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ABSTRACT 

 

Human matrix metalloproteinases-26 (MMP-26/endometase/matrilysin-2) is a newly 

identified MMP. MMP-26 has one high- and low-affinity calcium binding sites, C1 and C3, 

respectively, and loss of low-affinity Ca
2+

 induces tertiary structural changes resulting in 

dramatic decrease of enzymatic function without secondary structural change. Subsequent 

loss of high-affinity Ca
2+

 results in irreversible enzymatic deactivation without further tertiary 

and secondary structure change. No secondary structural change is associated with the loss of 

high- or low-affinity Ca
2+

. Calcium titration revealed calcium dissociation constant (KD1) 

value of 63 nM at the high-affinity calcium binding site, and KD2 value of 120 µM at the low-

affinity calcium binding site. Mutagenesis studies at the putative low-affinity calcium binding 

site revealed that a K189E mutation (C3 site) decreased KD2 value, resulting in 28 µM, while 

a V184D mutation (C2 site) increased KD2 value, resulting in 240 µM. K189E mutant 

acquires lower Ca
2+

 for active conformation, whereas V184D mutant acquires higher Ca
2+

.  

These lead to the conclusion that structure and function of MMP-26 may be regulated by the 

calcium concentration. 

Prostate cancer tissue analyses show the expressions of the MMP-26 and TIMP-4. Co-

immunoprecipitation revealed a possible MMP-26/TIMP-4 complex formation. Disruption of 

the basal cell layer is necessary for high-grade prostatic intraepithelial neoplasia (HGPIN) to 

proceed toward cancer. Immunohistochemistry analysis of prostate cancer tissue slides shows 

that the expression levels of MMP-26 and TIMP-4 are highest in HGPIN. Moreover, 

immunohistochemical staining of serially sectioned prostate cancer tissue slides reveals 

similar patterns of staining for MMP-26 and TIMP-4 on adjacent sections. Therefore, MMP-

26 and TIMP-4 are expressed in the HGPIN simultaneously. The highest levels of MMP-26 

and TIMP-4 in HGPIN suggest that they might be biomarkers for the early detection of the 

prostate cancer.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

The Human Matrix Metalloproteinase Family 

 

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that degrade 

components of the extracellular matrix (ECM) such as collagen, gelatin, fibronectin, vitronectin, 

and laminin [Mott et al. 2004; DeClerck et al. 2004]. MMPs are known to participate in 

reproduction, angiogenesis, development, morphogenesis, and tissue remodeling as well as 

pathological conditions including arthritis, cardiovascular, and cancer progression and metastasis 

[Mott et al. 2004; DeClerck et al. 2004; Nagase et al. 2006]. MMP-26 (endometase/matrilysin-2) 

is the smallest member of the MMP family, comprised of only pro- and catalytic domains like 

MMP-7 (matrilysin), without a hemopexin-like domain [Park et al. 2000; de Coignac et al. 2000; 

Uria et al. 2000; Marchenko et al. 2001]. According to peptide library screening and kinetic 

studies, MMP-26 has substrate specificity similar to other MMPs, such as MMP-2 and MMP-9 

[Park et al. 2002]. MMP-26 promotes the invasion of a highly metastatic and tumorigenic 

prostate cancer cell line through its activation of proMMP-9 (pro-gelatinase B) [Zhao et al. 

2003]. Expression level of MMP-26 is significantly higher in preinvasive human breast ductal 

carcinoma in situ (DCIS) [Savinov et al. 2006; Zhao et al. 2004] and high-grade prostatic 

intraepithelial neoplasia (HGPIN) [Lee et al. 2006] compared with that in normal human breast 

tissue samples and non-neoplastic ducts. The level of MMP-26 expression is also high in early 

stages (I, II) invasive carcinoma, whereas in stage III invasive carcinomas the level of MMP-26 

decreases [Savinov et al. 2006; Lee et al. 2006]. Similar aspect has been discovered that high 

level of MMP-26 expression detected from low-grade squamous cell cancer (SCC), but not in 

dedifferentiated grade III tumors [13]. Thus, MMP-26 could be a marker of early stage cancer 

[Savinov et al. 2006; Zhao et al. 2004; Lee et al. 2006; Ahokas et al. 2005]. 
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Calcium Ions Related with MMPs 

 

Calcium ions have numerous critical roles in biological systems with involvement in cell 

cycle regulation, proliferation, cell migration, angiogenesis, and apoptosis with enzymes such as 

calmodulin, calbindin, and calpain [Kahl et al. 2003; Carafoli et al. 2001; Kohn et al. 1995; 

Berridge et al. 1998; Sergeev 2005; Sorimachi et al. 1997; Hosfield et al. 1999]. Calcium ions 

also participate as signaling mediators in biological systems [Berridge et al. 2003]. Calcium ions 

regulate divergent calcium cascade pathways in cancer cells versus normal cells as a result of 

differing protein expression patterns in these cells [Cook et al. 2006]. For example, cancer cells 

respond to hormones via Ca2+-regulatory mechanisms that result in Ca2+-mediated apoptosis, 

while normal cells do not [Sergeev et al. 2005]. Normally, very low calcium ion concentrations 

are maintained in the cytoplasm (300 – 1200 nM) [Albert et al. 1994]. When the cell is activated 

by an extracellular signal, calcium ions are released from the endoplasmic reticulum (ER) or 

enter through voltage-gated Ca2+ channels in the cell membrane, resulting in cytosolic calcium 

concentrations of about 5 µM [Albert et al. 1994]. This fluctuation of calcium concentrations can 

alter cellular physiology by means of structural changes induced by calcium-binding proteins, 

such as the calcium-mediated electrostatic switch mechanism for m-calpain [Strobl et al. 2000]. 

Binding of calcium ions to proteins may confer structural stability in which reagent-induced and 

thermal denaturation [Lowry et al. 1992; Prasad et al. 2005] are less probable, or modulate 

substrate binding [Averna et al. 2006]. 

Based on crystallographic studies of the catalytic domains of fibroblast 

collagenase/MMP-1 [Spurlino et al. 1994], stromelysin-1/MMP-3 [Chen et al. 1999], 

matrilysin/MMP-7 [Browner et al. 1995], neutrophil collagenase/MMP-8 [Brandstetter et al. 

1998], stromelysin-3/MMP-11 [Gall et al. 2001], macrophage metalloelastase/MMP-12 [Lang et 

al. 2001] collagenase-3/MMP-13 [Moy et al. 2000], and membrane-type-1 MMP/MT1-MMP 

[Fernandez-Catalan et al. 1998], at least two calcium-binding sites have been identified. Previous 

studies have shown that calcium ions stabilize MMP-1 [Lowry et al. 1992], mediate signal 

transduction in the expression of MMP-2 [Kohn et al. 1994], facilitate the activation of pro-

MMP-3 [Housley et al. 1993], and induce cleavage of both N- and C-termini, resulting in 

activation and C-terminal truncation of pro-MMP-9 from the complex of pro-MMP-9 and 

chondroitin sulfate proteoglycans (CSPG) [Winberg et al.2003], and that calcium ion influx 
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inhibits MT1-MMP processing [Yu et al. 1997]. However, little research has focused on the 

structural and functional roles of calcium ions in MMPs. We have recently observed that calcium 

ions can modulate the catalytic activity of MMP-26 through conformational changes in the active 

site. We investigated the characteristics of calcium-binding in wild type and mutant forms of 

MMP-26 by means of calcium titration monitoring fluorescent peptide hydrolysis, by fluorescent 

spectroscopy with 8-anilino-1-naphthalenesulfonate (ANS), and 2-{(2-

[bis(carboxymethyl)amino]-5-methyl -phenoxy)methyl}-6-methoxy-8-[bis(carboxymethyl)-

amino]-quinoline (Quin2) and circular dichroism (CD) spectroscopy were utilized. Cellular 

invasion assays lend additional support to the consequential role of calcium ions in enzymatic 

function.  Here we present the characteristics of calcium-binding in MMP-26. 

 

 

Relationship between MMP-26 and TIMP-4 

 

Tissue inhibitors of metalloproteinases (TIMPs) regulate the activity of MMPs. There are 

four members in the human TIMP family: TIMP-1, TIMP-2, TIMP-3, and TIMP-4 [Carmichael 

et al. 1986; Stetler-Stevenson et al. 1990; Uria et al. 1994; Greene et al. 1996]. Previous studies 

have shown that enzymatic activity of MMP-26 for the synthetic peptides hydrolysis is inhibited 

by TIMP-1, TIMP-2, and TIMP-4 [Uria et al. 2000; Zhao et al. 2004]. TIMP-4 shows slow- and 

tight-binding characteristics to MMP-26, with an apparent Ki value of 0.62 nM [Zhao et al. 

2004]. TIMP-4 mRNA has been detected in various normal tissues including those of the heart, 

kidney, pancreas, colon, testis, endometrium, and placenta [Greene et al. 1996; Pilka et al. 2004; 

Zhang et al. 2002]. Under normal conditions, MMPs and TIMPs are expressed at low levels in 

most adult tissues, but may become upregulated in pathophysiologic conditions such as wound 

healing and tumor progression. The expression levels of MMP-26 and TIMP-4 in DCIS are 

significantly higher than those in IDC, atypical intraductal hyperplasia, and normal breast 

epithelia adjacent to DCIS and IDC [Zhao et al. 2004]. Relationship between TIMPs and MMPs 

in prostate cancer shows increased MMPs-TIMPs ratio. Human prostate cancer specimens 

analysis detects the expression of TIMP-1, -2, -3 [Liu et al. 2005; Lichtinghagen  et al. 2003], 

and TIMP-1 has been shown in various studies to be downregulated in prostate cancer as 

compared to normal prostate [Liu et al. 2005; Brehmer et al. 2003]. A mRNA study of TIMP-1, -
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2, and -3 showed significant reduction of TIMP-2 and -3 in prostate cancer, as well as significant 

increases in the ratios of MMP-9 to TIMP-1, -2, and -3, and in the ratio of MMP-14 to TIMP-3 

[Lichtinghagen  et al. 2003].  

We explore the expression of MMP-26 and TIMP-4 in human prostate tissue. We detect 

MMP-26 expression in prostate cancer tissue sample by using different MMP-26 antibodies. 

Possible complex formation has been determined by co-immunoprecipitation. Complex 

formations of TIMP-4/MMP-9 or MMP-26/MMP-9 are not detected by co-immunoprecipitation 

and gelatin zymography. Immunohistochemical staining reveals expression level of MMP-26 

and TIMP-4 are highest in preinvasive high-grade prostatic intraepithelial neoplasia (HGPIN), 

and that levels of the two proteins decline significantly in adjacent areas of cancer in the same 

tissues. Moreover, immunohistochemical staining of serially-sectioned prostate cancer tissues 

strongly suggests co-localization of TIMP-4 and MMP-26. These results are analogous to our 

previous findings in human breast cancer showing that MMP-26 is closely coordinated with its 

inhibitor, TIMP-4, with both proteins showing maximal expression in preinvasive DCIS. The 

combined data from these investigations indicate that the proteins MMP-26 and TIMP-4 may be 

involved in early carcinoma development and the transformation to an invasive phenotype. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

 

Protein Sequence Analyses and Homology Modeling Structure of MMP-26  

 

The sequence alignment of MMP catalytic domains was performed by the PILEUP 

program in Genetics Computer Group (GCG) software (Wisconsin Package version 10), with a 

default gap weight of 15 and gap length weight of 5. The homology modeling structure of the 

MMP-26 catalytic domain was constructed using the Swiss Model program [Schwede et al. 

2003] with the crystal structure of the MMP-12-inhibitor complex (Protein Data Bank number 

1JK3) [Lang et al. 2001] as a template. The mercaptosulfide inhibitors were computationally 

docked into the active site of MMP-26 with MacroModel version 7.2 [Bohacek et al. 1996; 

Arighi et al. 1998] to compare S1′ pocket of MMPs. Global minimization calculations were 

performed by the Monte Carlo molecular mechanical minimization method [Chang et al. 1989] 

with the Amber force field modified to include parameters for zinc and calcium [Park et al. 

2003]. Residues within 7 Å of the inhibitor were included in the minimizations. The 

crystallographic structures of MMP-1 (Protein Data Bank number 1HFC) [Spurlino et al. 1994], 

MMP-7 (Protein Data Bank number 1MMQ) [Browner et al. 1995], MMP-8 (Protein Data Bank 

number 1A86) [Brandstetter et al. 1998], MMP-12 (Protein Data Bank number 1JK3) [Lang et al. 

2001], and MMP-14 (Protein Data Bank number 1BQQ) [Fernandez-Catalan et al. 1998] were 

used for comparison of the S1′ pocket. To examine calcium binding site of MMP-26, calcium 

binding sites among MMPs and between MMP-26 and other well-known calcium binding 

protein, such as calmodulin, were compared. Homology modeled MMP-26 without low-affinity 

calcium ions was obtained and minimized to investigate effect of low-affinity calcium ion. Both 

of the putative low-affinity calcium ions at the C2 and C3 sites were removed, and the protein 

structure was minimized to examine the resultant structural changes. The catalytic domain 

structures of the K189E (C3 site) and V184D (C2 site) mutants were then generated and 

minimized to investigate any structural changes resulting from these mutations. 
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Construction of proMMP-26 and Mutant Forms 

 

Human endometase has been cloned and ligated into pET-20b (+) and subsequently 

expressed in E. coli. previously [Park et al. 2000]. cDNA of proMMP-26 was amplified by PCR 

using forward primer, containing Hind III restriction site (underlined), 5′- CCC AAG CTT GTT 

CCA GTG CCC CCT GCT GCA GAC CAT-3′ and reverse primer, containing Bgl II restriction 

site (underlined), 5′-GAA GAT CTA GGT ATG TCA GAT GAA CAT TTT TCT CC-3′, and 

subcloned into the pFLAG-CTS expression vector (Sigma, St. Louis, MO) between Hind III and 

Bgl II sites. In order for cDNA to be phased with the ATG translational start codon, an extra 

nucleotide to following the OmpA Signal Peptide (signal sequence for secretion of C-terminal 

FLAG fusion proteins to periplasmic space) was deleted with the following two primers; forward 

primer, 5′- GCT ACC GTT GCG CAA GCT GTT CCA GTG CCC CCT GCT -3′, and reverse 

primer, 5′- AGC AGG GGG CAC TGG AAC AGC TTG CGC AAC GGT AGC -3′. Site-

directed mutagenesis of putative calcium-binding sites, D114A, D165A, V184D, K189E, E191A, 

and catalytic Glu209, E209A, was accomplished by PCR using the primers given in Table 2.1. 

