able to convert the phenotype of MDCK cells from

noninvasive to invasive in a three-dimensional matrix (10). This

activity was shown to be independent of proMMP-2 activation.

Interactions of TIMP-3 on the Cell surface with MT-MMPS and

sheddases could be a method of focalizing the inhibition of these

membrane bound enzymes and their invasive and apoptotic effects (8,

11, 12). The interaction of TIMP-3 with syndecans and/or glypicans

may function as a mechanism for the cell to concentrate or control

TIMP-3 at the cell surface. In addition, because MT-MMPs, ADAMs,

and syndecans have transmembrane domains that may be involved in

Cytoplasmic signaling, and because the glypicans have membrane

spanning GPI anchors, these direct interactions of TIMP-3 may be

mechanisms of inside-out and outside-in signals of the cell (13, 14).

In the case of tumor metastasis and angiogenesis, these cell signals

could aid in the orchestration of the degradation of and cell migration

through the basal laminae and/or ECM (14-17). MMP-2 and MT1-MMP

have been determined to separately interact with ovB3 integrins on

the cells surface (18-20). This may be a mechanism for invasion and

migration to be focused at the leading edge of migrating cells

analogous to the concentration of plasmin activity by the uPAR

receptors at the cell surface (21, 22). The potential for TIMP-3 to
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inhibit MT-MMPs, MMP-2, and ADAMs such as TACE at the cells surface

through its binding to the heparan sulfate chains of syndecans and/ or

glypicans is diagrammed in Figure 7.1. In each of these scenarios cell

signaling could have effects on migration, proliferation, and

invasiveness (11, 12, 18, 20, 23, 24).

Recently, Fitzgerald et al. demonstrated that the shedding of

syndecan-1 and -4 is inhibited by TIMP-3 (25). The investigators

determined that a metalloproteinase was responsible for enzymatic

cleavage of the ectodomain from the cell surface. The significance of

syndecan shedding is still not well understood. However, Park et al.

demonstrated that accelerated syndecan-1 shedding accompanies host

cell invasion by microbial pathogens such as Peudomonas aeruginosa

(26). TIMP-3 inhibition of shedding of the IL-6 receptor and L-selectin

have also been demonstrated (11). ADAM-7, A Disintegrin And

Metalloproteinse, also known as TACE, TNFalpha converting enzyme, is

inhibited by TIMP-3 and is believed to be the enzyme responsible for

TNFalpha shedding (11). In addition, ADAM-10 is also inhibited by

TIMP-3 and TIMP-1 (12). The unique localization of TIMP-3 may be

the critical property that determines its ability to inhibit the shedding

of molecules from the cell surface.

Because of the unique localization of TIMP-3 on the cell surface,

further investigation of the specific HSPGs to which TIMP-3 is binding

-
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Figure 7.1: Potential cell surface
interactions of TIMP-3 with MT-MMP,
MMP-2, and TACE by its localization
through HSPGs. MT-MMP inhibition by
TIMP-3 may inhibit invasiveness and
mediate signaling through the MT-MMP
or ovš3 integrin. TACE inhibition at
the cell surface could inhibit apoptosis.
TIMP-3 inhibition of MMP-2 bound to
the cell surface through ov[3 integrin
might also mediate signaling. In each
case, TIMP-3 may be localized to the
cell surface by binding to the heparan
sulfate chains of syndecans and/or
glypicans that may also mediate signals.

—: Syndecan

— one

º

:

º

;

(?

249



is warranted. It will also be important to characterize the precise

activities of TIMP-3 at the Cell surface and to determine the

downstream effects these cell surface activities may have. These

experiments may lead to a better understanding of the role of TIMP-3

in metastasis, angiogenesis and apoptosis and possibly utilizing TIMP-3

as a focalized inhibitor for cancer metastasis and angiogenesis.
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A-1: Extracellular Matrix and Conditioned Media Collection
Adapted from the method described by Blenis and Hawkes (1).

Materials

10x PBS-CMF (calcium and magnesium free phosphate buffered saline)

(100mL)

8.0 g NaCl
0.2 g KCl
1.25 g Na2HPO4
0.2 g KH2PO4
adjust pH to 7.2 with 1M NaOH
distilled and deionized water, ddh-O, q.s. to 100ml

1x PBS-CMF + 5m M EGTA (ethylene glycol-bis(b-aminoethyl ether)

N,N',N',N' tetraacetic acid) (300ml)

• 30 ml 10X PBS-CMF
. 570.6 mg EGTA (MW=380.4)
. ddh-O, to 250ml
. adjust pH to 7.2 with 1M NaOH
• q.s. to 300ml with dahzO

2x Laemmli sample buffer, LSB, without reducing agent (10 ml)

© 2.5 ml 0.5m M TrishCI pH 6.8
o 3 ml glycerol
• 4.0 ml 10% SDS
e 100 pil 0.1% Bromophenol Blue
. 400 pil ddh-O

0.1% SDS, 100mM Tris-HCl (pH 7.2)

RQ1 RNase-Free DNase (Promega Corp.) in 100 mM Tris-HCl (pH

7.2), 100mM NaCl, 60 mM MgCl2, 100 mM CaCl2
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Method

NOTE: The following method was written for 10 cm tissue culture

dishes. Cell densities and solution volumes were adjusted for

higher or lower tissue culture surface areas.

