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PURPOSE. The activation of matrix metalloproteinase-2 (MMP-2) is postulated to be a cru-
cial pathogenic factor behind progressive and chronic diseases in which basement mem-
branes are disrupted. An ocular example is keratoconus. The purpose of the present en-
quiry was therefore to investigate and compare the activities of the MMP-2 secreted by ker-
atocytes of normal and keratoconic corneas. 
METHODS. The spectrum of MMP-2 activities secreted by cultures of keratocytes derived
from normal and keratoconic corneas was analysed by zymography. Subsequently, select-
ed preparations were assayed for peptidase activity, using Type I, Type III, Type IV and Type
V collagen as substrate, under native conditions and after treatment with a variety of puta-
tive activating reagents. 
RESULTS. Although MMP-2 of Mr 65,000 on SDS gelatin polyacrylamide gels is the major
protease secreted by keratocytes of normal corneas, the keratocytes of early-phase kera-
toconic corneas secrete an additional zymographic activity of Mr 61,000. From their N-ter-
minal amino acid sequences, both these proteins were shown to be conformers of proMMP-
2. Treatment with SDS followed by protein fractionation was required to achieve in vitro ac-
tivation of the MMP-2 secreted by normal corneal keratocytes. Treatment with SDS alone
partially activated the enzyme produced by early-phase keratoconic corneal keratocytes.
This procedure and autocatalysis, yielded an enzyme of Mr 43,000 that selectively hydrol-
ysed Type IV and denatured Type 1 collagen. 
CONCLUSIONS. The zymographic gelatinase activities of apparent Mr 65,000 and 61,000 are
conformers of corneal proMMP-2. Activated enzyme, of Mr 43,000, is more readily gener-
ated from protein preparations of the culture media of early phase keratoconic corneal ker-
atocytes than from protein preparations of the culture media of normal corneal keratocytes.
(Eur J Ophthalmol 2000; 10: 215-26)
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Matrix metalloproteinase 2: involvement 
in keratoconus

INTRODUCTION

The matrix - metalloproteinases (MMP’s) are a fam-
ily of closely related enzymes that exhibit differential
substrate specificity and together are capable of com-
pletely degrading all extracellular matrices. Common
features of these enzymes include cleavage of col-
lagenous helices at Gly - Leu or Gly - Ileu loci (1), in-
clusion of Zn2+at the catalytic centre, and a require-

ment for Ca2+ for activity (2,3). Additionally, the pro-
duction and activities of these enzymes are under strin-
gent control: They are all secreted as proenzymes that
are activated by cleavage of an N-terminal peptide
(4,5) and simultaneously or subsequently inhibited by
co-secreted specific protein ligands known as the Tis-
sue Inhibitors of the Matrix - metalloproteinases or
TIMPS (6,7) MMP-2 is the matrix - metalloproteinase
that will cleave Type IV basement membrane colla-
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gen, denatured Type I collagen (gelatin), Type V col-
lagen, Type VI collagen and elastin (8). This enzyme
is therefore postulated to be a crucial factor behind
tumour cell invasion and metastasis (9,10) and a num-
ber of other chronic, progressive diseases that in-
volve disruption of extracellular matrices. Such dis-
eases may include the ocular disorder known as ker-
atoconus. This is a non-inflammatory condition in
which the central cornea of predominantly young
adults becomes thin, conical and ultimately
scarred. The primary pathology includes disruption
of the epithelial basement membrane (11) and
MMP-2 is known to be the major protease that is
secreted by corneal keratocytes (12,13).

Despite the potential pathological importance of
MMP-2, its mechanism of activation is not fully un-
derstood. In recent years, membrane bound MMPs
(MT-MMPs) have been implicated as facilitators of
MMP-2 activation either in conjunction with TIMP-2
(14) or with TIMP-2 acting as a regulator (15). How-
ever, with respect to activation in vitro, the methods
that work reliably for MMP-l (collagenase) and MMP-
3 (stromelysin) and include limited proteolysis by ser-
ine proteases or treatment with aminophenylmer-
curic acetate (APMA), p-chloromethoxy benzoate
(p-CMB), sodium dodecyl sulphate (SDS) or oxidised
glutathione, apparently do not work well for MMP-
2 (16). There also exists conflicting data concern-
ing the in vivo activity status of the MMP-2 activ-
ities visualised by zymography. Although the orig-
inal and frequently quoted molecular weights of pro
MMP-2 and activated MMP-2 are 72,000 and
66,000 respectively (1,17,18), there are many re-
ports in which their given molecular weights are
66,000 and 62,000 respectively (19, 20). Since the
discovery of MT-MMP, it has also been reported
that proMMP-2 of Mr 66,000 generates an inter-
mediary proMMP-2 of Mr 64,000 by cleaving the
Asp37 Leu38 bond. In the absence of TIMP, this ap-
parently facilitates the subsequent production of
fully activated MMP-2 of Mr 62,000 (14).

