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Abstract

Three collagenase assays for two native triple-helical collagens have been developed using capillary gel electrophoresis (CGE) with
laser-induced fluorescence (LIF) detection in order to discover the matrix metalloproteinases (MMPs) inhibitors. These collagenase assays
include measurement of the activities of interstitial collagenase (MMP-1) and neutrophil collagenase (MMP-8) against type | collagen, and
collagenase-3 (MMP-13) against type Il collagen, and the enzyme activities could be readily measured by determining the 3/4 fragments
produced from the cleavage of the native collagens. The highly desired sensitivity of the assays could be achieved, employing a dynamic
fluorescence labeling technique with the running buffer containing 0.05% sodium dodecylsulfate and non-covalent fluorescent dye for protein,
NanoOrange. The collagen, its 1/4 and 3/4 fragments of type | or Il collagen could be separated and detected within the run time of 20 min by
CGE mode using the gel buffer (pH 8.8) containing 4% polyacrylamide. Good linearity of the peak area of the 3/4 fragment was obtained over
each assay range of collagenase (15-150 ng/tube for MMP-1, 3—-30 ng/tube for MMP-8, and 1.5-30 ng/tube for MMP-13, respectively). The
relative standard deviation of the peak areas of the 3/4 fragment produced from type Il collagen by MMP-13 cleavage was calculated to be
less than 13.4%, indicating that the assay was reproducible. Alsgvatlies of three MMPs inhibitors, which were calculated for estimation
by the variation of the peak areas of the 3/4 fragments using 90 ng/tube for MMP-1, 30 ng/tube for MMP-8 or 15 ng/tube for MMP-13, were
almost consistent with data from other assays. The CGE-LIF method is expected to be very useful for proteinase assay and its application
to the estimation of inhibitors because this method enables an assay of collagenase activity using native substrate to be conducted without
experimentally troublesome procedure such as preparation of antibody or fluorescence-labeled substrate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction collagenase-3 (MMP-13), have been already identified on the
basis of sequence similarities and their ability to hydrolyze
The matrix metalloproteinases (MMPs) are a family the fibrillar collagens (types I-l1Ij1]. Over-expression and
of zinc-dependent enzymes that degrade all of the major activation of MMPs have been linked with a range of diseases
components of the extracellular matrix. The vertebrate for which good therapeutic approaches are currently sought,
collagenases are a group of MMPs distinguished by their such as arthritis, cancer and multiple sclerddis3]. In
capacity to cleavage triple-helical collagen at a single particular, the expression of MMP-13 and its osteoarthritic
site resulting in fragments corresponding to 1/4 and 3/4 cartilage and its activity against type Il collagen suggest
of its initial length. Three collagenases, interstitial colla- that the enzyme plays a significant role in cartridge collagen
genase (MMP-1), neutrophil collagenase (MMP-8), and degradation, and must consequently form part of a complex
target for proposed therapeutic interventions based on
* Corresponding author. Fax: +81 6 6458 0987. collagenase inhibition4]. Various inhibitors have been
E-mail addressmasatake.sano@shionogi.co.jp (M. Sano). studied for the therapy of diseases linked with MMPs3].
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A MMPs assay has been developed for the discovery of 2. Experimental
inhibitors, and the assay would be useful for high-throughput
screening (HTS) at the first stage of drug discovery due 2.1. Reagents
to its advantages of high sensitivity, high speed and au-
tomation [5]. The assay using the coumarin-labeled pep-  Bovine type Il collagen was obtained from Collagen
tide substrate has been in popular use for HTS; however,Research Center (Tokyo, Japan). Rat tail type | colla-
the other estimation of inhibitors should be needed to con- gen was obtained from BD Biosciences (San Jose, CA,
firm the inhibition of collagenase activity using the native USA). Recombinant human MMP-1, MMP-8 and MMP-
substrate, because the labeled peptide substrate has differt3 were obtained from Genzyme-Techne (Cambridge, MA,
ent characteristics from the native one. At the second stage, USA). NanoOrange dye was purchased from Molecular
the drug candidates that have passed through the first stag®robes (Eugene, OR, USA). NanoOrange was used ac-
need to be checked for whether they can inhibit the cleav- cording to the product instructions; NanoOrange solution
age of triple-helical collagen by collagenase, using sodium (500x) was added to the gel running buffer at oncen-
dodecylsulfate-polyacrylamide gel electrophord$is zy- tration. Mass markers Protein Test Mix was purchased from
mography[7—9] and collagenolysis assgy0-12] with na- Beckman Coulter (Fullerton, CAp-Aminophenylmercuic
tive, fluorescence-labeled or radioisotope-labeled collagen asacid (APMA) was obtained from Sigma (St. Louis, MO,
a substrate. However, these assays have drawbacks such a$SA). Acrylamide of high grade for electrophoresis, 2-
troublesome procedure and poor quantification. Therefore,amino-2-methyl-1,3-propanediol (AMPD) and cacodylic
it would be important to develop a convenient assay under acid (CACO) were obtained from Wako Pure Chemical In-
desirable physical conditions using the native triple-helical dustries (Osaka, Japan). Ammonium peroxodisulfate (APS),
collagen. N,N,N',N'-tetramethylethylenediamine (TEMED) were ob-