Mutant constructs were transformed into DH5α cells for amplification and purification of the 

pFLAG-CTS/proMMP26 vector. Sequences were confirmed by DNA sequencing using an N-26 

sequencing primer (Sigma, St. Louis, MO), 5′-CAT CAT AAC GGT TCT GGC AAA TAT TC-

3′ for pFLAG-CTS/proMMP-26. Resulting constructs were transformed into E. Coli. BL21 cells 

were utilized for expression and purification of the protein. cDNA of proMMP-26 was also 

subcloned into the p3xFLAG-CMVTM-13 expression vector (Sigma, St. Louis, MO) between the 

Hind III and Xba I sites. The PCR primer for the 5′ Hind III restriction site is the same with 

pFLAG-CTS subcloning primer, and for the xba I restriction site (underlined), 5′-GCT CTA 

GAA GGT ATG TCA GAT GAA CAT TTT TCT CC-3′. Site directed mutagenesis of putative 

calcium-binding site (K189E) and catalytic Glu209 site (E209A) was accomplished by PCR using 

the same primers as above for p-FLAG-CTS. The p3xFLAG-CMV-13/proMMP-26 vector was 

amplified and purified by the above methods. Sequences were confirmed by DNA sequencing 

using an N-CMV sequencing primer (Sigma, St. Louis, MO), 5′- AAT GTC GTA ATA ACC 

CCG CCC CGT TGA CGC -3′ for p3xFLAG-CMV/proMMP-26.  
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Table 2.1. Primers used for mutagenesis 

 

Mutant Primer Sequence 

 
D114A 
 
 
D165A 
 
 
V184D 
 
 
K189E 
 
 
E191A 
 
 
E209A 

 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 

 
5′- CAATTACCCACATGCTATGAAGCCATCCG -3′ 
5′- CGGATGGCTTCATAGCATGTGGGTAATTG -3′ 
 
5′- GATGGTTGGCCCTTTGCTGGGCCAGGTGGTATC -3′ 
5′- GATACCACCTGGCCCAGCAAAGGGCCAACCATC -3′ 
 
5′- GGAAATCCTGGAGATGTCCATTTTGAC-3′ 
5′-GTCAAAATGGACATCTCCAGGATTTCC-3′ 
 
5′- GTTGTCCATTTTGACGAGAATGAACACTGG-3′ 
5′-CCAGTGTTCATTCTCGTCAAAATGGACAAC-3′ 
 
5′- CCATTTTGACAAGAATGCACACTGGTCAGCTTCAG -3′ 
5′- CTGAAGCTGACCAGTGTGCATTCTTGTCAAAATGG -3′ 
 
5′- CCTGGTTGCAACTCATGCGATTGGGCATTCTTTGG -3′ 
5′- CCAAAGAATGCCCAATCGCATGAGTTGCAACCAGG -3′ 
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Expression of MMP-26 in E. coli. and Refolding of the Denatured Protein 

 

Expression of the catalytic domain of MMP-26, but not its prodomain, caused improper 

folding and resulted in an inactive enzyme (data not shown). Therefore, the prodomain is 

necessary to chaperone active enzyme formation. The activation mechanism of MMP-26 is still 

unclear, but likely involves auto-activation [Park et al. 2002; Marchenko et al.2002]. Active 

MMP-26 was prepared as described previously [Park et al. 2000]. In brief, MMP-26 was 

expressed in the form of inclusion bodies from E. coli. BL21 cells. The inclusion bodies were 

isolated and purified using B-PERTM (Pierce, Rockford, IL) bacterial protein extraction reagent 

according to the manufacturer’s instructions. The insoluble protein was dissolved in 8 M urea 

and 25 mM tricine at approximately 2.5 mg/ml and then refolded by dialysis. During dialysis, 

proMMP-26 was auto-activated. Folding and activation patterns were determined by 

electrophoresis followed by Western blotting with an anti-FLAG M2 monoclonal antibody 

(Sigma, St. Louis, MO). SeeBlue Plus2 pre-stained standard (Invitrogen, Carlsbad, CA) was used 

to determine the molecular weight of MMP-26. The protein was purified using an anti-FLAG 

M2 affinity column (Sigma, St. Louis, MO). The enzyme concentration was measured with 

molar absorption coefficient, ε280 = 57130 M-1cm-1, by Genetics Computer Group (GCG) 

software as described previously [Park et al. 2000].  

 

 

Removal of Low-affinity, or both High- and Low-affinity, Calcium Ions 

 

Sequence alignment and crystal structural analysis revealed the possibility of both low- 

and high-affinity calcium-binding sites for MMP-26. To remove the low-affinity calcium ions, 

the enzyme was dialyzed three times in 0.01% Brij-35, 10 mM HEPES/NaOH, 10 mM NaCl, 

and 0.1 µM ZnSO4 for 8 h at pH 7.5, 4 °C. This was followed by dialysis in the presence of 0.1% 

Chelex-100 (Sigma, St. Louis, MO). The affinity of Chelex-100 for calcium ions is not 

particularly high, with a binding constant of 4.6 x 103 M-1. Therefore, this method removed only 

the low-affinity calcium ions from the enzyme [Blinks et al. 1989]. Dialysis in the presence or 

absence of Chelex-100 did not alter further experiments. Adding Chelex-100 ensured removal of 

low affinity calcium ions from the enzyme. To eliminate the high-affinity calcium ion, the 
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enzyme was dialyzed three times in the presence of 0.01% Brij-35, 2 mM EGTA, 10 mM 

HEPES/NaOH, 0.1 M NaCl, and 0.1 µM ZnSO4, pH 7.5, 4 °C for 8 h, followed by dialysis three 

times in 0.01% Brij-35, 10 mM HEPES/NaOH, 10 mM NaCl, and 0.1 µM ZnSO4, pH 7.5, 4 °C 

for 8 h, in order to remove EGTA. For CD spectroscopy, 10 mM Tris/HCl was substituted for 10 

mM HEPES/NaOH. For ANS binding assays, Brij-35 was omitted from the buffer to avoid 

interactions between ANS and Brij-35. 

 

 

Fluorescence Titration with Quin2 

 

A Quin2 (Sigma, St. Louis, MO) stock solution (approximately 500 µM) was prepared by 

dissolution in buffer (chelex-treated 10 mM HEPES/NaOH, 10 mM NaCl, pH 7.5). The 

concentration of the Quin2 stock solution was determined by using the molar absorption 

coefficient, ε240nm = 4.2 x 104 M-1cm-1, following a 1:100 dilution of stock solution in the 

presence of 10 mM CaCl2 [Hartleib et al. 2001]. Low-affinity-calcium-depleted (lacd) enzymes 

utilized for the Quin2 titration experiments were prepared by dialysis as described previously. 

Titration was performed at 25 oC in a quartz cell (1 cm x 0.5 cm). All measurements were 

performed in 10 mM HEPES/NaOH and 10 mM NaCl, pH 7.5 at 25 °C.  Titration was 

performed by adding 5 µL of aliquots of 300 µM Quin2 to 1500 µL of a 2.5 µM enzyme solution 

in a quartz cell. Time dependence assays of Quin2 binding to Ca2+ showed no change in Quin2 

fluorescence after MMP-26 was mixed with a 20-fold excess of Quin2 at 25 °C in 10 mM 

HEPES buffer, after 5 to 40 minutes (results not shown). At each titration point the sample was 

incubated for 10 min before measuring of the emission spectra from 450 nm to 530 nm with 5 

nm excitation and emission slit width at an excitation wavelength of 339 nm.  The emission was 

scanned at a rate of 2 nm/s. Fluorescence spectra intensity changes of the Quin2-Ca2+ complex 

were monitored at 490 nm. 
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Calculations of the High-affinity Calcium Dissociation Constant, KD1, Following the 

Fluorescence Titration with Quin2 

 

Calcium dissociation constants (KDCa
2+) for proteins are calculated by several methods 

[Hartleib et al. 2001; Linse et al. 1991], assuming that the increase in fluorescence intensity is 

proportional to the concentration of the Quin2-Ca2+ complex [Bryant et al. 1985]. Here, in the 

presence of the calcium-binding protein, the apparent dissociation constant of the Quin2-Ca2+ 

complex, Kd(QCa), was calculated by fitting experimental data to the following equation [Hartleib 

et al. 2001]; 

 

1
  Fi −

=
V

fi   

  
T

Ti
2

d(QCa)iTd(QCa)iT

[Ca]2

[Ca][Q]4)K  [Q]  [Ca](K  [Q]  [Ca]
  

−++−++
=                                          (2.1) 

where fi is the intensity of fluorescence at each point, V is the maximum of the fluorescence, 

[Ca]T is the total calcium concentration, and [Q]i is Quin2 concentrations at each point. Kd(QCa) 

may then be applied to following equation in order to obtain the calcium dissociation constant of 

the enzyme, KD1: 

 

            KD1 = KQ (1 + [E] / Kd(QCa))                                                                                            (2.2) 

 

where [E] is the enzyme concentration, and KQ is the calcium dissociation constant for Quin2 

(5.3 nM) at low salt concentrations [Linse et al. 1991]. 

 

 

Calcium Titration by Monitoring Enzyme Activity 

 

The fluorescence-quenched peptide substrate [(7-methylcoumarin-4-yl) acetyl]-Pro-Leu-

Gly-Leu-(2,3-Diaminopropyl)(2,4-Dinitrophenyl)-AR-NH2 (Mca-PLGL-Dap(Dnp)-AR-NH2, 

Bachem, Torrance, CA) was used to measure the rate of substrate hydrolysis. Enzyme activity 

was measured using a Perkin Elmer LS 50B Luminescence Spectrometer connected to a 
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constant-temperature water bath at 25 °C. Release of the fluorescent cleavage product was 

monitored by measuring fluorescence (λexcitation = 328 nm and λemission = 393 nm), where the 

increase of fluorescence intensity is proportional to substrate hydrolysis. Assays were performed 

in 0.01% Brij-35, 10 mM HEPES/NaOH, and 10 mM NaCl, with various Ca2+ concentrations, at 

pH 7.5, 25 °C. Different concentrations of Ca2+ stock solutions were prepared by serial dilutions 

from 1.6 M to 20 µM. Enzymes (final concentration of 0.1 µM) were incubated in 0.01% Brij, 10 

mM HEPES/NaOH, and 10 mM NaCl, pH 7.5, with varying concentrations of Ca2+ solution in a 

quartz cell (3mm x 3mm) for an incubation period of 20 minutes. Assays commenced with the 

addition of a substrate stock solution, for a final concentration of 1 µM. Calcium reagent (Sigma, 

St. Louis, MO) contains less than 0.0005% (w/w) of zinc ions. EC50 value of calcium ion was 

0.12 mM, resulting in less than 0.37 nM of possible zinc ion contamination. Denatured MMP-26 

from the bacterial extract was refolded in the presence of 0.1 µM Zn2+ to produce folded and 

activated MMP-26. Therefore, incubation of lacd-MMP-26 with 0.1 µM Zn2+ is appropriate zinc 

concentration to restore zinc ion, if enzyme lost zinc ions. However, Incubation of lacd-MMP-26 

with a final concentration of 0.1 µM Zn2+ had no effects on enzymatic activity leading to the 

conclusion that dialysis did not remove zinc ion from enzyme and zinc ions were unlikely to 

have affected the experimental outcomes. 

 

 

Calculation of the Low-affinity Calcium Dissociation Constant, KD2 

 

If a single calcium ion assumes to regulate enzymatic activity, then the calcium 

dissociation constant, KD2, can be expressed as follows:  

 

KD2 = [E]free[Ca2+]free/[ECa2+], [E]Total  = [E]free + [Eca2+], [Ca2+]Total = [Ca2+]free + [ECa2+] 

 

when enzymatic activity reaches 50 % of the maximum: 

 

[E]free = [ECa2+], [E]Total = 2[ECa2+] 

 

Therefore, KD2 = [Ca2+]Total – 0.5[E]Total.  
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If it is assumed that [Ca2+]Total is much greater than [E]Total,  

 

then KD2 = [Ca2+]Total (at 50 % enzymatic activity, the EC50 value)                                          (2.3) 

 

For MMP-26, E stands for lacd-MMP-26 and Ca2+ stands for low-affinity calcium ion. We 

assume that high-affinity calcium ion was not dissociated from lacd-MMP-26 due to its low 

value of dissociation constant, KD1. 

 

 

8-Anilino-1-naphthalenesulfonic acid (ANS) Binding 

 

Approximately 1 mM ANS (Sigma, St. Louis, MO) stock solution was prepared by 

dissolving ANS in 10 mM HEPES and 10 mM NaCl, pH 7.5. ANS concentration was 

determined by using molar absorption coefficient, ε350 = 5000 M-1cm-1 [Weber et al. 1964]. 

Lacd-MMP-26 utilized for the ANS binding experiments were prepared by dialysis as described 

above in the absence of Brij-35. All measurements were performed in 10 mM HEPES and 10 

mM NaCl, with various Ca2+ concentrations, at pH 7.5, 25 oC in a quartz cell (3mm x 3mm) after 

20 minutes incubation. To saturate the hydrophobic sites of the enzyme with ANS, 100 µM ANS 

was added to 3.4 µM of wild type MMP-26 or 2 µM of mutant-form MMP-26 solution, 

constituting 30-fold molar excess. ANS emission spectra were obtained from 405 nm to 560 nm 

with 5 nm excitation and emission slit widths at an excitation wavelength of 395 nm. Changes in 

ANS fluorescence spectra, due to the binding of ANS to protein, were monitored at 480 nm. 

