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A B S T R A C T

Matrix metalloproteinases (MMPs) are zinc-dependent proteases involved in the degradation of extracellular
matrix proteins. As one of the isoforms, MMP-1 breaks down collagen, and its activity is known to be important
in wound healing. Its timely and adequate level of expression is pivotal because MMP-1 is also involved in the
damage or aging of skins as well as in certain types of cancers. Thus, both assaying the MMP-1 activity and
developing its inhibitors are of great importance. We here developed an in-house assay system that gave us the
high degree of freedom in screening peptide inhibitors of MMP-1. The assay system utilized a circularly per-
mutated fusion of β-lactamase and its inhibitory protein through an MMP-1-sensitive linker so that the activity of
MMP-1 could be translated into that of β-lactamase. As a proof of concept, we applied the developed assay
system to initial screens of MMP-1 inhibitors and successfully identified one lead peptide that inhibited the
collagenase activity of the enzyme.

1. Introduction

Matrix metalloproteinases (MMPs) are zinc proteases that degrade
various extracellular matrix (ECM) proteins. Thus, MMPs are involved
in several steps in tissue remodeling; they can promote cell prolifera-
tion, migration, and differentiation by breaking the extracellular ma-
trix. Because of the same activity, MMPs are also implicated in patho-
logical conditions, such as tumor progression, tissue inflammation, or
tuberculosis [1]. Consequently, the development of assay systems of
and inhibitors against MMPs has attracted considerable attention [2–5].
To date, 23 distinct kinds of MMPs are known in human [6]. Among
those, we here focus on MMP-1 that has been suggested to be im-
plicated in the damage or aging of skin [7], as well as in several types of
cancer [8,9].

Aging inherently affects many properties of human skin such as the
formation of wrinkles, and/or the changes in skin tone or resiliency
[10]. Solar ultraviolet radiation [11] and smoking [12] are known to
have similar effects on the skin with mere aging. These environmental
stimuli, as well as normal aging, are reported to upregulate the synth-
esis of MMP-1 in the skin [7,11–13]. As a direct consequence, collagen,
the major substrate of MMP-1, is fragmented in the ECM structure,

which may downregulate the synthesis of procollagen (precursor to
collagen) in dermal fibroblasts [14,15]. It has also been shown that
fragmented collagens stimulated the synthesis of MMP-1 by fibroblasts,
which would result in more fragmentation of ECM collagens [16]. Thus,
inhibitors of MMP-1 that act on either the enzyme’s activity or ex-
pression may fight not only diseases, but also aging processes, by
maintaining the integrity of ECM. Indeed, a wide variety of natural
substances have been sought for their activities in downregulating
MMP-1 expression [17–22]. Instead of downregulating the expression
of MMP-1, binders to the enzyme were developed to inhibit the activity
of the enzyme. For example, variants of tissue inhibitor of metallo-
proteinases-2 (TIMP-2) that bound to MMP-1 more specifically than
other tested MMPs were obtained from a phage display format [23].
Compared to the authentic molecule that exhibited a broad specificity
to several MMPs, the resulting variants of TIMP-2 inhibited MMP-1
more specifically over other MMPs. Similarly, the sequence of a peptide
toxin called sarafotoxin that has a similar core structure to that of TIMP
has been engineered to inhibit MMP-1 and -9 [24]. However, examples
of MMP-1 activity inhibitors are not rich, compared to the expression
inhibitors.

A prerequisite for finding MMP-1 inhibitors is a reliable assay
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system that is preferably sensitive, modifiable to meet research interests
(or assay environments), and compatible with medium to high
throughput screening. One such assay system has been developed for
measuring MMP-2 activities using the inactive zymogenic form of β-
lactamase [25]. The system was based on the release of active β-lac-
tamase from the inactive zymogen by the action of MMP-2 in the assay
sample, and the activity of β-lactamase was readily detected by using a
chromogenic substrate [25]. In this study, we developed an assay
system toward MMP-1 (Fig. 1) and further used the developed system to
identify synthetic peptides that inhibit MMP-1. The identified inhibitor
peptides did indeed inhibit the collagenolytic activity of MMP-1.