Cell Culture:

Cells were seeded at 6.5 x 10°/10 cm dish and incubated at 37 °C,

5% CO2 for 16-20 h.

Transfected BHK-21 Cells were induced and incubated another 16

20 h. at 37 °C, 5% CO2 prior to ECM and CM collection.

Conditioned media, cell, and ECM harvesting:

Conditioned medium was removed and an aliquot was diluted with

an equal volume of 2x Laemmli sample buffer, LSB, without

reducing agent.

The dishes were rinsed with 10 ml PBS-CMF, which was removed by

aspiration.

A 10 ml aliquot of 5mm. EGTA PBS-CMF was added and the dishes

were incubated at 37 °C, 5% CO2 for ~15 min for BHK-21 or ~20

min for COS-1.

Cells were detached by repeatedly pipetting the 5 mM EGTA PBS

CMF solution over the surface of the dish until all Cells were

detached. The cells were collected by centrifugation at 800 x g for
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10 min. Cells were lysed in 1 ml 0.1% SDS 100 mM Tris-HCl (pH

7.2)/dish at room temperature for 5 min. An aliquot of 100 pil of

0.05 units/pil RQ1 RNase-Free DNase (Promega Corp.) in 100 mM

Tris-HCl (pH 7.2), 100 mM NaCl, 60 mM MgCl2, 100 mM CaCl2 was

added to the lysate and incubated at 37 °C for 15 min. The samples

were diluted with an equal volume of 2x LSB without reducing

agent.

The dishes were rinsed 3-4 times with 10 ml PBS-CMF to remove all

Cells.

The dishes were rinsed once with 10 ml do H2O, aspirated, and set

to dry.

A 500 pil aliquot of 1x LSB without reducing agent was added to

each dish. A cell scraper was used to evenly move the LSB over

the surface for approximately 30 sec to extract the ECM. The

sample was placed in a 1.5 ml eppendorf tube.

All conditioned media, cell, and ECM samples were stored at -20 °C

prior to analysis.
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A-2: Reverse Zymography Method
(includes SDS-PAGE and zymography methods)

Materials

X Cell II Mini cell SDS-PAGE Gel apparatus (NOVEX)
Model 3000Xi Power Supply (Bio-Rad)
Vacuum SOurce
Rocking platform or rotary shaker
Contrad 70 (Fisher Scientific)
Acrylamide (Bio-Rad)
1.5% (w/v) agarose (Sigma Chemical Co.)
N, N'- methylene-bis-acrylamide (Bio-Rad)
Tris(hydroxymethyl) aminomethane (US Biochemicals)
Glycine (Bio-Rad)
Gelatin - Type A, from porcine skin, bloom 175 (Sigma Chemical
Co.)
10% (w/v) Ammonium persulfate (Bio-Rad)
N,N',N',N'-tetramethylethylenediamine (TEMED) (Bio-Rad)
Glycerol (Gibco-BRL)
10% (w/v) sodium dodecylsulfate, SDS, (US Biochemicals)
1M Calcium Chloride, CaCl2 (Mallinckrodt)
0.1% (w/v) Bromophenol blue (Bio-Rad)
2.5% (v/v) Triton X-100 (US Biochemicals)
Hydrochloric acid (Fisher Scientific)
1 M NaOH (Fisher Scientific)
Sodium azide, NaN3, (US Biochemicals)
MultiMark Multicolor molecular weight standards (NOVEX)
TIMP-1, TIMP-2, TIMP-3, MMP-2 and MMP-9 standards (See
NOTE-1)
Coomasie Brilliant Blue R-250 (Bio-Rad)
Destaining solution (45% (v/v) methanol, 10% (v/v) acetic acid in
ddh-O) (Fisher Scientific)
Cellophane (NOVEX)
Gel drying apparatus (NOVEX)
Gel drying solution (15% (v/v) ethanol, 5% (v/v) glycerol in da H2O)

NOTE-1: TIMP-1 and TIMP-2 standards and TIMP-3 standards were

from conditioned media and ECM of pnuThuTIMP-3 BHK-21 cells,

respectively, unless indicated in the figures. The MMP-2 and MMP-9

standards were from the conditioned media of pnuThuTIMP-3
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transfected BHK-21 cells and pnuTm92kDMMP transfected BHK-21

cells, respectively. Conditioned medium and ECM were sometimes

mixed to give proportionate quantities of TIMP-1, TIMP-2 and TIMP-3

when stained with Coomasie Blue.