 

 

Circular Dichroism Spectroscopy 

 

Circular dichroism (CD) was used to monitor changes in the secondary structure of the 

enzyme. Protein samples for CD spectroscopy experiments were prepared by dialysis as 

described above. All measurements were performed in 10 mM Tris/HCl, 10 mM NaCl, and 

0.01% Brij-35 at pH 7.5. CD spectra were obtained after the enzyme had been incubated for 2 

hours in the presence of 2 mM EGTA (400-fold excess) or in 10 mM CaCl2 solution. CD 
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spectroscopic measurements were performed on an Aviv 62 ADS circular dichroism 

spectrometer (Aviv, Lakewood, NJ) equipped with a 0.1 cm path length cell and a thermoelectric 

cuvette holder and connected to a model CFT-33 refrigerated recirculator (NESLAB). CD 

spectra were acquired by scanning from 260 to 185 nm in 0.5 nm increments with a 1 nm 

bandwidth. Triplicate scans were recorded, averaged, and analyzed. Buffer scans were 

subtracted, and the data were converted to molar ellipticity ([θ], deg cm2 dmol-1). Thermal 

denaturation transitions were measured by continuously monitoring ellipticities at a fixed 

wavelength of 218 nm while the temperature of the sample was increased. Data were collected at 

3-degree increments from 4 °C to 61 °C. The apparent fractional extent of unfolding, fapp, was 

calculated from the ellipticity values ([θ]) at 218 nm using the following equation: fapp = ([θ]N - 

[θ])/([θ]N -[θ]U), where [θ]N and [θ]U represent ellipticity values of the native and un-native 

states, respectively [Kuwajima et al. 199]. 

 

 

Cell Culture 

 

MDA-MB-231 (ATCC, Manassas, VA), an established human breast carcinoma cell line, 

was routinely grown in high-glucose Dulbecco’s modified Eagle’s Medium (DMEM, Gibco 

Invitrogen Corporation, Grand Island, NY) supplemented with 10 % fetal bovine serum (FBS, 

Hyclone, Logan, UT), 100 units/mL penicillin, and 100 µg/mL streptomycin (Cambrex, 

Walkersville, MD) in a humidified atmosphere containing 5 % CO2 at 37 °C. 

 

 

Transfection of MDA-MB-231 Cells and Isolation of Cell Lines Expressing Wild Type, 

K189E, and E209A Mutant Forms of MMP-26 

 

MDA-MB-231 cells were transfected with wild type, K189E, and E209A mutant forms 

of MMP-26 containing p3xFLAG-CMV-13 vectors using Transfectol (GeneChoice, Frederick, 

MD). Transfectol-mediated DNA transfections into MDA-MB-231 cells were performed 

following the instructions provided by GeneChoice. To estimate proper amount of antibiotic (G-

418) for the selection of the transfected cells bearing plasmids, parental cells were incubated 
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with DMEM-HG media containing 5% FBS and various amounts of G-418 for ten days (Figure 

4.8). 550 µg/mL of G-418 concentration has been selected for the selection condition. 

Transfected cell lines were maintained in the presence of 550 µg/mL Geneticine (G-418 sulfate, 

Fisher Science, Fair Lawn, NJ) and then screened on the basis of FLAG and MMP-26 expression. 

MMP-26, which was overexpressed from MDA-MB-231 cells, tends to secret out due to the 

signal peptide of the p3X-FLAG vector. Serum free media from the cell culture was used for 

screening colonies. Selected stably transfected cell lines were expanded in the presence of 550 

µg/mL of G-418 due to rapid loss of vector in the absence of G-418. Cell lines expressing wild 

type, K189E, and E209A mutant forms of MMP-26 were analyzed for their invasiveness 

capabilities in modified Boyden chamber (8 µm pore size, modified Boyden Chambers, BD 

Biosciences, Bedford, MA) invasion assays. 

 

 

Modified Boyden Chamber Invasion Assays 

 

The invasiveness of MDA-MB-231 cells transfected with wild type, K189E, or E209A 

mutant forms of MMP-26 through reconstructed ECM was determined as described previously 

[Zhao et al. 2003]. Briefly, invasion chambers containing polycarbonate filters with 8 µm pores 

were coated with 70 µL of 250 µg/mL of Type IV collagen (Sigma, St. Louis, MO). The Boyden 

chambers were dried and sterilized in a laminar flow hood under ultraviolet radiation overnight. 

To commence the assay, 500 µL of DMEM high-glucose culture medium containing 10% FBS 

was added to the lower chambers, and 300 µL of prepared cell suspensions (1.5 x 105 cells/mL) 

in Minimum Essential Eagle (MEM) with or without calcium (Mediatech Inc., Herndon, VA) 

was added to each insert for calcium-plus or calcium-minus conditions, respectively.  In either 

instance, serum is only present in the media outside of the invasion inserts. The cells housed 

inside the invasion inserts have no direct contact to serum at the beginning of the experiment. 

After 12 hrs of incubation, invasive cells that had passed through the filter to the lower surface of 

the membrane were stained using a 0.1 % crystal violet solution. Cells remaining inside the 

chamber were removed with a cotton swab, and the filters were removed and mounted on a 

microscope slide. The membranes were photographed with an Olympus DP10 digital camera 

(Melville, NY) under a Nikon FX Microscope (Melville, NY). Cells were counted by Integrated 



 15  

Morphometry Analysis (IMA). For statistical analyses the most aggressively invasive cell line, 

expressing the K189E mutant form of MMP-26, was assumed to reflect 100 % cell invasion. The 

ratio of the number of invaded cells of each cell lines to the invaded cells of the K189E mutant 

line was used for subsequent comparative analyses by analysis of variance (ANOVA). 

 

 

Specific Antibodies for MMP-26 and TIMP-4 

 

Antibodies were developed by our previous lab members. The two MMP-26 antibodies 

utilized for this study are directed against either the human MMP-26 prodomain sequence of 

Thr50-Gln-Glu-Thr-Gln-Thr-Gln-Leu-Leu-Gln-Gln-Phe-His-Arg-Asn-Gly-Thr-Asp67 or the C-

terminal sequence of Gln246-Arg-Ile-Gln-His-Leu-Tyr-Gly-Glu-Lys-Cys-Ser-Ser-Asp259. No 

peptide with >45% level of identity to these selected sequences was found as determined using 

the BLAST search method at the National Center for Biotechnology Information website. These 

rabbit polyclonal and mono-specific antibodies were tested and verified to be highly specific for 

MMP-26 [Zhao et al. 2003]. A goat polyclonal antibody against the C-terminal sequence region 

of MMP-26 (E-14) was obtained from Santa Cruz Biotechnology, and was utilized for the 

detection of MMP-26 following immunoprecipitation. A mouse monoclonal antibody against 

MMP-9 (Ab-1) was obtained from Calbiochem (San Diego, CA). The TIMP-4 antibody was 

directed against the sequence Ser61-Ala-Asp-Pro-Ala-Asp-Thr-Glu-Lys-Met-Leu-Arg-Tyr-Glu74-

NH2. This sequence also shares less than 45% homology with any other known peptide. This 

rabbit polyclonal and mono-specific antibody was purified, characterized, and its specificity 

validated as described previously [Hurst et al. 2001]. 

 

 

Immunoblotting for Tissue Samples 

 

Proteins were extracted from human malignant prostate tissue using T-PER (Pierce, 

Rockford, IL). Tissue samples were homogenized with T-PER (2mL per 0.1g of tissue), and after 

centrifugation (10,000 x g for 5 min), the supernatant was collected. Tissue extracts were 

subjected to SDS-PAGE, then blotted onto nitrocellulose blotting membranes (Pall Life 
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Sciences, Pensacola, FL). Membranes were blocked in Tris-buffered saline solution containing 

0.25% Tween 20 and 5% bovine serum albumin (BSA) prior to incubation with primary 

antibodies. For the detection of MMP-26 directly from tissue extracts, rabbit anti-MMP-26 

antibodies were used. For the detection of MMP-26 following immunoprecipitation, a goat anti-

MMP-26 antibody (E-14) was used.  Membranes were incubated with alkaline phophatase-

conjugated secondary antibodies for 30 min at room temperature, and positive bands were 

visualized using NBT/BCIP substrates (Fisher Biotech, Fairlawn, NJ). 

 

 

Co-Immunoprecipitation 

 

To examine the interaction between TIMP-4 and MMP-26, prior to treatment of prostate 

cancer tissue extract with anti-TIMP-4 antibody, preimmune IgG was treated with prostate 

cancer tissue extract to minimize nonspecific interactions as following. 1 mL of tissue extract 

was incubated with 1 µg of rabbit preimmune IgG and 20 µL of resuspended Protein A/G plus 

agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C for 1 hour. After 

centrifugation (1,000 x g, 5 min), the precleared supernatant was collected and precipitate was 

used for the detection of MMP-26 as negative control. Collected supernatant was mixed with 1.5 

µg of rabbit anti-TIMP-4 antibody and 20 µL of resuspended Protein A/G plus agarose beads at 

4°C for 4 hour. After centrifugation (1,000 x g, 5 min), the supernatant was collected and this 

precipitate was also used for the detection of MMP-26. Each precipitate was washed 4 times with 

phosphate-buffered saline (pH 7.4) followed by centrifugation (1,000 x g, 5 min). Separated 

samples were subjected to further analyses by Western blot and zymography. To examine the 

interaction between TIMP-4 and MMP-9 or MMP-26 and MMP-9, complexes of rabbit anti-

TIMP-4 antibody and protein A/G agarose beads or complexes of rabbit anti-MMP-26 antibody 

and protein A/G agarose beads were used to draw down TIMP-4 or MMP-26, respectively. 
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Gelatin Zymography 

 

Gelatin zymography was performed for MMP-9 detection. For this, 0.5 mg/mL gelatin 

was co-polymerized into a 10 % polyacrylamide resolving gel at the time of casting. Complexes 

of rabbit anti-TIMP-4 antibody and protein A/G agarose beads or complexes of rabbit anti-

MMP-26 antibody and protein A/G agarose beads or supernatant during immunoprecipitation 

were then subjected to separation by gelatin-SDS-PAGE. Following electrophoresis, the gel was 

immersed in buffer containing 0.01% Brij-35, 10 mM HEPES/NaOH, 10 mM NaCl, 10 mM 

CaCl2, 0.1 µM ZnSO4, pH 7.5, at 4 °C for 12 hours 6 times to remove SDS and allow enzymatic 

gelatin substrate hydrolysis. The gel was stained in 0.025% Coomassie blue in methanol:acetic 

acid:water (volume ratio of 5:1: 4) for 4 hours. Finally, the gel was destained with ethanol:acetic 

acid:water (volume ratio of 1:1:8) for two days. 

 

 

Immunohistochemistry 

 

Formalin-fixed, paraffin embedded human prostate cancer tissues serially-sectioned and 

fixed on slides were obtained from five different patients’ samples in Mayo Clinic (Jacksonville, 

FL). The sections were dewaxed with xylene and rehydrated successively in 100% ethanol, 95% 

ethanol, and distilled water. The slides were then subjected to antigen retrieval by boiling in 0.1 

mM citric acid (pH 6.0) for 12 minutes. The samples were then incubated with primary antibody 

diluted to 25 µg/mL in blocking buffer (0.2% (v/v) Triton X-100, 5% (v/v) normal goat serum, 

3% (w/v) bovine serum albumin, and 0.02% (w/v) NaN3 in Tris-buffered saline) for 1 hour at 

room temperature. The primary antibodies used were affinity-purified polyclonal rabbit anti-

human proMMP-26 and TIMP-4 [Zhao et al. 2003; Hurst et al. 2001], or were obtained from 

commercial sources and derived from different species. Purified preimmune IgG from rabbit was 

used as a negative control. After the primary antibody was rinsed off with Tris-buffered saline 

(TBS), the tissue sections were incubated with an alkaline phosphatase-conjugated secondary 

antibody (Sigma) diluted 1:1000 in blocking buffer. Signals were detected by adding Fast Red 

(Sigma). The sections were counterstained lightly with hematoxylin for viewing of nonreactive 

cells. 
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CHAPTER 3 

 

COMPUTER MODELING OF MMP-26 

 

 

Sequence Alignment and Homology Modeling Structure of MMP-26 

 

 The folding topology and pattern of all MMP catalytic domains are quite similar [Bode et 

al. 1999]. Thus, the homology modeling and protein sequence alignment may be useful tools to 

predict a catalytic domain structure of MMP-26 [Park et al. 2000; Park et al. 2003]. Comparison 

of crystal structures with sequence alignment reveals that these sequence aligned MMPs have 

two zinc binding sites and one high- and low-affinity calcium binding sites. Some of the MMPs 

have third calcium binding site, depending on MMPs. Figure 3.1 is the result of the sequence 

alignment. C1, C2, and C3 stand for calcium binding sites. Z1 and Z2 represent catalytic and 

structural zinc binding sites, respectively. Pair-wise alignment based on several MMPs was 

performed and output files are examined. Identities and resolutions are listed in Table 3.1. From 

Table 3.1, among MMPs, human macrophage elastase, MMP-12 was adopted as a template 

because of reasonable identity and high resolution of the x-ray crystal structure. Some structures, 

which show high identity, are discarded because they are not the human analogues. Figure 3.2 

shows homology modeled MMP-26 structure. Homology modeling based on MMP-12 

(PDB:1jk3A) showed two zinc ions (small spheres, catalytic and structural zinc ions) and three 

calcium ions (large green spheres). The inhibitor batimastat (BB94) represented by tube binds to 

the catalytic zinc ion. 
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191 C3 C2 240
MMP-26 Y..PHDMKPS AVKDSIYNAV SIWSNVTPLI FQQV...... ..QNGDADIK
MMP-03 Y..TPDLPKD AVDSAVEKAL KVWEEVTPLT FSRL...... ..YEGEADIM
MMP-10 Y..TPDLPRD AVDSAIEKAL KVWEEVTPLT FSRL...... ..YEGEADIM
MMP-01 Y..TPDLPRA DVDHAIEKAF QLWSNVTPLT FTKV...... ..SEGQADIM
MMP-08 Y..TPQLSEA EVERAIKDAF ELWSVASPLI FTRI...... ..SQGEADIN
MMP-12 Y..TPDMNRE DVDYAIRKAF QVWSNVTPLK FSKI...... ..NTGMADIL
MMP-13 Y..TPDMTHS EVEKAFKKAF KVWSDVTPLN FTRL...... ..HDGIADIM
MMP-07 Y..TRDLPHI TVDRLVSKAL NMWGKEIPLH FRKV...... ..VWGTADIM
MMP-20 Y..TPSMSSV EVDKAVEMAL QAWSSAVPLS FVRI...... ..NSGEADIM
MMP-16 V..TPKVGDP ETRKAIRRAF DVWQNVTPLT FEEVPYSELE NG.KRDVDIT
MMP-24 Y..TPKVGEL DTRKAIRQAF DVWQKVTPLT FEEVPYHEIK SD.RKEADIM
MMP-14 Y..TPKVGEY ATYEAIRKAF RVWESATPLR FREVPYAYIR EGHEKQADIM
MMP-15 Y..TEKLGWY HSMEAVRRAF RVWEQATPLV FQEVPYEDIR LRRQKEADIM
MMP-17 FPRDSPLGHD TVRALMYYAL KVWSDIAPLN FHEV...... ..AGSTADIQ
MMP-25 FPQSSQLSQE TVRVLMSYAL MAWGMESGLT FHEVD..... SPQGQEPDIL
MMP-28 WPEH..LPEP AVRGAVRAAF QLWSNVSALE FWEAP..... ..ATGPADIR