The primary aim of the present investigation is to
determine whether MMP-2 is directly or indirectly
involved in the induction of keratoconus or its patho-
logical progression. To this end, in this paper, the
activity status of the MMP-2 produced in culture by
normal and keratoconic corneal keratocytes has been
explored.

MATERIALS AND METHODS

Experimental material 

Normal corneas that were unsuitable for transplant
because of minor endothelial defects were obtained from
the Bristol Eye Hospital CTS Eye Bank. Specimen ker-
atoconic corneal buttons were obtained from the Bris-
tol Eye Hospital Theatre. The latter tissue was classi-
fied as ‘early-phase’ or ‘late-phase’ according to the
degree of scarring. This was assessed visually or tak-
en from the patients’ clinical records.

Tissue culture 

The following procedure was followed to prepare ker-
atocyte cultures from normal and keratoconic corneas:
Stromal tissue explants were obtained by dicing the corneas,
stripped of epithelial cells, in small quantities of Dul-
becco’s MEM Growth Medium supplemented with foetal
calf serum (FCS; 10% v/v), glutamine, (Gibco Ltd) and
a penicillin, streptomycin, amphotericin B antibiotic an-
timycotic mixture (Sigma). They were then seeded into
25 ml. culture flasks and incubated at 36°C under 5%
CO2 / 95% air in the same medium (3 ml). Cell growth
usually became apparent after 1 week. When appropri-
ate, the keratocytes were subcultured from the primary
cultures by trypsinisation. Routinely, this was carried out
once only to obtain fully confluent keratocyte cultures
of similar cell density. The method involved washing the
cells with sterile, Ca2+-free phosphate buffered saline and
incubating with 0.8 ml Trypsin solution (Gibco Ltd) for
3-5 min at 37°C. The cells were then collected by cen-
trifugation at 1,500 rpm for 3 min at room temperature,
resuspended in the MEM Growth Medium and aliquot-
ed into 4 - 6 culture flasks. Once the cells had attached
to the flasks (approx 1h at 36°C) additional medium was
added and changed at regular intervals (3 - 4 days).

Methods of harvesting the keratocyte secreted 
proteins 

Keratocytes that had achieved confluence were in-
cubated alternatively in FCS containing medium and
FCS - free medium. Both were collected and stored
at -80°C before processing. The soluble proteins pro-
duced by the keratocytes in serum free medium were
routinely collected by precipitation with (NH4)2SO4 (fi-
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nal concentration 70% w/v), followed by centrifugation
and resuspension in 0.01M potassium phosphate
buffer pH 7.2 containing 0.2M NaCl and 10% (v/v) glyc-
erol. Alternatively, the harvested culture media were di-
luted 6 - fold with 0.01M potassium phosphate buffer
pH 7.2 and eluted through a 20 x 2.0 cm column of the
CM-cellulose (Whatman CM  52) packed and equilibrated
in the same buffer at a flow rate of 30 ml. h-1. Fractions
were collected, monitored for protein at OD 254 nm and
assayed for MMP activity using 4 nitrophenyl acetate
as substrate. Most of the proteins constituting FCS washed
through the column with the equilibration buffer. The
bound proteins, eluted with 0.01M potassium phosphate
buffer, pH 7.2 containing 2M NaCl, included the solu-
ble, non crosslinked collagens and MMP-2.

Protein estimation 

For comparative purposes, all MMP samples were
routinely electrophoresed or assayed at similar pro-
tein concentration. Because of the small quantities
of sample, protein concentration was estimated
spectrophotometrically from the relationship OD225 9.18
= 1mg ml-1 (21). Briefly, the samples were diluted 20
- 40 fold with distilled water and read in reduced vol-
ume lcm path-length quartz cuvettes against similar-
ly diluted growth medium or the buffer in which the
proteins were dissolved.

SDS-Polyacrylamide gel electrophoresis (SDS-
PAGE) 

SDS-Polyacrylamide gels, for protein analysis,
were cast and run according to the methods described
by Laemmli (22). For separating and analysing the MMP-
2 species secreted by the keratocytes, the acrylamide
concentration in the gels was 8.5% (w/v). For
analysing the collagens used to assay the keratocyte
secreted MMP-2 preparations, the acrylamide con-
centration was decreased to 6% (w/v). All samples
were loaded in SDS-gel electrophoresis buffer (22),
and generally alongside marker proteins of known mol-
ecular weight (Sigma). Electrophoresis was per-
formed at 75v. for approximately 2.5h. using the Bio-
rad mini protein gel equipment. After removing the
gels from their casts, they were stained with
Coomassie Blue [2.5%w/v in an aqueous solution of
methanol (45%) and glacial acetic acid (10%)] for a

minimum period of 30 min and destained with aque-
ous methanol / acetic acid (5% and 7.5% v/v respectively).