2. Materials and methods

2.1. Materials

The chromogenic substrate for β-lactamase (CENTA) was purchased
from Merck (Darmstadt, Germany). Type I collagen from rabbit skin
(catalog number C5608), MMP-1 inhibitor screening kit, and re-
combinant human MMP-1 and MMP-2 were Sigma-Aldrich products,
and were purchased from Merck. Both MMP-1 and MMP-2 were used
without activation. Cyclic RGD (cyclo(Arg-Gly-Asp-D-Phe-Lys), abbre-
viated to cycRGD) and c-myc peptides were purchased from Peptides
International (Louisville, USA) and Sigma-Aldrich, respectively. All
other peptides were synthesized by Peptron (Daejeon, Korea).
Lysozyme was purchased from Biosesang (Sungnam, Korea).

2.2. Expression and purification of a β-lactamase and its zymogen for
detecting MMP-1

An expression vector based on pET-28a encoding the auto-inhibited,
zymogenic form of β-lactamase was described previously with a linker
sequence specific for MMP-2 [25]. The cleavable linker sequence for
MMP-2 assays was replaced with the one for MMP-1, GGGSGPLALW-
GGGS, by inserting an appropriate synthetic double-stranded DNA
fragment into the BamHI and HindIII digest of a plasmid pSPEL075
[25]. The resulting plasmid pET-28a-mmp1Z was used to transform
Escherichia coli BL21(DE3). Cells in the 2xYT medium were induced to
produce the zymogenic β-lactamase (BLA-ZymMMP-1) from which active
β-lactamase could be liberated through the cleavage of the internal
linker sequence by MMP-1. The induction was achieved by adding
0.4 mM IPTG to the culture when the optical density at 600 nm reached
0.5. The cell cultures were kept at 25 °C for 14 h. Cell pellets were
obtained from 400mL cultures (4 °C, 8000 rpm, 10min) and re-
suspended with 11mL of solution A (50mg/mL lysozyme, 0.75M su-
crose, 0.1 M Tris−HCl, pH 8.0). The cell suspensions were further
treated with 21mL of solution B (1mM EDTA) and then with 1.5mL of
solution C (0.5M MgCl2). Cell suspensions were incubated for 30min at
4 °C after the addition of each solution. The periplasmic fraction was
obtained as a supernatant of centrifugation at 10,000 g (15min), and
BLA-ZymMMP-1 was purified using Ni-NTA through its C-terminal His-
tag according to the standard protocol (Merck). Eluted fractions were
desalted using an ultrafiltration unit (Amicon Ultra-4, Merck) and

Fig. 1. Development of the MMP-1 assay
system.
(A) The assay system relies on two tandem
reactions: MMP-1 reaction, and BLA reaction.
The key molecule in the system is β-lactamase
(BLA) fused to the β-lactamase inhibitor pro-
tein (BLIP). This inactive BLA complex (BLA-
ZymMMP-1) can be called a zymogen, since BLA
becomes active once MMP-1 cleaves the linker
between BLIP and BLA (MMP-1 reaction). The
amount of active BLA can be readily quanti-
tated using its well-known activity toward a
chromogenic substrate, CENTA (BLA reaction).
(B) MMP-1 diluted in the MMP buffer at con-
centrations were first incubated with BLA-
ZymMMP-1 to liberate active BLA from the zy-
mogen. The amount of released BLA was
quantified using its activity toward CENTA as a
slope from a time course plot. Optical densities
at 405 nm [OD(405)] were recorded in a plate
reader without calibration to standard absor-
bance with a light path of 1 cm and thus were
presented as apparent values in the graph.
Calculated slopes were plotted against the
concentrations of MMP-1 in the assay (C).
MMP-1 reactions were conducted in the ab-
sence (circles) or the presence of 25% (vol/vol)
DMSO (squares). (D) β-Lactamase as the trun-
cated form of BLA-ZymMMP-1 (active BLA in
Fig. 1A) was prepared and preincubated in the
MMP-1 reaction buffer in the absence or pre-
sence of DMSO (filled triangles and diamonds,
respectively). These mock MMP-1 reactions
were subsequently diluted 320 times in the
BLA reaction. β-Lactamase lost its activity in
the presence of 25% DMSO compared to its
control reaction without DMSO (filled squares
and circles, respectively). (E) SDS-PAGE ana-
lysis of the BLA-ZymMMP-1 cleavage by MMP-1
in the presence of absence of 25% DMSO. M
denotes the molecular weight marker.
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stored at −80 °C in the presence of 50% glycerol, until use.
The expression and purification of β-lactamase was described pre-