C3

241 Z2 C1 Z2 C2 Z2C1C3C1 290
MMP-26 VSFWQWAHED ..GWPFDGPG GILGHAFLPN .SGNPGVVHF DKNEHWSA.S
MMP-03 ISFAVREHGD ..FYPFDGPG NVLAHAYAPG .PGINGDAHF DDDEQWTKDT
MMP-10 ISFAVKEHGD ..FYSFDGPG HSLAHAYPPG .PGLYGDIHF DDDEKWTEDA
MMP-01 ISFVRGDHRD ..NSPFDGPG GNLAHAFQPG .PGIGGDAHF DEDERWTNNF
MMP-08 IAFYQRDHGD ..NSPFDGPN GILAHAFQPG .QGIGGDAHF DAEETWTNTS
MMP-12 VVFARGAHGD ..FHAFDGKG GILAHAFGPG .SGIGGDAHF DEDEFWTTHS
MMP-13 ISFGIKEHGD ..FYPFDGPS GLLAHAFPPG .PNYGGDAHF DDDETWTSSS
MMP-07 IGFARGAHGD ..SYPFDGPG NTLAHAFAPG .TGLGGDAHF DEDERWTDGS
MMP-20 ISFENGDHGD ..SYPFDGPR GTLAHAFAPG .EGLGGDTHF DNPEKWTMGT
MMP-16 IIFASGFHGD ..SSPFDGEG GFLAHAYFPG .PGIGGDTHF DSDEPWTLGN
MMP-24 IFFASGFHGD ..SSPFDGEG GFLAHAYFPG .PGIGGDTHF DSDEPWTLGN
MMP-14 IFFAEGFHGD ..STPFDGEG GFLAHAYFPG .PNIGGDTHF DSAEPWTVRN
MMP-15 VLFASGFHGD ..SSPFDGTG GFLAHAYFPG .PGLGGDTHF DADEPWTFSS
MMP-17 IDFSKADHND ..GYPFDGPG GTVAHAFFPG HHHTAGDTHF DDDEAWTFRS
MMP-25 IDFARAFHQD ..SYPFDGLG GTLAHAFFPG EHPISGDTHF DDEETWTFGS
MMP-28 LTFFQGDHND GLGNAFDGPG GALAHAFLPR R....GEAHF DQDERWSLSR

291 Z1 M-turn 340
MMP-26 DT..GYNLFL VATHEIGHSL GLQHSGNQSS IMYPTY.W.Y HDPRTFQLSA
MMP-03 T...GTNLFL VAAHEIGHSL GLFHSANTEA LMYPLY.HSL TDLTRFRLSQ
MMP-10 S...GTNLFL VAAHELGHSL GLFHSANTEA LMYPLY.NSF TELAQFRLSQ
MMP-01 R...EYNLHR VAAHELGHSL GLSHSTDIGA LMYPSY..TF ..SGDVQLAQ
MMP-08 A...NYNLFL VAAHEFGHSL GLAHSSDPGA LMYPNY..AF RETSNYSLPQ
MMP-12 G...GTNLFL TAVHEIGHSL GLGHSSDPKA VMFPTY..KY VDINTFRLSA
MMP-13 K...GYNLFL VAAHEFGHSL GLDHSKDPGA LMFPIY..TY TGKSHFMLPD
MMP-07 SL..GINFLY AATHELGHSL GMGHSSDPNA VMYPTY..GN GDPQNFKLSQ
MMP-20 N...GFNLFT VAAHEFGHAL GLAHSTDPSA LMYPTY..KY KNPYGFHLPK
MMP-16 PNHDGNDLFL VAVHELGHAL GLEHSNDPTA IMAPFYQY.. METDNFKLPN
MMP-24 ANHDGNDLFL VAVHELGHAL GLEHSSDPSA IMAPFYQY.. METHNFKLPQ
MMP-14 EDLNGNDIFL VAVHELGHAL GLEHSSDPSA IMAPFYQW.. MDTENFVLPD
MMP-15 TDLHGNNLFL VAVHELGHAL GLEHSSNPNA IMAPFYQW.. KDVDNFKLPE
MMP-17 SDAHGMDLFA VAVHEFGHAL GLSHVAAAHS IMRPYYQGPV GDPLRYGLPY
MMP-25 KDGEGTDLFA VAVHEFGHAL GLGHSSAPNS IMRPFYQGPV GDPDKYRLSQ
MMP-28 ..RRGRNLFV VLAHEIGHTL GLTHSPAPRA LMAPYYKRLG RD...ALLSW

S1’pocket

Figure 3.1. Sequence alignment of various human MMPs. Only S1′ pocket and zinc/calcium 
binding sites of catalytic site are shown. Numbering is based on whole sequence alignment. 
Symbol comparison table: blosum30.cmp, Gap Weight: 15, Gap Length Weight: 5  
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Table 3.1. Pair-wise alignments with target sequence by Swiss Model, 
(http://www.expasy.org/swissmod/SWISS-MODEL.html). only over 54% identities are shown. 
1jk3A.pdb crystal structure was selected as MP-26 template because of its high identity and 
resolution. 
 

PDB name Identity Name Resolution 

1jizB.pdb 

1jizA.pdb 

1g05A.pdb 

1g05B.pdb 

1os2D.pdb 

1os2B.pdb 

1os2A.pdb 

1os2C.pdb 

1os2E.pdb 

1os2F.pdb 

1os9C.pdb 

1os9A.pdb 

1os9D.pdb 

1os9E.pdb 

1os9F.pdb 

1os9B.pdb 

1jk3A.pdb 

1cxvB.pdb 

1cxvA.pdb 

1hy7A.pdb 

54.7 % 

54.7 % 

56.85 % 

58.25 % 

55.1 % 

55.1 % 

55.1 % 

55.1 % 

55.1 % 

55.1 %   

55.1 %   

55.1 %   

55.1 %   

55.1 % 

55.1 % 

55.1 %   

54.8 %   

57.55 %   

57.55 % 

56.1 %  

MMP-12, Human Macrophage Elastase 

 

MMP-3, stromelysin-1 

 

MMP-12, Human Macrophage Elastase 

 

 

 

 

 

MMP-12, Human Macrophage Elastase 

 

 

 

 

 

MMP-12, Human Macrophage Elastase 
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Figure 3.2. Homology modeling of MMP-26 based on MMP-12 (1JK3). Two small and three 
large spheres represent zinc and calcium ions respectively. The inhibitor batimastat (BB-94) is 
represented as tube. Two oxygen ions from the inhibitor are chelating the catalytic zinc ion.  
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Prediction of the Intermediate S1′ Pocket of MMP-26 

 

Crystal structure comparison and sequence alignment reveals a plausible explanation for 

residues participating in the formation of the S1′ pocket of MMP-26. Figure 3.1 shows residues 

involved in the formation of the S1′ pocket of MMPs including MMP-26. According to the 

alignment and homology modeled structure, Leu-300, His-304, Tyr-326, and His-331 may be 

key residues in forming the S1′ pocket of MMP-26. The pocket that is formed by Leu-300, His-

304, Tyr-326, and His331 is illustrated in Figure 3.3. Inhibitors were removed from the x-ray 

crystallographic structures with Protein Data Bank accession numbers 1HFC (MMP-1) [Spurino, 

J. C. et al. 1994], 1JK3 (MMP-12) [Lang, R. et al. 2001].  Three residues involve in formation of 

pocket wall: for MMP-1, Arg-300, His-304, Tyr-326; for MMP-12 and MMP-26, Leu-300, His-

304, Tyr-326. Residues 304 and 326 form right and left side walls of the pocket and residue 300 

forms top of the side wall and bottom of the S1′ pocket. The key residue 300 that distinguishes a 

shallow pocket (MMP-1) is represented by a yellow molecular surface. For MMP-1 side chain of 

Arg-300 is big enough to cover top of the side wall and bottom of the S1′ pocket. Therefore, S1′ 

pocket of MMP-1 can be characterized as shallow pock. For MMP-26 and MMP-12, Leu-300 

residue is replaced and this small size of residue only cover top of the side wall in the S1′ pocket. 

As a result, residue 331 is the key residue to distinguish MMP-26 from MMP-12. Residue 331 

may discriminate between the intermediate (MMP-26, His) and deep (MMP-12, Val) pocket 

sizes and is represented by a pink molecular surface. The depth of the pocket may be limited by 

His-331, consistent with the intermediate size prediction by kinetic data [Park et al. 2003]. Based 

on the findings provided in x-ray crystallographic structures of MMPs, the residue at the position 

equivalent to His-331 of MMP-26 may play a key role in the determination of a deep or 

intermediate S1′ pocket. This assumption further explained by homology modeled structures in 

Figure 3.3. Intermediate size of His331 residue forms bottom of the S1′ pocket and enable to 

bind intermediate size of inhibitor side chains.  
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                   Shallow                                           Intermediate                                   Deep 

 

 Yellow                Arg300                                          Leu300                                    Leu300 
 Pink                                                                           His331                                     Val331 

 

Figure 3.3. Comparison of S1′ pocket of MMP-26 with well-known MMPs’ structure. The x-
ray crystallographic structures with protein data bank accession numbers 1HFC(MMP-1), 
1JK3 (MMP-12) are obtained. The key residue 300 that distinguishes a shallow pocket 
(MMP-1) is represented by a yellow molecular surface. Residue 331 discriminates between 
the intermediate (MMP-26) and deep (MMP-12) pocket size and is represented by a pink 
molecular surface. 
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Similarity between MMP-26 and Calcium Binding Proteins. 

 

Several calcium binding protein, especially human calmodulin or calmodulin-like 

proteins are examined to compare them with MMPs or MMP-26 in Table 3.2. These well known 

calcium-binding proteins have high affinity calcium-binding sites and x-ray crystal structures 

support these high calcium binding affinity. All calcium ions have three or four carboxylic acid 

ligands with another carbonyl or water ligands. Carboxylic acid has negative charge at 

physiological condition except for certain circumstance such as proton shuffling. Therefore 

carboxylic acid binds strongly to a positively charged calcium ion. And all calcium-binding sites 

are very similar to each other.  

Figure 3.4 shows one of the calcium binding protein structures, calmodulin-like skin 

protein (PDB file: Q9NZT1) and its’ calcium binding site. It shows hepta-coordination, 

pentagonal bipyramidal geometry with four carboxylic acids and one carbonyl and water 

molecule. And all the calcium-binding ligands come from near the loop structure. Therefore this 

calcium bound loop stabilizes only adjacent two alpha helices, which are connected by calcium 

binding loop and little beta-sheet. 

On the other hand, MMPs have variable calcium binding affinity sites. All of the MMPs 

have high affinity calcium binding site, which resembles to calmodulins. High affinity calcium 

binding site (Ca1) is composed of three carboxylic acids and three carbonyl groups. And MMPs 

have one or two more calcium binding sites at their catalytic domain, which are medium or low 

affinity calcium binding sites. Figure 3.5 shows three calcium-binding sites of MMP-12. Ca1 

corresponds to the high affinity calcium-binding site (three carboxylic acid), Ca2 correspond to 

the low affinity calcium-binding site (one carboxylic acid), and Ca3 corresponds to the medium 

affinity calcium-binding site (two carboxylic acid). Medium and low affinity calcium binding 

sites are composed of mainly carbonyl group and water molecules. 
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Table 3.2. Comparison of calcium binding proteins. 

 

Primary 
accession 

name 

PDB 
name 

Protein name Function 
# of calcium 
binding sites 

P02593 1LVC Calmodulin 

Calmodulin mediates the control of a 
large number of enzymes by Ca2+. 

Among the enzymes to be stimulated by 
the calmoduline-Ca2+ complex are a 

number of protein kinases and 
phosphatases 

Six EF hand 

P27482 1GGZ 
Calmodulin-

related 
protein NB-1 

Similar to calmodulin. 
Four EF 

hand 

Q9NZT1 1FW4 
Calmodulin-

like skin 
protein 

May be involved in terminal 
differentiation of keratinocytes 

Two EF 
hand 
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Figure 3.4. X-ray crystal structure of the calmodulin-like skin protein (PDB file: Q9NZT1) 

and calcium-binding site. Left figure shows whole protein structure and right figure is 
enlargement in the calcium binding site. Green balls represent calcium ion. 
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Figure 3.5. Three calcium-binding sites in MMP-12 (pdb, 1JK3). Top left structure is the 
crystal structure of MMP-12. Three calcium binding sites are cropped and shows detailed 
structure in the calcium binding site. Ca1 and Ca2 shows octahedral geometry and Ca3 reveals 
pentagonal bipyramidal geometry.   
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Calcium Binding Sites of MMP-26 

 

Sequence alignment of MMP-26 with the available crystallographic structures of other 

MMPs was used to reexamine the possible ligands at each calcium-binding site (Figure 3.6). The 

possible Ca2+ coordination at each site for each MMP was summarized (Table 3.3). Residues 

Asp165, Gly166, Asp188, and Glu191 are highly conserved for the C1 site. The calcium at the C1 site 

is coordinated by three carboxyl groups and three carbonyl groups. The calcium at the C2 site is 

coordinated by one carboxyl group and three carbonyl groups from the backbone with conserved 

Asp148 and Asp184 residues, except in MMP-26 where the latter residue is Val184. The C3 site is 

the most varied among these sites. The calcium at the C3 site is coordinated by two carboxyl and 

two carbonyl groups in MMP-1 [Spurlino et al. 1994], -3 [Chen et al. 1999], -7 [Browner et al. 