Enzyme assays 

To assay and investigate the activity status of the
MMP-2 secreted by keratocyte cultures derived from
normal and keratoconic corneas, three different pro-
cedures were used: (i) Hydrolysis of 4-nitrophenyl ace-
tate. All proteases possess acyl transferase activity
and will therefore catalyse the production of nitro-
phenol from 4-nitrophenyl acetate. Since the reaction
proceeds in the absence of peptidase activity, it was
used to detect MMP-2 after eluting the keratocyte cul-
ture media through the CM-cellulose columns. The
assay protocol has been described previously (13). 

(ii) Substrate gel electrophoresis. The keratocyte se-
creted gelatinases were separated and visualised af-
ter electrophoresis at 75v for approximately 2.5 h. on
8.5% (w/v) polyacrylamide gels containing gelatin (1
mg ml-1), as described by Unemori and Werb (23). The
sample solutions contained the ionic detergent SDS
(1% w/v) and glycerol (10% v/v) and were applied to
the gels without boiling or reduction. After electrophoresis,
the gels were incubated in Triton X-100 (2.5% v/v) for
30 min at 37°C, rinsed in distilled water and then in-
cubated for approximately 16 h in 50mM Tris HCl, pH
7.4, containing 5mM CaCl2 and 0.02% (w/v) NaN3. Af-
ter rinsing with distilled water, they were then stained
with Coomassie Blue and destained as described above.
The MMP-2 activities appeared as cleared bands in
a blue background. 

(iii) Collagen hydrolysis: The hydroIysis of standard
collagen preparations [Type I, (native and denatured),
III, IV and V] was used to determine the specificity or
action spectrum of the various keratocyte secreted
MMP-2 samples. The collagens were dissolved in 0.01M
acetic acid (4 mg ml-1) at 37°C before adding an equal
volume of 0.1M Tris HCl, pH 7.8 containing 5mM Ca-
Cl2. Denatured Type I collagen was obtained by heat-
ing a sample of the solution of Type I collagen at 60°C
for 30min.These collagens were assayed as possible
substrates for the keratocyte secreted proteases by
incubating aliquots (50 µl) with an equal volume of
similarly buffered enzyme solution. Samples (15 µl)
were removed with time and added to SDS-gel elec-
trophoresis buffer (20 µl) containing mercaptoethanol
(1% v/v). These were temporarily stored at -20°C and
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analysed by SDS-PAGE subsequent to thawing and
heating at 60°C for 30 min.

Amino acid sequence analysis 

This was carried out to determine the relationship be-
tween the Mr 65,000/66,000 and Mr 61,000/62,000 zy-
mographic activities of MMP-2. For the purposes of this
investigation these have been designated band A and
band B respectively. The MMP-2 samples, obtained from
the media of early-phase keratoconic corneal kerato-
cytes, were electrophoresed under standard conditions
without reduction with mercaptoethanol. As reference,
rainbow coloured protein molecular weight markers (Amer-
sham LifeScience) were included on these gels. The re-
solved proteins were subsequently blotted onto Immobilon
psq membranes (Millipore), using 25mM Tris Glycine
buffer, pH 8.3 containing 0.05% SDS and the Biorad
Trans -blot SD semi dry transfer cell.

The Western blots were stained for 1 min with
Coomassie Blue R-250 (0.1% in 40% methanol, 1% glacial
acetic acid in H2O), destained with 50% aqueous methanol,
rinsed with distilled H2O and dried before excising the
protein bands that corresponded to the zymographic
65/66,000 and 61/62,000 molecular weight species of
MMP-2. The N terminal sequences of these proteins
was obtained using an Applied Biosystems 477A Pro-
tein Sequencer.

RESULTS 

Unless otherwise stated, the experiments described
were carried out using concentrated protein fractions
of normal and keratoconic corneal keratocyte culture
media. These were obtained by ammonium sulphate
precipitation and obviously contain both MMP and TIMP
(TIMP- 1 and TIMP-2). The relative amounts of the in-
hibitory ligands in these protein preparations therefore
dictates the extent of MMP-2 activation possible in these
preparations and the ability to measure the activity of
the activated form, if present.