Preparation of Reagents

10X Laemmli Running Buffer (Tris-glycine (pH 8.3), 10% SDS)

144.1 g glycine
30.3 g Tris(hydroxymethyl) aminomethane
10 g sodium dodecyl sulfate
mix into 900 ml of dolh2O
adjust pH to 8.3 with concentated hydrochloric acid
q.s. to 1000mL with do H20

2x Laemmli sample buffer, LSB, without reducing agent (10 ml)

2.5 ml 0.5m M TrishCl (pH 6.8)
3 ml glycerol
4.0 ml 10% SDS
100 pil 0.1% Bromophenol Blue
400 pil dóH2O

40% (w/v) acrylamide/bis (38.93% acrylamide, 1.07% bis

acrylamide)

19.47 g acrylamide
535 mg bis-acrylamide
q.s. to 50 ml with da}{2O
store in translucent Container at 4 °C

0.5M Tris-HCl (pH 6.8)

60.57 g Tris(hydroxymethyl) aminomethane
dissolve in 900 ml of dolh2O
adjust pH to 6.8 with concentrated hydrochloric acid
q.s. to 1000 ml with da}{2O and filter through a sterile

0.22 pm polyether sulfone sterile filter
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1.5M Tris-HCl (pH 8.8)

181.7 g Tris(hydroxymethyl) aminomethane
dissolve in 900 ml of dolh2O
adjust pH to 8.8 with concentrated hydrochloric acid
q.s. to 1000 ml with dah-O and filter through a sterile

0.22 pm polyether sulfone filter

10% (w/v) gelatin

o 10 g gelatin
e dissolve 100 ml do H2O at 60 °C

Development Buffer (50 mM Tris-HCl (pH 8.8), 0.2% (w/v) NaN3, 5
mM CaCl2)

o 3.33 ml 1.5 M Tris-HCl (pH 8.8)
e 200 mg sodium azide
e 3 ml 2.590 Triton X-100

e 500 pil 1 M CaCl2
o q.s. to 100 ml with da}{2O

Coomasie Staining Solution (0.1% w/v Coomasie Blue)

e dissolve 500 mg Coomasie Brilliant Blue R-250 in 500 ml

of destaining solution
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Method

Glass gel plates were soaked in 0.1% (v/v) Contrad 70 for 1 h and

rinsed thoroughly before assembly and sealing with 1.5% agarose.

Depending on the gels being poured, the following mixtures were

added to a 50 ml vacuum flask and vacuum degassed.

1590 1590 890 59%

reV. SDS- zym. stack
Reagent Zym. PAGE

40% Bis/Acrylamide 5.63 ml || 5.63 ml || 3.0 ml 1.25 ml
0.5M Tris-HCl, pH 6.8 O 0 0 2.50 ml
1.5M Tris-HCl, pH 8.8 3.75 ml || 3.75ml 3.75 ml || 0
Conditioned Media 3.50 ml || 0 0 O
100X Gelatin 150 pil O 150 pil 0
1090 SDS O 150 pil 100 pil
Cid H2O 1.86 ml || 5.36 ml || 8.00 ml || 6.04 ml

* provides enough for 2 NOVEX gels (15mL)

A 100 pil aliquot of 10% ammonium persulfate and 10 pil TEMED were

added to the gel mixture that was poured to a level 2.5 cm from the

top of the plates. ddh-O was carefully overlayed on top of the

polymerizing gel.

approximately 45 min.

The gel

The doi|H2O was removed.

A 100 pil aliquot of 10% ammonium persulfate and 10 pil TEMED were

added to the stacking gel mixture that was poured on top of the

polymerized gel and a gel loading comb was inserted between the

was allowed to polymerize for
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glass plates. The stacking gel was allowed to polymerize for

approximate 30 min.

The Comb was carefully removed and the wells were rinsed with 1x

Laemmli running buffer.

The gel box was assembled, 1x Laemmli running buffer was added

and standards and samples were loaded.

Electrophoresis was performed at 180V for 2.5 h.

Reverse zymogram gels were removed and placed in glass containers

with 100 ml of 2.5% Triton X-100 for 15 min on a rocking platform to

exchange the SDS. This was repeated once. The 2.5% Triton X-100

was replaced with 100 ml of development buffer and incubated in a

37 °C water bath with shaking for 20 h.

The gels were transferred to a plastic container with 0.1% Coomasie

Blue in destaining solution.

After an adequate amount of time for staining (2-24 h.), Coomasie

Blue solution was removed and the gels were destained with

destaining solution for approximately 2 h.

Gels were scanned before sealing in cellophane.

Gels were soaked in gel drying solution for 10 min.

Cellophane was soaked in gel drying solution for 2 min before

assembling the gel drying apparatus. Gels were dried for more than

24 h.
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For a more detailed description of this method see Hawkes et al. (2).
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