1995], and –12 [Lang et al. 2001] with conserved Asp114, Glu189 (Asp189 for MMP-3), and Glu191 

residues. However the calcium at the C3 site of cdMMP-8 [Brandstetter et al. 1998] and 

cdMMP-14 [Fernandez-Catalan et al. 1998] is not found in their crystal structures, perhaps due 

to the absence of the carboxyl group at this site. The calcium at the putative C3 site of MMP-26 

is most likely ligated to the carboxyl group of Asp114 and carbonyl groups of Lys189 and Glu191. 

Crystallographic studies demonstrate that catalytic domains of the MMPs share similar 

folding topology and metal binding structures [Lang et al. 2001]. Thus, sequence alignment and 

homology modeling structures can be useful tools to predict the calcium-binding sites of MMPs. 

A homology modeling structure of MMP-26 was constructed based on the crystal structure of the 

catalytic domain of MMP-12 (cdMMP-12) [Park et al. 2003]. A comparison of the MMP-26 

structure with cdMMP-12 predicted three putative calcium-binding sites, designated C1, C2, and 

C3 in Figure 3.7. The C1 site of MMP-26 is composed of three side chain carboxyl groups 

originating from amino acid residues (Asp165, Asp188, and Glu191) and three carbonyl groups from 

the backbone (Gly166, Gly168, and Ile170). The C2 site of MMP-26 consists of three carbonyl 

groups originating from the backbone (Asp148, Gly180, and Pro182), which is not feasible for 

calcium-binding. The C3 site is composed of one carboxyl group from an amino acid residue 

(Asp114) and two carbonyl groups from the backbone (Lys189 and Glu191). 

Analyses of sequence homology and the modeled MMP-26 structure indicate that 

catalytic domain of MMP-26 may contain two possible binding sites with different calcium-

binding affinities. The C3 site of MMP-26 may possess modest affinity when compared to the 
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C1 site while the C2 site may not represent a true calcium-binding site, as these studies predict 

only three carbonyl groups participating in the possible coordination of calcium at this site, 

analogous to the non-binding C3 sites of cdMMP-8 [Brandstetter et al. 1998] and cdMMP-14 

[Fernandez-Catalan et al. 1998]. 

 

 

Effect of the Calcium Ion to the MMP-26 Structure. 

 

Binding calcium ion to the protein can cause structural changes of the proteins such as 

calmodulin. And its activity can be regulated by calcium ions. As shown in Figure 3.4, calcium 

binds to the loop regions connected with alpha helixes. After binding with calcium ion to the 

loop region, loop regions tend to be shrinking due to the interaction between the negatively 

charged carboxylic acids and the positively charged calcium ions. This little change in loop 

region can cause enormous changes to the remote sites connected with alpha helixes [Nelson et 

al. 1998]. Enzyme activity, which is involved with calcium binding, can be explained by the 

change of the active site by calcium ions. Figure 3.8 represents changes of the tertiary structures 

due the elimination of the low-affinity calcium ions. The gray solid ribbon structure represents 

minimized MMP-26 structure in the presence of low-affinity calcium ions, while the dark gray 

solid ribbon structure represents that in the absence of these ions resulting in lacd-MMP-26. The 

large gray spheres, which were designated as C2 and C3 and were eliminated for further 

minimization, are putative low-affinity calcium ions. The dark gray sphere, designated as C1, is a 

high-affinity calcium ion. Small gray and dark gray spheres at the center of the MMP-26 are the 

catalytic zinc ions before and after elimination of the low-affinity calcium ions, respectively. It 

showed that removing low affinity calcium ions caused shift of calcium binding loop structure 

and finally perturb active site. This small change is enough for enzyme to loose its’ activity 

without whole enzyme structural perturbation. That the removed calcium ion is low affinity 

calcium ions, and it cause minor structural change of MMP-26, which can be easily recovered, 

can explain why incubation of MMP-26, which does not have low affinity calcium ion, with 

calcium ion immediately recovered enzyme’s activity. 
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Figure 3.6. Sequence alignment data of several MMPs. 

Sequence alignment of the MMP26 catalytic domain sequence with the catalytic domains of 
several MMPs. Conserved calcium binding residues are boxed. Residues in dark gray correspond 
to the MMP C1 sites, residues in medium gray correspond to MMP C2 sites, and residues in light 
gray correspond to MMP C3 sites. Coordinating residues, shared by the C1 and C3 sites, are 
denoted in black lined box. 



 31  

Table 3.3. Comparison of crystal structures of several MMPs. MMP-26 showed one less 
carboxylic acid residue at both putative low-affinity calcium-binding sites, C2 and C3 with 
Protein Data Bank accession numbers 1HFC (MMP-1) (28), 1B3D (MMP-3) (29), 1MMQ 
(MMP-7) (30), 1A86 (MMP-8) (31), 1JK3 (MMP-12) (33), 1BQQ (MT1-MMP) (35). MMP-8 
and MMP-14 show no calcium ion binding at the C3 site, from which the Glu189 residue is 
absent.  Likewise, MMP-26 is negative for Glu189 at the C3 site. Unlike other MMPs, MMP-26 
has Val184 instead of Asp. 
 

 



 32  

 

 

 

 

 
Figure 3.7. A modeled structure of the MMP-26. 

A modeled structure of the MMP-26 based on the structure of MMP-12; Green spheres represent 
calcium ions. C1, C2, and C3 represent calcium-binding sites. Small dark blue spheres represent 
zinc ions. Each calcium-binding site is magnified to demonstrate the binding moieties. The 
RMSD value between the backbones of the minimized and the homology modeled structure of 
MMP-26 is 1.40 Å. 
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Figure 3.8. Modeled structures of the MMP-26 with or without low-affinity calcium ion. 

Modeled structure of the MMP-26 with or without low-affinity calcium ions. The gray solid 
ribbon structure represents minimized MMP-26 structure in the presence of low-affinity calcium 
ions, while the dark gray solid ribbon structure represents that in the absence of these ions 
resulting in lacd-MMP-26. The large gray spheres, which were designated as C2 and C3 and 
were eliminated for further minimization, are putative low-affinity calcium ions. The dark gray 
sphere, designated as C1, is a high-affinity calcium ion. Small gray and dark gray spheres at the 
center of the MMP-26 are the catalytic zinc ions before and after elimination of the low-affinity 
calcium ions, respectively. Small gray and dark gray spheres at the top of the MMP-26 are the 
structural zinc ions. The RMSD value between the backbones of the wild type and lacd-MMP-26 
structure is 1.23 Å. 
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Mutations at the Putative Low-affinity Calcium-binding Sites. 

 

Molecular modeling of the V184D mutant showed that the introduction of a carboxylic 

acid moiety (Asp184) at the C2 site might initiate calcium-binding with subsequent changes at the 

C2 site and the catalytic site of MMP-26 resulting in a new binding orientation for the inhibitor, 

GM6001 (Figure 3.9). The gray line ribbon structure represents the minimized structure of wild 

type MMP-26 and the black ribbon structure represents the minimized structure of the MMP-26 

mutant forms. The inhibitor, GM6001, is bound to the catalytic site of MMP-26. Newly 

introduced Asp184 offer negatively charged carboxylic acid. This negatively charged carboxylic 

acid is attracted to positively charged calcium ion at C2 site. This attraction causes shift of the 

Asp184 residue therefore the beta-sheet attached to the Asp184 residue also moves toward to the 

calcium ion at C2 site. This might result in unexpected disruption at the catalytic site of MMP-26, 

where the inhibitor GM6001 binds. Because the C2 and C3 sites share the same beta-sheet as the 

artificial Asp184 residue, these sites are cooperative. Therefore, calcium-binding at the C2 site in 

the absence of calcium-binding at the C3 site might increase perturbation of the catalytic site, 

which persisted until calcium-binding at the C3 site relieves this distortion.  

According to molecular modeling of the K189E mutant, addition of carboxylic acid 

moiety (Glu189) by mutation neither altered the C3 calcium-binding site nor the catalytic site of 

MMP-26 resulting in no change in orientation of the inhibitor, GM6001 (Figure 3.10).  Protein 

representation follows same way of V184D mutant representation. K189E mutation also does not 

change orientation of the protein backbone and tertiary structure in whole entire enzyme.  

Nevertheless, the addition of the Ca2+ coordinate (Glu189) at the C3 site did result in enhanced 

calcium-binding because of the interaction between one more negatively charged carboxylic acid 

residue from Glu189 and positively charged calcium ion at C3 site. 
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Figure 3.9. Overlapped structures of wild type/V184D mutated MMP-26. 

Overlap of the wild type and V184D mutant MMP-26 structures. The gray line ribbon structure 
represents the minimized structure of wild type MMP-26 and the black ribbon structure 
represents the minimized structure of the MMP-26 mutant forms. The inhibitor, GM6001, is 
bound to the catalytic site of MMP-26. The V184D mutation alters both the C2 site and the 
active site of MMP-26 when compared with wild type, resulting in a perturbed orientation of the 
bound inhibitor (GM6001). The RMSD value between the backbones of the wild type and 
V184D mutant MMP-26 structure is 0.56 Å.
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Figure 3.10. Overlapped structures of wild type/K189E mutated MMP-26. 

Overlapped structure of wild type/K189E mutated MMP-26. Protein representation follows same 
way of V184D mutant representation above. The K189E mutation does not alter C3 site or the 
active site of MMP-26 when compared with the wild type, and there is no change in orientation 
of the bound inhibitor (GM6001). The RMSD value between the backbones of the wild type and 
K189E mutant MMP-26 structure is 0.15 Å. 



 37  

Discussion 

 

Crystal structure comparison and sequence alignment reveals a plausible explanation for 

residues participating in the formation of the S1′ pocket of MMP-26. MMPs can be divided into 

three groups based on the characteristics of their S1′ pockets: shallow-, intermediate-, and deep-

pocket MMPs. Enzyme inhibition kinetic studies using MMPIs in combination with protein 

sequence analysis and homology modeling reveal that MMP-26 has an intermediate S1′ pocket 

[Park et al. 2003]. 

Calcium ions are necessary for enzyme’s proper folding. Other calmodulin or 

calmodulin-like proteins shows that it has very high affinity calcium ions. These high affinity 

calcium ions are necessary for its’ folding for structural calcium acquiring enzymes because 

translation of the protein’s m-RNA happens inside the cell, where the calcium concentration is 

very low. If the enzyme has low affinity for its’ structural calcium ion, it cannot bind to calcium 

ion in the low calcium concentration circumstance.  

MMP-26 has very unique behavior for the calcium ion. Sequence alignment and 

molecular Modeling shows that MMP-26 has both low and high affinity calcium ions. 

Computational research shows conformational change at the catalytic site by removal of the low 

affinity calcium ions. However whole tertiary structure of MMP-26 does not change much. In the 

presence of inhibitor, low affinity calcium ion removal does not affect to the structure of the 

MMP-26. This support that low affinity calcium binding site and catalytic site are correlated with 

each other. Furthermore, mutations (V184D at C2 site, K189E at C3 site) at putative low-affinity 

calcium-binding sites suggested that MMP-26 has one low-affinity calcium-binding site at C3. 
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CHAPTER 4 

 

STRUCTURAL AND FUNCTIONAL ROLE OF CALCIUM IONS IN MMP-26 

 

 

Refolding and Removal of Low-affinity Calcium Ions from Recombinant Wild Type and 

Mutated Forms of MMP-26 

 

Wild type proMMP-26 was auto-activated during folding by dialysis [Park et al. 2000; 

Uria et al. 2000; Marchenko et al. 2002]. Enzymatic activity measurements of the wild type, 

D114A, V184D, and K189E mutants showed high rates of fluorescent synthetic peptide 

hydrolysis, while the D165A and E191A mutants showed very low rates of hydrolysis that were 

less than 5% of that seen for wild type MMP-26. Inactive MMP-26 (E209A), mutated at the 

catalytic Glu, not only showed no hydrolysis activity, but also no further processing for the 

autoactivation. Figure 4.1 shows the wild type MMP-26 proceded auto-cleavage of the 

prodomain resulting in one band around 30 kDa (pro-form) and three bands around 20 kDa 

(activated forms). D114A, V184D, and K189E mutations resulted in similar activation patterns. 

However, D165A and E191A mutants remained largely intact even show large amount of 

precipitation during refolding by dialysis, and mutation at the catalytic Glu (E209A) completely 

abrogated activation (Figure 4.1). Removal of low-affinity calcium ions by dialysis in the 

presence of chelex-100 resulted in a dramatic decreases of catalytic activity for the wild type and 

D114A-, V184D-, and K189E-mutated forms of MMP-26. An interesting aspect of the K189E 

mutant is its higher enzymatic activity than wild type MMP-26 in the absence of low-affinity 

calcium ions. The activity of Low-Affinity-Calcium-Depleted MMP-26 (lacd-MMP-26) was 

restored in the presence of 10 mM calcium ions within 20 min for the wild type, V184D-, and 

K189E-mutant forms of MMP-26, but the activity of the D114A mutant was not restored. 



 39  

 

 
 

 
 

Figure 4.1. Western blotting of wild type and mutant forms of MMP-26 after refolding. 

The proform of MMP-26 is slightly less than 36 kDa, while the auto-activated cleavage product 
is seen at approximately 22 kDa. Only the E209A mutant form is observed as a single band.  The 
cleaved forms of wild type and K189E-, V184D-, and D114A-mutant forms represent activated 
MMP-26, although the cleaved forms of D165A and E191A demonstrate less than 5 % activity 
for the fluorescence-quenched substrate hydrolysis, when compared with that of wild type MMP-
26. An anti-Flag tag antibody was used to detect MMP-26.   
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Titration of High-affinity Calcium Ions by Quin2 

 

Quin2 has been utilized to probe high-affinity calcium-binding given its own high affinity 

(KQ = 1.9 x 108 M-1) for calcium ions and the changes in its properties after calcium-binding 

[Hartleib et al. 2001]. Quin2 fluoresces with an emission maximum at 492 nm, which is far away 

from that of proteins, and its fluorescence is enhanced about 6-fold by the formation of calcium 

complexes [Bryant et al. 1985]. This fluorescent property of Quin2 can be exploited to calculate 

the dissociation constants of high-affinity calcium ions within a range of 10-10 to 10-7 M 

[Stenberg et al. 1997]. 