Characterisation of the zymographic MMP-2 
activities secreted by normal and keratoconic corneal
keratocytes in culture 

The major protease secreted in vitro and in vivo by ker-

atocytes of normal corneas has been classified previ-
ously as inactive MMP-2 of apparent molecular weight
65,000 on SDS gelatin polyacrylarnide gels (13). The da-
ta presented in Figure 1 show the zymographic distrib-
ution of gelatinase activities secreted by representative

Fig. 1 - Zymographic activity profiles of the gelatinases secreted
by corneal keratocyte cultures. Samples of the following cul-
tures were applied to the gels at similar protein concentrations:
Normal primary keratocytes (Gel A lanes 2,3 and Gel C lanes
3,4), primary early-phase keratoconic keratocytes (Gel A lane 1
and Gel B lanes 3,4), primary late-phase keratoconic kerato-
cytes (Gel C lanes 1,2), secondary cultures of normal and ear-
ly-phase keratoconic corneal keratocytes (Gel A lane 4 and Gel
B lanes 1, 2 respectively). The high molecular weight MMP ac-
tivities (>65,000) may represent enzyme that has not dissociat-
ed from other proteins prior to electrophoresis.
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primary cultures of keratocytes derived from normal and
keratoconic corneas and also so-called secondary cul-
tures of normal or keratoconic corneal keratocytes that
had been subjected to metabolic stress by maintaining
the cells in the same growth medium for several weeks.

An observation that early-phase keratoconic keratocytes
produce an MMP-2 activity of apparent Mr 61,000 in ad-
dition to the Mr 65,000 activity has been reported pre-
viously (13). In addition to these activities, it was also
found that the secondary keratocyte cultures produced
activity bands corresponding to Mr 55,000 and 43,000
(gel A, lane 4, gel B, lanes 1 and 2). Significantly, al-
though all the enzyme preparations shown in Figure 1
were assayed against Types I, III, IV and V collagen, on-
ly those containing the activity bands corresponding to
either Mr 55,000 or 43,000 exhibited activity. Typical re-
sults are presented in Figure 2. Activity was directed against
Type IV collagen specifically. Over an assay period of 18
h, Types I, III and V collagens were not detectably hy-
drolysed by these enzyme preparations.

Analysis of the corneal MMP-2 activities resolved
by zymography

Experiments in which samples of the keratocyte se-
creted protein preparations were preincubated with dithio-
threitol (DTT) prior to electrophoresis on SDS gelatin
polyacrylamide gels showed that this reagent completely
inhibited visualisation of both the 65/66,000 (band A)
and 61/62,000 (band B) activities at concentrations ex-
ceeding 2 mM (data not shown). Similar results were
obtained using mercaptoethanol (MSH). Furthermore,
when a particular sample of an early-phase keratoco-
conic enzyme preparation, obtained by chromatogra-
phy on CM-cellulose and expressing band B only on
substrate gelatin gels, was boiled for 2 min in SDS-
PAGE sample buffer (1:3 v/v) prior to electrophoresis
on standard SDS-polyacrylamide gels, the protein bands
detected depended upon whether or not MSH (1% v/v)
was also included in the sample buffer. In the absence
of this reagent, a single Coomassie blue stained band,
corresponding to MMP-2 activity band B, was appar-
ent. In its presence, a protein band corresponding to
the apparently higher molecular weight activity, band
A, was observed (Fig. 3). To resolve this apparently
anomalous situation, it was postulated that bands A
and B differed in conformation but not molecular mass.
In support of this possibility, further experiments were
carried out in which other keratoconic keratocyte en-
zyme preparations were electrophoresed in the absence
or presence of MSH on both standard and gelatin poly-
acrylamide gels. After staining the resolved proteins
and developing the zymographic gelatinase activities,

Fig. 2 - SDS - PAGE analysis of Types I, III, IV and V collagens
assayed against the MMP-2 secreted by a secondary culture of
early-phase keratoconic keratocytes. The control Type IV col-
lagen incubated for 18 h in the absence of enzyme was not de-
graded.

Fig. 3 - Effect of mercaptoethanol on the electrophoretic mo-
bility of corneal MMP 2 protein. In lanes 1 and 2 concentrated
samples of an MMP-2 preparation obtained from the culture
medium of an early-phase keratoconic keratocyte culture were
heated in sample buffer containing SDS (0.1%w/v) and MSH
(1.0%v/v) prior to electrophoresis. In lanes 3 and 4, samples of
the same preparation were preheated in sample buffer containing
SDS (0.1%w/v) only.
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the gels were scanned with a densitometer (Biorad GS
156) to determine the relative intensities of the MMP-
2 band A and band B protein stain and gelatinase ac-
tivities. These data are presented in Table I. In addi-
tion to corroborating the initial observation that the pro-
tein migrating as band B activity migrated as band A
under reducing conditions, they also showed that band
A has intrinsically more gelatinase activity than band
B which is putatively the activated form of MMP-2, freed
of TIMP.