viously [25] and was carried out accordingly.

2.3. MMP-1 assays using the zymogen as a substrate

MMP-1 diluted in the MMP buffer (50mM Tris−HCl, 10mM CaCl2,
150mM NaCl, 0.05% (w/v) Brij-35, pH 7.5) at various concentrations
of 0–10 ng/μL was mixed with the same volume of 16 μMBLA-ZymMMP-

1 in the same buffer and incubated for 1 h at 25 °C. The reaction was
diluted 160 times with PBS, and then mixed with the same volume of
200 μM CENTA in PBS with 0.4% bovine serum albumin. Optical den-
sities at 405 nm were recorded in a microplate using Infinite F200
(Tecan, Switzerland). For inhibition assays, two parts of MMP-1 (1 ng/
μL in the MMP buffer) were mixed with 1 part of peptides diluted in
DMSO; then the mixture was pre-incubated for 10min at 25 °C. To this,
1 part of the 16 μMBLA-ZymMMP-1 was added and the mixture was in-
cubated for 1 h at 25 °C. The reaction was diluted 160 times with PBS,
and then mixed with the same volume of 200 μM CENTA in PBS with
0.4% bovine serum albumin in a microplate for their optical densities to
be read at 405 nm. Essentially, the same procedure was used for MMP-2
inhibition assays except that MMP-2 and the zymogen containing the
sequence specific to MMP-2 were used.

2.4. MMP-1 inhibition assays using collagen as a substrate

Collagen was dissolved in 10mM sodium acetate at a concentration
of 5mg/mL with stirring at room temperature. Once prepared, the
collagen solution could be kept at 4 °C until the use.

Collagen hydrolysis reactions were conducted at 37 °C in the MMP
buffer with MMP-1, peptides (in DMSO), and collagen at 50 ng/μL,
200 μM, and 0.8 mg/mL, respectively. Reactions were quenched after
2 h by the addition of the gel loading buffer for SDS-PAGE and heating
for 3min at 95 °C.

3. Results and discussion

3.1. Development of the MMP-1 assay system

An assay system was developed so that the activity of MMP-1 in
samples could be indirectly measured as the activity of β-lactamase, by
modifying the system for MMP-2 that had been reported previously
[25]. In this system, β-lactamase (BLA) was genetically fused to β-lac-
tamase inhibitory protein (BLIP) via a peptide linker to yield an inactive
BLA zymogen (Fig. 1A). The sequence of the linker, GGGSGPLALWG-
GGS, was designed to be recognized and cleaved by MMP-1 where the
MMP-1 substrate sequence (underlined) was adapted from the work by
Brownell et al. [26]. On the other hand, GGGS on both sides of the
substrate sequence were for the improved flexibility of the linker.

β-Lactamase in the zymogenic form (BLA-ZymMMP-1) remained al-
most inactive, until it was liberated from the zymogenic conjugate by
the action of MMP-1 (MMP-1 reaction), and the liberation of β-lacta-
mase could be readily detected by the formation of a chromogenic
product from the enzyme substrate, CENTA (Fig. 1B, BLA reaction). On
the other hand, MMP-1 alone, even at the highest concentration tested
(10 ng/μL), failed to generate any increase in the absorbance (data not
shown). The apparent activities of β-lactamase (rates of the chromo-
genic product accumulation, or simply the “slopes” calculated from
data shown in Fig. 1B) increased as the concentration of MMP-1 in the
assay system increased (Fig. 1C). Since the inhibition of an enzyme can
be described as a decrease in its effective concentration in the system,
the presence of an inhibitor of MMP-1 in the system would result in the
decreased rate of the chromogenic product formation.