   To determine the true number of high-affinity calcium ions in MMP-26, low-affinity 

calcium ions were removed by repeated dialyses as described in the methods. When lacd-MMP-

26 was titrated with Quin2, the release of the high-affinity calcium ion from MMP-26 and 

formation of the Quin2-Ca2+ complex was observed via increases in emission spectra around 490 

nm with excitation at 339 nm. Fluorescence intensities at 490 nm following each addition of 

Quin2 were collected to estimate the total calcium concentration and the dissociation constant of 

the Quin2-Ca2+ complex, Kd(QCa) (Figure 4.2). Substituting these data into Equation 2.1 (page 

11) yielded Kd(QCa) and the calcium concentration. Application of Kd(QCa) and the enzyme 

concentration to Equation 2.2 (page 11) then yielded the calcium dissociation constant of the 

enzyme, KD1. The total calcium concentration estimated by these calculations was comparable to 

the total MMP-26 concentration, [Ca2+]/[MMP-26] = 1.4, with the KD1 value of 62.9 nM, which 

indicated that approximately one high-affinity binding site for calcium exists in MMP-26. 

The C2 and C3 residues unique to MMP-26, when compared with other MMPs, were 

mutated separately to introduce a new carboxyl group and enhance Ca2+ coordination. These 

mutations facilitated exploration of the possibility of enhanced binding affinity at these sites and 

thus their possible titration by Quin2. The V184D (C2 site) and K189E (C3 site) mutants yielded 

KD1 values of 63.4 nM and 58.5 nM for the C1 high-affinity Ca2+ binding site, respectively, 

without changing the calcium to enzyme concentration ratio (Table 4.1). Therefore, these 

mutations at putative low-affinity calcium-binding sites support the presence of a single high-

affinity calcium ion at the C1 site. 
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Figure 4.2. Titration of high-affinity calcium ion for measuring high-affinity calcium 

dissociation constant, KD1. Fluorescence intensity of Quin2 binding to calcium ions from wild 
type, V184D- or K189E mutated form of lacd-MMP-26 at 490 nm. � represents 2.5 µM of wild 
type lacd-MMP-26; � represents 2.5 µM of V184D mutant form of lacd-MMP-26; � represents 
5 µM of K189E mutant form of lacd-MMP-26; � represents background Quin-2 spectrum with 
water or buffer. 
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Titration of Low-affinity Calcium Ions 

 

Lacd-MMP-26 was then titrated with calcium ions, and its activity was monitored with 

various concentrations of calcium ions to estimate the low-affinity calcium dissociation constant, 

KD2. To determine the number of low-affinity calcium-binding sites, the K189E and V184D 

mutants were similarly titrated and monitored. As both mutants contained an additional carboxyl 

acid residue, either mutation could be expected to result in enhanced calcium-binding affinity. 

As the calcium concentrations at which 50 % enzymatic activity was observed were much 

greater than the enzyme concentrations, the necessary assumption for calculations of the low-

affinity calcium dissociation constant, KD2, was satisfied. Figure 4.3 shows the titration curves 

from the wild type, V184D, and K189E mutated forms of MMP-26. � represents wild type 

MMP-26, � represents V184D mutant form of lacd-MMP-26, and � represents K189E mutant 

form of lacd-MMP-26. The resultant KD2 value is equal to the EC50 value. The KD2 values for 

wild type and V184D and K189E mutants were 0.12 mM, 0.24 mM, and 0.028 mM, respectively 

(Figure 4.3, Table 4.1). The K189E mutant showed increased affinity for calcium ions, whereas 

the V184D mutant showed the opposite result. The K189E mutation caused an approximate 4-

fold decrease in the KD2 value (4-fold increase in the calcium binding affinity), whereas the 

V184D mutation displayed an approximate 2-fold increase in the KD2 value (2-fold decrease in 

the calcium binding affinity) when compared with the wild type. This kinetic data well matches 

with the results from the computational mutation of the homology modeled MMP-26 structure 

explaining perturbation of the catalytic site of the MMP-26 due the V184D mutation.  According 

to the effects of calcium concentration on the activity of the wild type and mutant forms, the 

putative C2 low-affinity calcium-binding site, if it exists, did not appear to be involved in 

enzymatic catalysis, and only a single low-affinity calcium-binding site, C3, affects enzymatic 

activity. 
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Figure 4.3. Titration of low-affinity calcium ion for measuring low-affinity calcium 

dissociation constant, KD2. Enzymatic activity was measured by monitoring fluorescence-
quenched substrate hydrolysis after incubation with various concentrations of calcium ions. 100 
nM of lacd-MMP-26 was incubated with various concentrations of calcium ions in 0.01% Brij, 
10 mM HEPES/NaOH, and 10 mM NaCl, pH 7.5, 25 °C, 20 min. Maximal activity was taken as 
100%. � represents wild type MMP-26, � represents V184D mutant form of lacd-MMP-26, 
and � represents K189E mutant form of lacd-MMP-26. Approximate low-affinity calcium 
dissociation constants for wild, V184D, and K189E mutants are pKD2 (Wild) = 3.93, pKD2 (V184D) = 
3.6, and pKD2 (K189E) = 4.55. 
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Table 4.1. Calcium dissociation constant. High- and low-affinity calcium dissociation 
constants, KD1 and KD2, respectively, for wild type, V184D or K189E mutated form of MMP-26. 
 
 

Ca2+ Dissociation Constants

KD1 KD2
Wild 62.9 ± 13.0 nM 0.12 mM

V184D 63.4 ± 16.2 nM 0.24 mM

K189E 62.9 ± 13.0 nM 0.028 mM
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ANS Binding to MMP-26 

 

8-Anilino-1-naphthalenesulfonic acid (ANS) is a useful indicator of hydrophobic regions 

in a protein. Used as a fluorescent probe, ANS shows an increase in the quantum yield of 

fluorescence and a blue shift of the emission spectrum by interaction with the hydrophobic 

regions in a protein. A common application of ANS is the detection of folding intermediates or 

unfolded states of protein [Rogers et al. 1997]. In buffer, ANS has little fluorescent intensity, and 

incubation with tightly folded globular proteins such as carbonic anhydrase, which lacks specific 

binding sites for ANS, results in no change of the wavelength of maximum fluorescence and 

intensity. However, incubation with lipid-binding proteins such as apolipoprotein A-I induces an 

enhancement in ANS fluorescence intensity together with a 35 nm blue shift in its wavelength of 

maximum emission [Rogers et al. 1997]. Lacd-MMP-26 of the wild type, K189E, and V184D 

forms were prepared as described in the methods. Following the addition of ANS, the formation 

of ANS-enzyme complexes generated spectra revealing not only an increase in fluorescence 

intensity but also blue shifts of the maximum emission peak when compared with background 

spectra, thereby providing evidence for the existence of hydrophobic areas in MMP-26 

(background is shown for wild type MMP-26, Figure 4.4-d). Moreover, conformational changes 

of enzymes upon binding to Ca2+ resulted in increased hydrophobic surface area and a 

subsequent increase in fluorescence spectra as ANS binds to the enzyme (Figure 4.4-a, b, c).  

These observations indicated that the hydrophobic regions of MMP-26 accessible to ANS 

could be altered by the presence or absence of calcium ions, which resulted in conformational 

changes. Monitoring spectra at 480 nm demonstrated a difference in low-affinity calcium effects 

among the wild type and mutant forms (Figure 4.5). The points of 50% tertiary structural 

changes were similar for the K189E and V184D mutant forms compared with wild type MMP-

26 following the addition of calcium ions; however, recovery patterns were different. In 

comparison with wild type MMP-26, the K189E mutant showed a greater response at low 

calcium concentrations and smooth changes of its structure, while the V184D mutant showed a 

smaller response at low calcium concentrations and sudden changes of its structure. Lacd-MMP-

26 was treated with 2 mM EGTA to remove high-affinity calcium ion (Figure 4.4-d). It revealed 

that ANS spectra with high-affinity calcium associated-MMP-26 (solid line) are identical to ANS 

spectra with high-affinity calcium dissociated-MMP-26 (dashed-line), with no changes in 
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fluorescence intensity. This suggested that loss of the high-affinity calcium ion did not alter the 

hydrophobic surface area of MMP-26. 

 

 

 

 

 

 

Figure 4.4. ANS binding to MMP-26; depending on low-affinity calcium ions. Fluorescence 

spectra from the mixtures of ANS and protein:  

a. Fluorescence spectra from the mixture of 3.4 µM of wild type lacd-MMP-26 and 100 µM 
ANS in the presence of various concentrations of calcium ions.  

b. Fluorescence spectra from a mixture of 2 µM of K189E mutant form of lacd-MMP-26 
and 100 µM ANS in the presence of various concentrations of calcium ions. 

c. Fluorescence spectra from a mixture of 2 µM of V184D mutant form of lacd-MMP-26 
and 100 µM ANS in the presence of various concentrations of a calcium solution. 

d. Fluorescence spectra from a mixture of 2 µM of lacd-MMP-26 and 100 µM ANS before 
(solid line) or after (dashed-line) addition of 2 mM of EGTA. Background spectra were 
taken by MMP-26 only or ANS only. 
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Figure 4.5. ANS binding to MMP-26; depending on low-affinity calcium ions. Relative 

Fluorescence intensity at 480 nm. � and the solid line represent wild type MMP-26; � and 
dashed line represent V184D mutant form of MMP-26; � and dashed-dot line represent K189E 
mutant form of MMP-26. 
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Effects of Ca
2+

 on Secondary Structure and Thermal Denaturation by Circular Dichroism 

(CD) Spectroscopy 

 

The effects of calcium ions on the secondary structure of MMP-26 were explored by 

measuring CD spectra in the presence or absence of low- and low/high- affinity calcium ions. 

Lacd-MMP-26 was prepared, and then CD spectra were measured with calcium-free buffer 

(symbol �), buffer containing 10 mM EGTA as a calcium ion chelator (symbol �), or 10 mM 

CaCl2 (symbol �) (Figure 4.6). No secondary structural changes were detected when calcium-

associated MMP-26 was compared to calcium-dissociated MMP-26 at 25 °C. To study the 

effects of calcium ions on MMP-26 stability against the thermal denaturation, CD spectra were 

obtained at 218 nm as increasing temperatures were utilized to induce thermal denaturation. 

Increased temperature results in an increase of the apparent fractional extent of unfolding, fapp, 

and melting points were measured when fapp was 0.5 (Figure 4.7). Results showed that the 

melting points of high-affinity calcium-associated and dissociated MMP-26 were similar, at 

32°C and 30°C, respectively. However, the magnitude of the denaturation caused by increased 

temperature was greater for high-affinity calcium-dissociated MMP-26 (symbol O) than for high-

affinity calcium-associated MMP-26 (symbol �). The 30-32 °C melting temperature range is 

lower than known range of melting temperatures for other MMPs [Tordai et al. 1999]. This 

might be caused by absence of low-affinity calcium ion in MMP-26. Unfortunately the addition 

of calcium ions resulted in precipitation during the temperature adjustments, and the effects of 

the low-affinity calcium ion against thermal denaturation could not be determined. CD 

spectroscopy shows that the high-affinity calcium ion did not play a pivotal role in stabilizing the 

secondary structure of MMP-26 at 25 °C and might be involved in the stability of MMP-26 

during folding. 
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Figure 4.6. Circular Dichroism (CD) spectroscopy of MMP-26 associated or dissociated 

with calcium-binding. CD spectroscopy of MMP-26 associated or dissociated with calcium ion 
binding. 5 µM lacd-MMP-26 in 10 mM Tris/HCl, 10 mM NaCl, and 0.01% Brij-35 (�) was 
incubated with 2 mM EGTA (�) or 10 mM CaCl2 (�). CD spectroscopy reveals no chages in 
secondary structure associated or dissociated with calcium ion binding. 
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Figure 4.7. Thermal denaturation of lacd-MMP-26 associated or dissociated with high-

affinity calcium ion binding. � represents 10 µM lacd-MMP-26 dialyzed in calcium free 
buffer; � represents 10 µM lacd-MMP-26 treated with 2 mM EGTA for 4 hr. fapp is the apparent 
fractional extent of unfolding. Melting points for high-affinity calcium-associated and -
dissociated lacd-MMP-26 are 32 °C and 30 °C, respectively. 
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Modified Boyden Chamber Invasion Assay 

 

To estimate a proper amount of antibiotic (geneticin, G-418) for the selection of the 

transfected cells bearing plasmids, parental cells were incubated with DMEM-HG media 

containing 5% FBS and various amounts of G-418 for ten days (Figure 4.8). After 10 days 

incubation with various concentration of G-418, incubation with approximately 500 µg/mL of G-

418 shows no increase of cell numbers. Higher than 550 µg/mL of G-418 causes decrease of the 

cell numbers after the incubation. Therefore, 550 µg/mL of G-418 concentration has been 

selected for the selection condition. Three stably transfected cell lines expressing wild type, 

K189E, or E209A mutant forms of MMP-26 invaded through type IV collagen in vitro during 

cell invasion assays in the presence or absence of calcium ions (Figure 4.9). Nutrient-attracted 

cells tend to move toward opposite site of the membrane after degrading coated type IV collagen. 