Attempts to activate the MMP-2 secreted by cul-
tured corneal keratocytes 

(i) By SDS Gelatin polyacrylamide gel electrophore-
sis (zymography):- Information pertaining to the MMP-
2 activity status in vivo is not provided by zymography.
The procedure that was developed to visualise MMPs
on gelatin-polyacrylamide gels effects separation of MMP-
TIMP complexes and in situ activation of the applied
proMMP-2. To achieve the latter, the appropriate use
of Triton X-100 is essential. To determine which species
of MMP-2 actually generates the zynographic activi-
ties, samples of an early-phase keratoconic corneal
gelatinase preparation were subject to SDS-gelatin
polyacrylamide gel electrophoresis. Without developing
the gelatinase activities, excised sections of the gel,
corresponding to the band A and band B activities of
MMP 2, were incubated in the presence or absence
of Triton X-100 for 30 min before electrophoresing again,
under the same conditions, and developing the ac-

tivity. The data obtained showed that without pretreating
the gel slices with Triton X-100, the activity profiles
did not change significantly. Band A remained as band
A and band B as band B. By contrast, pretreatment
with Triton X-100 not only enhanced the visualised
activity considerably but effected a change in the ac-
tivity profiles. Whereas the enzyme originally associ-
ated with band A appeared both to aggregate and to
generate band B and the Mr 43,000 gelatinase activ-
ity, the enzyme originally associated with the band B
activity produced the Mr 43,000 gelatinase activity
without any indication of aggregation. Although these
data are not shown, the results of similar experiments
in which the Triton X-100 treated gel slices were fur-
ther incubated for 2h at 37°C in 0.05M Tris.HCl, pH
7.3, or in the same buffer containing either iodoac-
etamide (1mM), dithiothreitol (1mM), phenanthroline
(1mM) or EDTA (1mM) are given in Figure 4. These zy-
mograms show that the original band A enzyme, when
rerun on a second SDS gelatin polyacrylamide gel (Gel
A) both aggregated and resolved into 5 other lower
molecular weight activities (Mr 65,000, 63,000,
61,000, 55,000 and 43,000). DTT inhibited the break-
down of band A, iodoacetamide prevented enzyme
aggregation and EDTA and phenanthroline limited ag-
gregation and the production of the Mr 55,000 / 43,000
activities. By contrast when the isolated band B en-
zyme was rerun on a second SDS gelatin polyacry-
lamide gel, it generated the Mr 43,000 activity pre-
dominantly (Gel B). While DTT inhibited the band B
enzyme activity, all other treatments failed to inhibit

TABLE I - RELATIVE PROTEIN CONCENTRATIONS AND GELATINOLYTIC ACTIVITIES OF THE BAND A AND BAND
B CONFORMERS OF CORNEAL MMP-2

SDS-PAGE Corneal Enzyme Source

Gel Normal KCS (clear) KCS (scar)

Scanned -MSH +MSH -MSH +MSH -MSH +MSH

Protein Band A 0.06 0.20 0.05 0.3 0.05 0.2
Band B 0.09 - 0.16 - 0.18 -
Ratio A/B 0.67 0.31 0.27

Gelatin Band A 5.20 ND 5.60 ND 4.80 ND
Band B 0.60 ND 2.60 ND 0.50 ND
Ratio A/B 8.70 ND 2.20 ND 9.60 ND

ND: Activity not detectable in the presence of mercaptoethanol
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the production of the Mr 43,000 activity from band B. 
(ii) Using known MMP activating reagents:- An ac-

cepted and standard procedure for dissociating MMP
/ TIMP complexes is to sequentially treat such pro-
tein preparations with 1mM DTT to reduce disulphide
bridges, with 5mM iodoacetic acid (IA) to car-
boxymethylate free sulphydryl groups and hence pre-
vent the MMP/ TIMP complexes from reforming, and
finally with 1.5mM aminophenylmercuric acetate (AP-
MA) to attack the bridged N-terminal cysteine residue
and so induce cleavage of the inactivating peptide (24).
The MMP-2 activity profiles produced by incubating
an early phase keratoconic keratocyte - secreted en-
zyme preparations with these reagents sequentially and
in various combinations, are presented in Figure 5. They
show that treatment with DTT produced an activity band
of Mr 68,000, apparently at the expense of the Mr 61,000
activity, that IAA alone had little effect but in combi-
nation with DTT restored the Mr 61,000 activity, and
that APMA alone or in combination with DTT and/or
IAA produced an additional activity band of Mr 63,000.
All the variously treated enzyme samples were subse-
quently assayed against Type IV collagen. Though the
results are not shown, none exhibited detectable pep-
tidase activity. In the absence of a chemical mecha-
nism for peptide bond cleavage by APMA (25) and in
consideration of data already presented, it is suggested
that these reagents had caused conformational
changes in MMP-2 rather than peptide bond cleavage
and activation following TIMP inactivation. TIMP-l and
TIMP-2 are both secreted by corneal keratocytes (12,
unpublished data,) and thus the failure to observe ac-
tivity after treatment may indicate that the zymographically
visualised activities are of the proenzyme. Evidence
that this was the case was obtained by excising the
protein bands corresponding to the band A and band
B gelatinase activities from Western Blots of the MMP-
2 obtained from the culture medium of clear kerato-
conic keratocytes, and determining their N-terminal amino
acid sequences. Nine and ten sequencing rounds were
carried out on the protein bands corresponding to the
A and B gelatinase activities respectively. In both cas-
es the data obtained fitted the sequence APSPIIKFP(G),
which is that of the proenzyme (17).