3.2. Screening of inhibitor peptides using the MMP-1 assay system

The plot of “slopes” versus the concentrations of MMP-1 exhibited a
hyperbola deviating from a straight line at high concentrations of MMP-
1 (Fig. 1C). Since DMSO was later used to dissolve synthetic peptides,
the assay was also performed in the presence of DMSO. The con-
centration of DMSO was 25% (vol/vol) in the MMP-1 reaction but
subsequently was reduced by 320 times in the BLA reaction (see Ma-
terials and Methods). Greatly reduced slopes were obtained in the
presence of DMSO (Fig. 1C) by which MMP-1, β-lactamase, or the both
could have been affected. To better understand the phenomenon, we
prepared β-lactamase analogous to the truncated form of BLA-ZymMMP-

1 (active BLA in Fig. 1A) and measured the activities in the absence or
presence of 25% DMSO (Fig. 1D). Obviously, DMSO at that con-
centration deprived the enzyme of its activity. Interestingly, however,
˜80% of its activity was recovered after the subsequent dilution with
reagents for the BLA reaction (Fig. 1D). On the other hand, MMP-1 was
substantially inhibited by DMSO but the inhibition was not complete
(Fig. 1E). Taken these together, the apparent effects of DMSO on the
assay system read-outs were thought to be largely related to the in-
hibition of MMP-1 rather than β-lactamase.

Nonetheless, since the inclusion of DMSO in the reaction resulted in
the linear response of slope changes over a wider range of MMP-1
concentrations (Fig. 1C), we could use the percent residual activities
defined as the following equation, to identify the possible inhibitors of
MMP-1:

= ×Residual activity (%)
[Slope]

[Slope]
100with inhibitor

without inhibitor

Fig. 2A summarizes the sequences of synthetic peptides used in this
study. We used a c-myc peptide that is irrelevant to MMPs as a negative
control in the assay and confirmed that c-myc peptide at concentrations
up to 160 μM did not affect the assay system (Fig. 2B). Test peptides
were designed based on the sequence of the CTT peptide (Fig. 2A) and
were evaluated for the inhibition of MMP-1 and MMP-2. The CTT
peptide was originally selected from a phage display for its binding
affinity to MMP-2 and subsequently was found to efficiently inhibit the
enzyme [27]. Compared to the previous report that described the CTT
peptide as a non-inhibitor of MMP-1 up to 50 μM [28], our assays in-
cluded higher concentrations of the peptide, and the results suggested
that it might inhibit MMP-1 at higher concentrations; however, the
degree of inhibition was not significant up to 160 μM (Fig. 2B, CTT). As
a variant to the CTT peptide, we designed a backbone-cyclic peptide,
cycCTT (Fig. 2A). This cyclic version of the CTT peptide also contained
the RGD sequence with 2 extra amino acids (GRGDA, shown in italic in
Fig. 2A). In fact, the RGD sequence might be used in the targeted de-
livery of a peptide to the cells expressing specific integrins [29], but we
primarily regarded the pentapeptide sequence as a linker. Obviously,
backbone-cyclization abolished the probable inhibitory activity of the
CTT peptide (Fig. 2B, cycCTT). Interestingly, the linear permutated
counterpart of cycCTT, P1, showed dose-dependent inhibition of MMP-
1 (Fig. 2B). The peptide P1 was not expected to inhibit MMP-1 since the
HWGF sequence was proposed as a key motif in the CTT peptide’s ac-
tion [27] but was not intact in P1 (Fig. 2A). On the other hand, P1 was
not a potent inhibitor of MMP-2 within the range of current in-
vestigation (Fig. 2B, P1*). Trimming of either the N-terminal HW or C-
terminal GF sequence from P1 (P2 and P3, respectively) retained the
inhibitory activity against MMP-1 (Fig. 2B). Since the inhibitor activity
of P3 was lower than those of P1 or P2, further efforts to minimize the
peptide size were not made.