Invasion potential depending on calcium ions differs from the transfected cell lines. For the wild 

type MMP-26 transfected cell line, calcium-minus conditions resulted in a significant (p = 

0.0001) decrease in invasion, while the K189E or E209A transfected cell lines showed no 

significant changes in invasive potential (p = 0.84, p = 0.61, respectively).  Thus while calcium 

ions increased the invasiveness of a wild type transfected cell line, they failed to alter the 

invasive potential of either the K189E or E209A mutant-form transfected cell lines. As we 

expected, E209A mutant (mutation at catalytic Glu209, non-active enzyme) transfected cell line 

shows no changes in the invasion potential depending on calcium ion. Comparisons of 

invasiveness between the wild type MMP-26 transfected cell line in the calcium-minus condition 

with that of the E209A mutant-form transfected cell line in the calcium-minus or calcium-plus 

conditions showed insignificant differences (p = 0.89, p = 0.52, respectively). Comparison of 

invasiveness between the wild type MMP-26 transfected cell line in the calcium-minus condition 

with the K189E mutant-form transfected cell line showed a significant increase of invasive 

potential (p = 0.0002). Cells transfected with the K189E mutant form demonstrated the high 

invasive potential in either case, independent of the calcium-plus or calcium-minus conditions. 
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Figure 4.8. Cell death curve of MDA-MB-231 in the presence of various concentration of 

G-418. MDA-MB-231 cells are incubated with DMEM-HG media containing 5% FBS and 
various concentrations of G-418 for ten days. After 10 days incubation, 550 µg/mL of G-418 
concentration has been selected for the selection condition. 
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Figure 4.9. Invasive potential of wild type, K189E, and E209A mutant forms of MMP-26-

transfected cell lines. Invasion assays were performed with modified Boyden chambers, and the 
percentage of invading cells was quantified as described under “Experimental Procedures”. 
Invasion assays were performed in the calcium-plus or calcium-minus conditions inside the 
inserts. Data shown represent the mean ±S.D. values from four separate experiments for each 
group. 
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Discussion 

 

The EC50 value of MMP-26 for calcium titration is several hundred times higher than 

physiological calcium concentrations ranges which vary from 300 nM to 1200 nM inside normal 

cells [Prasad et al. 2005], and therefore, normal intracellular conditions serve to maintain MMP-

26 in an inactive state. It is when MMP-26 is secreted from the cell or exposed to a transient, 

intracellular calcium influx that it can adopt an active conformation. When combined with data 

acquired from inhibition kinetics studies, a previously built MMP-26 homology modeling 

structure was useful in predicting the presence of an intermediate-size S1′ pocket at the MMP-26 

active site [Park et al. 2003]. This MMP-26 structure also revealed a high-affinity calcium-

binding site, C1, and putative C2 and C3 low-affinity calcium-binding sites (Figure 3.7). The 

lack of calcium at the analogous C3 site of MMP-8 and -14 as revealed by the crystal structures 

suggested that carbonyl oxygen atoms alone might not possess sufficient affinity to retain 

calcium ions in the catalytic domain of the MMPs (Figure 3.6, Table 3.3). This further 

suggested that the C2 site in MMP-26 might not coordinate with calcium ions. Hence, homology 

modeling and sequence alignment predicted that MMP-26 might have one high-affinity and one 

low-affinity calcium-binding site at C1 and C3, respectively. 

Essential for constructing an enzymatically active structure during the folding of MMP-

26 is its ability to bind high affinity calcium ion. Mutations at the C1 site (removal of one 

carboxylic acid ligand, D165A or E191A) resulted in a loss of enzymatic activity using a 

fluorescence-quenched peptide hydrolysis assay, suggesting that C1 is a true high-affinity 

calcium-binding site. Quin2 titration of wild type, V184D mutant (C2 site), and K189E mutant 

(C3 site) forms of lacd-MMP-26 supported the presence of a single high-affinity calcium-binding 

site, C1 (Table 4.1). Quin2 titration of V184D and K189E mutant forms also suggested that 

mutations at the putative C2 and C3 low-affinity calcium-binding sites did not generate 

fluctuations in the high-affinity calcium-binding constant, nor did the addition of a carboxylic 

acid moiety at these sites fortify calcium affinity at these mutated sites to the levels observed at 

the high-affinity calcium-binding site. Therefore mutations of the putative low-affinity calcium-

binding sites seemed to leave high-affinity calcium-binding at the C1 site unaffected. Removal of 

high-affinity calcium ions from lacd-MMP-26 did not induce conformational changes related to 

the hydrophobic surface area of the protein (Figure 4.4-d), nor did it affect the secondary 
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structure (Figure 4.6). However, it stabilized secondary structures as observed in thermal 

denaturation (Figure 4.7). Hence, while high-affinity calcium ions might be involved in the 

folding process of MMP-26, apparently they were not essential for maintenance of its secondary 

structures. 

Low-affinity calcium-binding to MMP-26 is a reversible and equilibrium state. Low-

affinity calcium association and dissociation not only regulated enzymatic activity, but also 

modulated its tertiary structure, with resultant changes in total hydrophobic surface area. 

Computer modeling revealed geometric changes at the catalytic site following removal of the 

low-affinity calcium ion, which was actually quite distant from the catalytic site. Figure 3.8 

shows the overlap of two structures with or without the low-affinity calcium ions. The 

elimination of the low-affinity calcium ion induced a shift in the active site (small gray spheres at 

the center stand for catalytic zinc ions). As a result the structures of the substrate-binding region, 

and of the catalytic site specifically, were perturbed. Molecular modeling thus supported the 

assertion that changes at the low-affinity calcium-binding site could result in distortion of the 

MMP-26 active site.  

A Mutation at the C2 site (V184D), which adds a carboxylic acid ligand and leads to 

coordinating residues similar to the C2 sites of other MMPs, resulted in an increase in the low-

affinity calcium dissociation constant (KD2, 0.24 mM). Therefore, V184D mutation revealed a 

higher calcium requirement for enzymatic activity when compared with wild type. ANS spectra 

revealed that the calcium concentrations at which tertiary structural changes within the V184D 

mutant was first induced is higher than that for wild type MMP-26, but this resistance to change 

was overcome in the presence of additional calcium ions. This might be the result of competition 

between the C3 and artificial C2 sites for calcium ions following this mutation. Molecular 

modeling of the V184D mutant showed that the introduction of a carboxylic acid moiety (Asp184) 

at the C2 site might initiate calcium-binding with subsequent changes at the C2 site and the 

catalytic site of MMP-26 resulting in a new binding orientation for the inhibitor, GM6001 

(Figure 3.9). Because the C2 and C3 sites share the same beta-sheet as the artificial Asp184 

residue, these sites are cooperative. Therefore, calcium-binding at the C2 site in the absence of 

calcium-binding at the C3 site might increase perturbation of the catalytic site, which persisted 

until calcium-binding at the C3 site relieves this distortion. This structural distortion might be the 

reason that calcium-binding affinity enforcement at the C2 site by the additional Ca2+ coordinate 
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(Asp184) increases the Ca2+ requirement for enzymatic activity and rapid tertiary structural 

changes induced by calcium-binding. These data suggested that C2 is not a true low-affinity 

calcium-binding site combined with sequence analysis. 

D114A mutation at the C3 site resulted irreversible loss of enzymatic activity triggered 

by low-affinity calcium-binding. As long as calcium ions were present during folding, the 

D114A mutant form of MMP-26 retained enzymatic activity, but once the calcium ions were 

removed, enzymatic activity could not be recovered even if the calcium ions were restored. 

K189E mutation at the C3 site resulted in a decrease of the low-affinity calcium dissociation 

constant (KD2, 0.028 mM). Therefore, a K189E mutation at C3 site revealed a lower Ca2+ 

requirement for enzymatic activity compared with the wild type. Moreover ANS binding spectra 

showed the tertiary structure of the K189E mutant changed initially at lower calcium 

concentrations than that for wild type MMP-26. Therefore, the K189E mutation successfully 

fortified calcium-binding affinity at C3 site. According to molecular modeling of the K189E 

mutant, addition of carboxylic acid moiety (Glu189) by mutation neither altered the C3 calcium-

binding site nor the catalytic site of MMP-26 resulting in no change in orientation of the inhibitor, 

GM6001. Nevertheless, the addition of the Ca2+ coordinate (Glu189) at the C3 site did result in 

enhanced calcium-binding (Figure 3.10).  

Results of the invasion assays corresponded to the kinetics data.  As the E209A mutation 

resulted in a loss of enzymatic activity due to mutation of the catalytic Glu209, a cell line 

transfected with the E209A mutant form of MMP-26 showed decreased invasive potential that 

was independent of calcium ions, resulting in an invasive potential similar to that of the wild 

type MMP-26 transfected cell line in the calcium-minus condition. As calcium ions restored 

enzymatic activity for wild type MMP-26, calcium ions also increased the invasive potential of 

the wild type MMP-26 transfected cell line, but this was not true for the E209A transfected cell 

line. In contrast to these findings, cells transfected with the K189E mutant form of MMP-26 

showed a high invasive potential that was independent of calcium ion.   

In summary, MMP-26 has one high-affinity calcium-binding site, designated here as C1, 

and one low-affinity calcium-binding site, designated as C3, with 62.9 nM and 120 µM 

dissociation constants, respectively. High-affinity calcium ion binding stabilizes secondary 

structural features during folding, whereas low-affinity calcium ion binding serves to regulate 

enzymatic activity through changes in enzyme tertiary structure. The D165A or E191A 
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mutations at C1 site show a loss of enzymatic function, while the D114A mutation at C3 site 

demonstrates an irreversible loss of enzymatic function triggered by low-affinity calcium-

binding. The K189E mutation at C3 showed lower calcium requirements for regulation of 

enzymatic activity and changes in tertiary structure when compared with wild type MMP-26, 

whereas the V184D mutation at C2 site showed opposite effects. Invasion assays support a role 

for calcium ions in the regulation of ECM degradation and cell invasion. These results suggest 

that the enzymatic activity of MMP-26 might be regulated by calcium concentrations in cellular 

systems.  
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CHAPTER 5 

 

COORDINATED PEAK EXPRESSION OF MMP-26 AND TIMP-4 IN 

PREINVASIVE HUMAN PROSTATE TUMOR 

 

 

Expression of MMP-26 in Prostate Cancer Tissue 

 

Unlike most of other MMPs, proMMP-26 proceeds to auto-activation via cleavage sites 

that are upstream of the cysteine-switch motif [Park et al. 2002; Marchenko et al. 2002]. N-

terminal sequencing of auto-activated MMP-26 reveals several cleavage sites at Leu49↓Thr50 

[Park et al. 2002], Gln59↓Gln60 [Marchenko et al. 2002], and Ala75↓Leu76 [Park et al. 2002]. 

Comparison of the antigen peptide sequence designed against the prodomain of MMP-26 (Thr50-

Gln-Glu-Thr-Gln-Thr-Gln-Leu-Leu-Gln-Gln-Phe-His-Arg-Asn-Gly-Thr-Asp67) with the N-

terminal sequences of auto-activated MMP-26 reveals that the anti-prodomain MMP-26 antibody 

can detect both the zymogen and activated forms of MMP-26. Figure 5.1 demonstrates that both 

the anti-prodomain and anti-C-terminal MMP-26 antibodies can recognize both the proform and 

the activated form of bacterially-expressed MMP-26. For reasons that are not clear, the anti-C-

terminal MMP-26 antibody is more sensitive than the anti-prodomain antibody. Prostate cancer 

tissue extracts reveal the presence of both pro- and activated-MMP-26. The anti-prodomain 

MMP-26 antibody is capable of detecting many forms of activated MMP-26 in the prostate 

cancer tissue extracts, whereas the anti-C-terminal MMP-26 antibody is able to detect only one 

form of activated MMP-26. The molecular weights of the activated forms in the tissue extract 

show little variation from the positive bands for bacterially-expressed MMP-26.   
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Figure 5.1. Western blot MMP-26 detection from prostate cancer tissue extracts using anti-

prodomain and anti-C-terminal MMP-26 antibodies. Bacterially-expressed MMP-26 was 
used as a control. Sequence comparisons between the MMP-26 prodomain epitope and N-
terminal analyses of activated MMP-26 shows overlap of those peptide sequences. As a result, 
the anti-pro-MMP-26 antibody recognizes both the pro- and activated forms of MMP. The anti-
C-terminal MMP-26 antibody demonstrates a higher sensitivity for MMP-26 than the anti-pro-
MMP26 antibody, but recognizes only a single active form. 
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Detection of MMP-26 and TIMP-4 Complex by Co-Immunoprecipitation 

 

Complexes of the rabbit anti-TIMP-4 antibody and protein A/G agarose beads were used 

to draw down TIMP-4 from prostate cancer tissue extracts. To examine the possibility of 

complex formation between TIMP-4 and MMP-26 in these extracts, a goat anti-MMP-26 

antibody was used to probe for MMP-26 within the immunoprecipitates and in the retained 

supernatant. Figure 5.2 shows positive signals for MMP-26 in the supernatant fraction and 

perhaps in the anti-TIMP-4 immunoprecipitate. The majority of MMP-26 was not found to be 

complexed with TIMP-4, and existed in the supernatant fraction, but a faint band for MMP-26 

was detected in the anti-TIMP-4 fraction (IP_anti-TIMP-4) when compared to the 

immunoprecipitates recovered from the preclearing phase (IP_rabbit IgG). A goat polyclonal 

antibody (E-14, Santa Cruz Biotechnology) against near the C-terminal sequence region of 

MMP-26 reveals a band similar to that observed with the rabbit anti-C-terminal MMP-26 

antibody. Although antibodies from different species were utilized, a mouse alkaline 

phosphatase-conjugated anti-goat secondary antibody interacted with the rabbit antibody, 

resulting in the detection of the heavy (above 48 kDa) and light (27 kDa) chains of rabbit IgG. 

 

 
 

Figure 5.2. Western blot of immunoprecipitates. TIMP-4 was drawn down using rabbit anti-
TIMP-4 antibodies, and the precipitates were then probed with a goat anti-MMP-26 antibody 
against the C-terminal. A strong MMP-26 band was detected in the retained supernatant fraction 
(supernatant), while a very weak band was detected in the precipitate (IP_anti-TIMP-4). Blotting 
of the precipitates from preclearing with rabbit preimmune IgG were completely clear (IP_rabbit 
IgG).  In either case, light (27 kDa) and heavy (48 kDa) IgG chains were also visualized. 
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Detection of MMP-9/TIMP-4 or MMP-9/MMP-26 Complex by Co-Immunoprecipitation 

 

Expression of MMP-9 from prostate cancer tissue extracts was not detected by Western 

blot analysis (data now shown). Precipitated TIMP-4/antibody/Protein A/G complexes or MMP-

26/antibody/Protein A/G were used for zymography. MMP-9 was not detected in either the 

TIMP-4 precipitate (IP_anti-TIMP-4) nor the MMP-26 precipitate (IP_anti-MMP-26), but 

remained entirely in the supernatant solutions (TIMP-4 supernatant, MMP-26 supernatant) 

(Figure 5.3). Expression levels of MMP-9 were very low in these prostate cancer tissues. The 

majority of MMP-9 that was found presented as the proform, and very little activated MMP-9 

was detected. 