(iii) Using SDS, Triton X- 100 and chondroitin sul-
phate: Experiments were carried out in which either
SDS (0.5%w/v), Triton X-100 (0.5%v/v) or chondroitin
sulphate (0.5%) was added to normal and early-phase

Fig. 4 - SDS-gelatin PAGE analysis of the band A and band B
MMP-2 activities produced by early-phase keratoconic corneal
keratocytes. The zymographic activity profiles shown are of the
original MMP-2 sample (Gels A and B, lane 1) and of those gen-
erated from the electrophoretically separated band A and band
B proteins (Gel A and Gel B respectively) after incubation with
Triton X-100 followed by Tris.HCI buffer alone (lane 2), by the
same buffer containing iodoacetamide (lane 3), DTT (lane 4),
phenanthroline (lane 5) or EDTA (lane 6).

Fig. 5 - Zymographic activity profiles of an early-phase kerato-
conic corneal MMP-2 preparation following treatment with MMP
activating reagents. Lane 1  control; lane 2 - with DTT; lane 3 -
with IA; lane 4 - with APMA; lane 5 - with DTT and IA; lane 6 -
with DTT, IA and APMA; lane 7 - with lA and APMA; lane 8 -
with DTT and APMA.
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keratoconic corneal keratocyte MMP-2 preparations
in 0.05M Tris HCl buffer, pH 7.2, containing Ca2+ (5mM)
and incubated for 60 min before centrifugation at 20°C
in centricon concentrators (10,000 Mr cut off). This
was repeated twice and between washes, the sam-
ples were resuspended in 0.05M Tris HCl, pH 7.2 con-

taining 5mM CaCl2. The recovered proteins were then
analysed by SDS-gelatin PAGE. The resultant zymo-
grams showed that the gelatinase activity profiles of
both enzyme preparations were unaffected by treat-
ment with Triton X-100 and chondroitin sulphate (da-
ta not shown). In the case of the enzyme produced
by normal corneal keratocytes, the SDS treatment re-
sulted only in the production of band B from band A.
In the case of the early-phase keratoconic keratocyte
secreted enzyme preparation, in addition to the orig-
inal bands A and B, the SDS treatment generated two
extra activities of approximate Mr 43,000 and 36,000
(Fig. 6). A sample of this preparation was subsequently
boiled for 2 min with additional SDS (1% w/v) and
mercaptoethanol (1% v/v) and run on an SDS-poly-
acrylamide protein gel. A protein corresponding to the
band A activity and two other Coomassie Blue bands
of low staining intensity but matching the Mr 43,000
and 36,000 gelatinase activity bands were present in
the resultant electrophoretogram (data not shown). A
protein band corresponding to the band B activity was
however, absent. From these observations it was again
concluded that the appearance of the lower Mr bands
is associated with MMP-2 activation: When assayed
against Type I and denatured Type I collagen, the SDS-
treated enzyme preparation from early-phase kera-
toconic corneal keratocytes selectively hydrolysed the
latter substrate (Fig. 7).

(iv) By gel filtration on Sephadex G-75: The protein
and zymographic gelatinase activity elution profiles
obtained by sequentially eluting a sample (0.6ml) of
normal MMP-2 through a column of Sephadex G-75
(30 x 1.5cm) packed, equilibrated and eluted in 0.05M
Tris HCl, pH 7.6, containing 5mM CaCl2 and in the
same buffer containing SDS (0.1%w/v), are shown in
Figures 8 and 9 respectively. Under non-denaturing
conditions, the enzyme was excluded from the col-
umn matrix and was thus either bound to other pro-
teins (collagen, TIMP) or self-aggregated.The sum-
mated molecular weight of these aggregates was >105.
Such aggregates were apparently disrupted by SDS.
When chromatographed in the presence of this de-
tergent, most of the gelatinase activity became in-
cluded in the matrix and eluted within the apparent
Mr range of 65,000 - 40,000. This would be expect-
ed from the Mr values determined by SDS-PAGE.

(v) By autoactivation: An MMP-2 preparation that was
obtained from the medium of keratocytes derived from

Fig. 7 - SDS-PAGE analysis of native and denatured Type I col-
lagen assayed against SDS - activated corneal MMP-2. LHS of
Gel - Native Type I collagen. RHS of Gel - Denatured Type I col-
lagen (gelatin).

Fig. 6 - Zymographic activity profiles of normal and early-phase
keratoconic corneal MMP-2 preparations before and after treat-
ment with SDS. Lanes A and B normal corneal keratocyte secreted
MMP-2 preincubated in the absence and presence of SDS re-
spectively. Lanes C and D - early-phase keratoconic keratocyte
secreted MMP-2 preincubated in the absence and presence of
SDS respectively. In the latter case only, gelatinase activities of
Mr 43.000 and 36,000 have been generated.