The CTT peptide has a disulfide bond between 2 cysteinyl residues
(Fig. 2A), which was shown to be important in its action [27]. Even
though P1 contained only one Cys and thus lacked an intramolecular
disulfide bond, we replaced the Cys residue with Ser (P4) to test its
importance in its activity against MMP-1. P4 exhibited greatly dimin-
ished inhibition compared to P1 (Fig. 2B), suggesting the importance of

M.W. Min, et al. Enzyme and Microbial Technology 127 (2019) 65–69

67



the Cys residue. However, at this moment, it is not clear what role the
Cys residue played.

3.3. Inhibition of the collagenolytic activity of MMP-1 by selected peptides

Since we identified potent MMP-1 inhibitors in the newly developed
assay system, it was imperative that their inhibitory activities be con-
firmed using a natural substrate for the enzyme, collagen. Typically, α1
and α2 chains in intact type-I collagen are hydrolyzed into 3/4 and 1/4
fragments in the presence of MMP-1 [7,28]. In our experiments, we also
confirmed the formation of those fragments in the MMP-1-catalyzed
collagen cleavage reactions (Fig. 3). Reproducing the results described
in the above section, test peptides P1, P2, and P3 inhibited MMP-1 in
the reaction leaving no fragments. Even though the CTT peptide sug-
gested possible inhibitory activity toward MMP-1 at high concentration
using the developed assay system (Fig. 2B), it failed to inhibit MMP-1 in
the collagen-based assay, and so did cycCTT and P4 (Fig. 3). We also
tested cycRGD to determine if it affected the activity of MMP-1 since
the “RGD” sequence was included in the test peptides; apparently,
cycRGD did not inhibit MMP-1 under the conditions used here (Fig. 3).
Taken together, hits in our assay were truly inhibitors of MMP-1, letting

us conclude that the system would be useful in screening MMP-1 in-
hibitors from diverse libraries.

Here we described an in-house MMP-1 assay system using a circu-
larly permutated fusion of β-lactamase and BLIP through a linker se-
quence that was sensitive to the enzyme. Initial screens of MMP-1 in-
hibitor peptides were successfully carried out using the developed
system. It should be noted that our screening results were obtained
using only minute amount of MMP-1 in the presence of DMSO that itself
inhibits the enzyme, but the screening conditions might be easily
modified according to the researchers needs. Also, our serendipitous
finding that the inhibitor of MMP-2 (CTT peptide) could be turned into
an inhibitor of MMP-1 (P1) through circular permutation opens the
possibility of developing MMP-specific, orthogonal peptide inhibitors in
the future.
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Fig. 2. Screening of peptide inhibitors of MMP-1.
(A) Sequences of peptides tested in this study. (B) Inhibition of MMP-1 by test peptides are shown in residual activities except of P1*, which is for the inhibition of
MMP-2 by the peptide P1. Peptides at 40, 80, and 160 μM were used for the test, and the resulting data are shown as the averages of triplicate assays with standard
deviations. In datasets for CTT, P4, and P1*, the apparent inhibition by 160 μM of the corresponding peptide was not significantly greater than that by 80 μM (p-
values were 0.24, 0.11, and 0.44, respectively for CTT, P4, and the P1* data set).
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Fig. 3. Inhibition of MMP-1 in this collagen hydrolysis in vitro.
The test peptides shown in Fig. 2 were used to inhibit the collagenase activity of
MMP-1. In the presence of MMP-1, characteristic fragments of collagen α chains
(1/4 and 3/4) were observed. However, in the presence of its inhibitor (P1, P2,
or P3), those fragments did not appear in the gel after the reaction. M denotes
the molecular weight marker.
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