 
 
 
 
 

 
 

Figure 5.3. Gelatin zymography of TIMP-4 immunoprecipitate from prostate cancer tissue 

extracts to detect MMP-9. Gelatin (0.5 mg/mL) was co-polymerized into a 10 % 
polyacrylamide resolving gel. IP_anti-TIMP-4 and IP_anti-proMMP-26 designate the 
precipitates following immunoprecipitation with anti-TIMP4 and anti-proMMP-26 antibodies 
respectively, in the presence of protein A/G agarose beads. TIMP-4 supernatant and MMP-26 
supernatant designate the retained supernatant following the procedures detailed above. MMP-9 
was detected only in the supernatant, and failed to form a complex with either the TIMP-4 or 
MMP-26 antibodies.  
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Immunohistochemistry to Detect MMP-26 and TIMP-4 

 

Our lab successfully identified differentiated expression levels of MMP-26 and TIMP-4 

between different cancer stages [Lee, S., Desai, K. K., Iczkowski, K. A. et al. 2006]. The 

Nucleus are counter stained (blue color). Either MMP-26 or TIMP-4 was stained with fast-red 

dye. More red color corresponds to the more expression of either MMP-26 or TIMP-4.  

Immunohistochemical analyses of prostate cancer tissue samples revealed that expression levels 

of MMP-26 (Figure 5.4, A-C) and TIMP-4 (Figure 5.4, D-F) are significantly high in high-

grade prostatic intraepithelial neoplasia HGPIN (thin arrow) and cancer (thick arrow) compared 

with non-neoplastic epithelia (arrow head). Disruption of the epithelial layer is essential for the 

cancer for the invasion or metastasis (Figure 5.4.A, B, E). This figure uncovers the changes of 

the non-neoplastic epithelia to HGPIN. Once it turns to the cancer, there are no more epithelial 

bilayers (Figure 5.4.C, F). HGPIN shows most highly expressions of MMP-26 and TIMP-4 

compared with both non-neoplastic epithelia and cancer with less than 0.0001 of p values 

(Figure 5.5). The Standard values are so small magnitude, so it is not able to recognize them 

from the graph. HGPIN (thin arrow) adjacent to the non-neoplastic epithelia (arrow head) shows 

disruption of epithelial layer and abnormal growing of the cells in Figure 5.4.A and Figure 

5.4.F. Prostate cancer tissue revealed no positive signals for the expression of MMP-9 (data not 

shown), in accordance with the low levels of MMP-9 expression seen during the gelatin 

zymography assays.  
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����Figure 5.4. Matrix metalloproteinase-26 (MMP-26) and tissue inhibitor of 

metalloproteinases-4 (TIMP-4) immunohistochemical staining in non-neoplastic 

epithelium, high-grade prostatic intraepithelial neoplasia (HGPIN), and cancer. MMP-26 
(A-C) and TIMP-4 (D-F) immunostaining. HGPIN (Thin arrow) is stained most intensively than 
the non-neoplastic epithelium (arrow head). Cancer (thick arrow) is stained more intensively 
than the non-neoplastic epithelium. 
 
 
���� Lee, S., Desai, K. K., Iczkowski, K. A., Newcomer, R. G., Wu, K. J., Zhao, Y.-G.,Tan, W. W., 

Roycik, M. D., and Sang, Q-.X. (2006) Coordinated peak expression of MMP-26 and TIMP-4 
in preinvasive human prostate tumor. Cell Research 16, 750-758. 
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Figure 5.5. Analyses of MMP-26 and TIMP-4 immunostaining in non-neoplastic ducts and 

acini, HGPIN, and cancer. MMP-26 and TIMP-4 immunostainings shows HGPIN stained most 
intensively than non-neoplastic epithelium (p<0.0001) or cancer (p<0.0001), with the least 
intense staining observed in benign acini.  Standard error values were of such small magnitude as 
to warrant their omission. 
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Semi-colocalization between MMP-26 and TIMP-4 

 

Serial sections of prostate cancer tissue were used to determine if any areas of 

colocalization exist between TIMP-4 and MMP-26. Figure 5.6 shows areas of high TIMP-4 

expression that correspond to areas of high MMP-26 expression, suggesting colocalization 

between these enzymes, while adjacent control sections stained with rabbit preimmune IgG show 

no positive signals.  

 

 

 

 

 

 

 

 

Figure 5.6. Semi-colocalization between TIMP-4 and MMP-26. Immunohistochemical 
staining of serially-sectioned prostate cancer tissues reveals similar patterns of staining for 
TIMP-4 (p<0.0001) and MMP-26 (p<0.0001) on adjacent sections. Rabbit preimmune IgG 
control samples were negative. 
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Discussion 

 

Studies have shown that invasive and metastatic human cancers involves in abnormal 

expression of MMPs and TIMPs [Zhao et al. 2004].  In the case of the normal and preinvasive 

human prostate tissues, the epithelium bi-layers are observed. Disruption of this bi-layers are 

necessary prerequisites for carcinoma cell invasion. Here, we showed that the expression levels 

of MMP-26 and TIMP-4 in human prostate tissues are simultaneously and significantly higher in 

HGPIN than either non-neoplastic epithelium or cancer. In addition, we show that the levels of 

MMP-26 and TIMP-4 reach their maximum in HGPIN, then decline significantly as a duct or 

acinus progresses from HGPIN to cancer. 

Substrate analysis of MMP-26 shows not only ECM, such as fibronectin, type IV 

collagen, vitronectin, gelatin, fibrinogen, as well as non-ECM protein including insulin-like 

growth factor-binding protein-1 and the α-1 protease inhibitor [Uria et al. 2000; Park et al. 2000; 

de Coignac et al. 2000; Marchenko et al. 2001]. Prostate cancer tissues show moderate levels of 

both pro and activated MMP-26 expression. Previous results from our group revealed that MMP-

26 promoted the invasion of human prostate cancer cells through both type IV collagen and 

fibronectin, not only through the direct proteolytic cleavage of these proteins, but also through 

the activation of proMMP-9, a highly efficient enzyme with multiple targets in the ECM [Zhao et 

al. 2003]. While these current findings show that the expression of MMP-9 in prostate cancer 

tissues was not detectable by Western blot, low levels of MMP-9 expression were detected by 

zymography, primarily in the zymogen form (Figure 5.3). TIMP-4 is a potent inhibitor of MMP-

26 [Uria et al. 2000; Zhao et al. 2004], and TIMP-4 could significantly inhibit cancer cell 

invasion across a Matrigel barrier [Wang et al. 1997]. Furthermore, co-localization of MMP-26 

and TIMP-4 in breast carcinoma tissue has been observed by our group [Zhao et al. 2004]. While 

our current coimmunoprecipitation studies show only scant evidence of TIMP-4/MMP-26 

complex formation, immunostaining of serially-sectioned prostate cancer tissues does reveal 

areas of possible colocalization between MMP-26 and TIMP-4. TIMP-4 is a tight-binding and 

slow-binding inhibitor of MMP-26 in vitro, with an apparent Ki value of 0.62 nM [Zhao et al. 

2004], but in vivo, and during the co-immunoprecipitation analyses, the presence of additional 

tissue proteins might interfere with the formation of a TIMP-4/MMP-26 complex. Taken as a 

whole, these findings combine to suggest that MMP-26 and TIMP-4 might participate in 
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interactions that ultimately affect both the surrounding ECM and the activity of other proteins 

crucial to the progression of in vivo tumor growth. 

Because disruption of the basal cell layer is necessary for HGPIN to proceed toward 

cancer, our finding that the expression levels of MMP-26 and TIMP-4 are highest in HGPIN is 

significant. Previous research showed that the progression of HGPIN to cancer is associated with 

progressive disruption of the basal cell layer and focal loss of the basement membrane [Bostwick 

et al. 2004]. Because prostatic HGPIN is the preinvasive analog of DCIS, our results also 

corresponds to our previous studies in breast cancer that show the highest expression of MMP-26 

and TIMP-4 in DCIS, with lower expression present in normal breast epithelium and invasive 

cancer [Zhao et al. 2004]. Our studies also correlated with the differentiated expression level of 

MMP-26 in the squamous cell cancer (SCC) depending on its cancer stage [Ahokas et al. 2005]. 

Therefore, these data indicate that MMP-26 and TIMP-4 may play important roles in facilitating 

the initial conversion to an invasive phenotype. 

This study reveals that MMP-26 and TIMP-4 may play important roles in the conversion 

of the benign prostate cancer cells to an invasive malignant phenotype. Furthermore, the highest 

levels of MMP-26 and TIMP-4 in HGPIN suggest that they might be biomarkers for the early 

detection of the prostate cancer. 
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CHAPTER 6 

 

CONCLUSIONS 

 

 

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that degrade 

extracellular matrix (ECM), cell surface, and intracellular proteins involving reproduction, 

angiogenesis, development, morphogenesis, tissue remodeling, arthritis, cardiovascular diseases, 

neurological diseases, and cancer progression and metastasis through their proteolytic activity. 

Human matrix metalloproteinase-26 (MMP-26/endometase/matrilysin-2) is a newly identified 

MMP. Homology modeling revealed that MMP-26 has an intermediate S1′ pocket site. This 

study enable Seakwoo Lee to have co-authorship on the publication, accepted by the Journal of 

the Biological Chemistry entitled as “The intermediate S1′ pocket of the endometase/matrilysin-

2 active site revealed by enzyme inhibition kinetic studies, protein sequence analyses, and 

homology modeling”. [Park, H. I., Jin, Y., Hurst, D. R., Monroe, C. A., Lee, S., Schwartz, M. A. 

and Sang, Q-X. (2003), vol. 278, pp 51646-51653]. 

Removal of the low-affinity Ca2+ induces a reversible inactive state, while removal of 

high- and low-affinity Ca2+ causes irreversible loss of enzyme function. Quin2 [2-{(2-

[bis(carboxymethyl)amino]-5-methyl-phenoxy)methyl}-6-methoxy-8-[bis(carboxymethyl)-

amino]-quinoline] titration revealed a calcium dissociation constant (KD1) value of 63 nM at 

high-affinity calcium binding site. Titration of the low-affinity calcium binding site with calcium 

ions revealed a KD2 value of 120 µM. Changes in tertiary structure were detected by binding of 

ANS (8-anilino-1-naphthalenesulfonate), in which loss of the low-affinity Ca2+, while 

subsequent removal of the high-affinity Ca2+ showed no further changes. Circular dichroism 

(CD) spectra revealed no secondary structural changes associated with the loss of high- or low-

affinity Ca2+. Mutagenesis studies at putative low-affinity calcium binding sites revealed that a 

K189E mutation (C3 site) decreased KD2 value to 28 µM, while a V184D mutation (C2 site) 

increased KD2 value, resulting in 240 µM. K189E mutant acquires lower Ca2+ for active 

conformation, whereas V184D mutant acquires higher Ca2+. Protein sequence analysis and 

homology modeling support that MMP-26 has one high-affinity calcium binding site, C1 and one 
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low-affinity calcium binding site, C3, further suggesting the absence of a second low-affinity 

calcium-binding site (C2). These results indicate that MMP-26 has one high- and low- affinity 

calcium binding sites, C1 and C3, respectively, and loss of low-affinity Ca2+ induces tertiary 

structural changes resulting in dramatic decrease of enzymatic function without secondary 

structural change. Subsequent loss of high-affinity Ca2+ results in irreversible enzymatic 

deactivation without further tertiary and secondary structure change. These lead to the 

conclusion that structure and function of MMP-26 may be regulated by the calcium 

concentration. Theses results have been accepted for the publication by Biochemical Journal 

entitled as “Calcium regulates tertiary structure and enzymatic activity of human 

endometase/matrilysin-2 and its role in promoting human breast cancer cell invasion” [Lee, S., 

Park, H. I., and Sang, Q-X. (2007), vol. 403, pp 31-42]. 

Early cancer diagnosis by detection of novel biomarkers is highly important because 

early detection and treatment of cancer are critical for the medical management of patients, and 

also contribute favorably to the survival of the patients. The expressions of the MMP-26 and 

TIMP-4 are detected from the prostate caner tissue samples. Co-immunoprecipitation revealed 

the possible MMP-26/TIMP-4 complex formation. No complex formation between TIMP-4 and 

MMP-9 was detected by co-immunoprecipitation and zymography analysis. Disruption of the 

basal cell layer is necessary for high-grade prostatic intraepithelial neoplasia (HGPIN) to proceed 

toward cancer. Immunohistochemistry analysis of prostate cancer tissue slides shows that the 

expression levels of MMP-26 and TIMP-4 are highest in HGPIN. Moreover, 

immunohistochemical staining of serially-sectioned prostate cancer tissue slides reveals similar 

patterns of staining for MMP-26 and TIMP-4 on adjacent sections. Therefore, MMP-26 and 

TIMP-4 are expressed in the HGPIN simultaneously. This study reveals that MMP-26 and 

TIMP-4 may play important roles in the conversion of the benign prostate cancer cells to an 

invasive malignant phenotype. Furthermore, the highest levels of MMP-26 and TIMP-4 in 

HGPIN suggest that they might be biomarkers for the early detection of the prostate cancer. 

Theses results have been accepted for the publication by Cell Research entitled as “Coordinated 

peak expression of MMP-26 and TIMP-4 in preinvasive human prostate tumor.” [Lee, S., Desai, 

K. K., Iczkowski, K. A., Newcomer, R. G., Wu, K. J., Zhao, Y. G., Tan, W. W., Roycik, M. D. 

and Sang, Q. X. (2006), vol. 16, pp 750-758]. 
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