A B C D
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early-phase keratoconic corneas by elution through CM-
cellulose was stored for approximately 6 months at -
20°C. Before storage, this particular enzyme prepara-
tion exhibited predominantly the gelatinase activity band
B on substrate polyacrylamide gels but was inactive
when assayed against Type IV collagen. After storage,
the preparation cleaved Type IV collagen (Fig. 10) but,
instead of band B, exhibited predominantly the gelati-
nase activity of approximate Mr 43,000 (Fig. 11).

Small quantities of this enzyme preparation were sub-
sequently incubated at 37°C with aliquots of other nor-
mal and keratoconic keratocyte enzyme preparations
in 0.05M Tris HCl buffer, pH 7.2 containing 5mM Ca-

Cl2 (1: 50 ratio), and sampled over a period of 18h.
These samples were added to SDS (final concentra-
tion 1% w/v) and snap frozen in liquid N2 prior to analy-
sis by zymography. The results obtained are shown in
Figure 12. In the case of the preparations of MMP-2

Fig. 8 - Protein elution profile of a normal corneal MMP-2 prepa-
ration after chromatography on Sephadex G-75: The enzyme
was eluted with Tris HCl buffer, pH 7.5, 5mM CaCl2 (  -  ) or with
the sarne buffer containing 0.1% (w/v) SDS (  -  ).

Fig. 9 - Zymographic activity profiles of a normal corneal MMP-2
preparation fractionated on Sephadex G-75 in the absence (Gel A)
or presence of SDS(Gel B). Lanes A1/ B1: excluded protein, frac-
tions 7-11; lanes A2/ B2: fractions 14-16; lanes A3/B3: fractions
17-20; lanes A4/B4: fractions 28-34; lane B5: fractions 36-40.

Fig. 10 - SDS-PAGE analysis of Type IV collagen assayed against
the MMP-2 produced by early-phase keratoconic corneal kerato-
cytes. The enzymes assayed were of Mr 61,000 (original prepara-
tion; A) and of Mr 43,000 (preparation after storage at -20°C; B). In
the latter case only was Type IV collagen degradation apparent.

Fig. 11 - Zymographic activity profiles of an MMP-2 prepara-
tion obtained from the medium of an early-phase keratoconic
corneal keratocyte culture. These were analysed before (Gel A,
in duplicate) and after (Gel B) prolonged storage at -20°C.
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secreted by keratocytes of normal corneas, the incu-
bation with activated enzyme generated the band B
activity predominantly. In the case of the early-phase
keratoconic keratocyte enzyme preparation particu-
larly, the Mr 43,000 gelatinase activity became very
apparent. This finding suggested that to a limited ex-
tent, the unpurified enzyme produced by the kerato-
cytes of early-phase keratoconic corneas is capable
of self-activation in vivo.

DISCUSSION 

The major protease secreted by normal, healthy
corneal keratocytes is inactive MMP-2, of apparent
Mr 65,000/66,000 on SDS-gelatin polyacrylamide gels
(12,13,19). In addition, results presented here and
in a previous publication have indicated that the ker-
atocytes of early-phase keratoconic corneas produce
a second MMP-2 activity of Mr 61,000 (13), that is
reputably the activated form of the enzyme (1, 17, 18,
26, 27) generated by the action of MT-MMPs (20). Al-
though enzyme preparations that exhibited this ac-
tivity zymographically did not possess detectable ac-
tivity in vitro, the most obvious explanation was that
MMP-2, once activated, was maintained in an inac-
tive state by the TIMP ligands. In support of this hy-
pothesis, it is known that corneal keratocytes secrete
TIMP-l and TIMP-2 (12) and it has been suggested
that the keratoconic condition may result from an in-
balance in the ratio of TIMP-l / TIMP-2 to MMP-2 pro-
duction (26). Despite this, attempts to activate
corneal MMP-2 by chemically dissociating MMP-2 /
TIMP complexes were not successful. Moreover, the
zymographic specific activity of the conventionally in-
active form of MMP-2 (Mr 65 / 66,000, band A) was

found to be considerably higher than that of the pu-
tatively activated form of Mr 61 / 62,000 (band B) and
after reducing early-phase keratoconic MMP-2 sam-
ples with mercaptoethanol or DTT, band B migrated
as band A. These data indicated that the proteins of
band A and band B gelatinase activities differed on-
ly in conformation and inferred that the apparently
lower Mr species, with its intramolecular S-S bonds
intact, was spherical whereas the reduced protein was
elongate, and hence subject to drag during electrophoresis.
Confirmation of this proposition was obtained by se-
quencing the N-terminal amino acids of the proteins
corresponding to band A and band B activities. They
proved to be the same and corresponded to the pub-
lished N-terminal sequence of proMMP-2 (17).

Proteolytic cleavage of an N-terminal inactivating
peptide is the favoured mechanism of MMP activa-
tion (4,5). An alternative mechanism has been pro-
posed that involves the dissociation of a cysteine residue,
(Cys73 in the case of human fibroblast collagenase),
from the active site zinc atom and its replacement by
water, and is known as the ‘cysteine switch’ (28,29).
In this context it is considered likely that, if TIMP is
limiting or absent, the reduced form of MMP-2 se-
creted by keratocytes of normal corneas (band A) would
exhibit some activity in vivo. However, by assaying a
number of MMP-2 preparations produced by kerato-
cytes of normal and keratoconic corneas against var-
ious collagenous substrates, and by zymography, it
was deduced that ability to selectively hydrolyse Type
IV collagen and gelatin in vitro correlated with the zy-
mographic visualisation of activity bands of apparent
Mr 55,000, 36,000 and predominantly, 43,000 on SDS-
gelatin polyacrylamide gels. On the basis of these da-
ta, and a subsequent finding that SDS treatment both
activated early-phase keratoconic MMP-2 prepara-
tions and generated activity bands of 43,000 and 36,000
on SDS-gelatin polyacrylamide gels, it was tentatively
postulated that the main form of MMP-2 that was ca-
pable of proteolysis was of Mr 43,000. More conclu-
sive evidence for this hypothesis was provided by a
subsequent observation that an early-phase kerato-
conic MMP-2 preparation, initially inactive and com-
prised of band B only, was completely transformed
into the Mr 43,000 activity during storage at -20°C
and as such, efficiently and selectively catalysed the
hydrolysis of Type IV collagen and gelatin and the pro-
duction of this activity in other corneal MMP-2 prepa-

Fig. 12 - Zymographic activity profile of MMP-2 produced by
normal, early-phase keratoconic and late-phase keratoconic corneal
keratocytes before (Gel A) and after (Gel B) incubation with ac-
tivated MMP-2 of apparent Mr 43,000.
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rations. Although this finding may be contrary to cur-
rent supposition, the appearance of activated MMP-
2, of similar molecular weight, has been noted by oth-
er authors (19,26,27) and the reported loss of a car-
boxy-terminal peptide in this entity (7), may signify a
loss in ability to bind TIMP and account for the fact
that it retains activity in the presence of TIMP.

To date, the only method that has been found to re-
liably activate MMP-2 in vitro is to treat the protein
with SDS, a strong ionic detergent that separates pro-
teins/ polypeptides electrostatically. Based on the chro-
matographic behavior of MMP-2 on CM-cellulose and
on Sephadex G-75 run in the absence and presence
of SDS, it was concluded that the proenzyme, in ad-
dition to TIMP, associated with co-secreted high mol-
ecular weight proteins. By dissociating these com-
plexes, activated enzyme was generated subsequent
to fractionation and presumably by autoactivation. Al-
though, as mentioned previously, SDS-treatment fol-
lowed by dialysis generated activated enzyme in the
case of unpurified MMP-preparations obtained from
early-phase keratoconic keratocyte cultures, this did
not work for similar MMP-2 preparations obtained from
normal corneal keratocyte cultures: SDS-treatment gen-
erated band B from band A but there was no gelati-
nase of Mr 43,000 visualised by zymography, and ac-
tivity against Type IV collagen or gelatin in vitro could
not be detected. The chromatographic data present-
ed indicated that peptide cleavage, by autocatalysis, fol-
lowed MMP-2 dissociation and separation from TIMP
and other matrix proteins. The most plausible explana-
tion for the observed difference in ability to cleave and
hence activate the normal and early-phase keratoconic
MMP-2 may therefore lie in the relative amounts of in-
hibitor (TIMP) present in the respective enzyme prepa-
rations. This possibility is currently being explored.

Although it has been shown that band A and band
B are conformers of proMMP-2, the data obtained from

experiments in which the band A and band B proteins
were excised from SDS-polyacrylamide gels and af-
ter Triton X- 100 treatment rerun under the same con-
ditions, indicated that the band B activity expressed
by keratocytes of keratoconic corneas, represented
the form of MMP-2 that is proteolytically cleaved to
yield the activated enzyme. This could be achieved
by autocatalysis as observed in vitro, or by the ac-
tion of other enzymes.

In conclusion, the results presented indicate that
the MMP-2 that is of apparent Mr 61,000 and abnor-
mally secreted by early-phase keratocytes of kerato-
conic corneas is simply a conformer of the proen-
zyme normally detected in corneal stromal tissue and
in the culture medium of corneal keratocytes. It is al-
so tentatively suggested that the proMMP-2 cannot
be cleaved and hence activated except when it ex-
ists in this conformation. Whether the conformation-
al switch is an intracellular or extracellular event is
currently under investigation but may well depend up-
on whether the pathological signs are genetically or
environmentally induced.
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