Capillary electrophoresis (CE) is a convenient analysis tained from Nacalai Tesque (Kyoto, Japan). BB-2516, METI-
tool offering the advantages of high separation and efficiency, SAM and MMI-166 were synthesized in our laboratory.
as reported elsewhef@3-15] In addition, the array sys-
tem based on CE is applicable to multiple assays, such as2.2. Apparatus
DNA sequencing16] and enzyme assd$ 7] using the CE
array system. Also, application pfchip electrophoresis and A P/ACE 5510 capillary electrophoresis system equipped
w-TAS technique allows scaling down of the assay system with an argon ion laser emitting 488 nm and an LIF detector
and rapid measuremefit8—20] As the sensitivity of laser-  (Beckman Coulter) was used. Fluorescence emitted by sam-
induced fluorescence (LIF) detection is thought to be higher ples was filtered by a 590 nm band-pass filter (Melles Griot,
than that of ultraviolet detection, the CE-LIF method is use- CA, USA). An eCAP-coated capillary (Beckman Coulter)
ful as a highly sensitive enzyme assay, leading to a reduc-with 100pm i.d. x 360pnm o.d. of 27 cm (20 cm to detec-
tion in the amount of enzyme consumed for the a§2ay. tor window) was assembled in the LIF cartridge format, to
Furthermore, having smaller amounts of reagents in sampleswhich was applied constant voltage&.1 kV) at 20°C. The
placed into the capillary would raise the robustness of the running gel buffer used was 4% polyacrylamide and 0.05%
methods. SDS in 50 mM AMPD-CACO buffer (pH 8.8) with NanoOr-

In this work, we developed methods using capillary gel ange (3<) which was added to the gel buffer immediately
electrophoresis (CGE) with LIF detection for collagenase before an assay batch. Samples were injected by pressure for
assays to evaluate the activity of inhibitors for drug dis- 5sat0.5 psi. Prior to injection, the capillary was washed with
covery. Our method involves measuring of the activities of 1% SDS for 2 min, water for 1 min and the running gel buffer
MMP-1 and MMP-8 against type | collagen, and MMP-13 for 4 min at each run. The electropherographic data were an-
against type Il collagen, respectively. The enzyme activities alyzed with Beckman P/ACE Station Software (version 1.0).
could be readily measured by determining the 3/4 fragmentsLS50B spectrofluorometer (Perkin-Elmer, MA, USA) was
produced from the cleavage of the native collagens. Jin etused to determine the fluorescence intensity of type Il colla-
al. reported the dynamic fluorescence labeling method with gen in the solution containing SDS and NanoOrange.
the sieving matrix containing a non-covalent fluorescent dye
for protein, NanoOrangg?2]. However, higher sensitivity ~ 2.3. Collagenase activity assay
is need to determine the reaction products of collagenase.

The modification of sodium dodecylsulfate concentration in MMP-1 was activated by APMA according to the instruc-
CGE gel buffer significantly improved the sensitivity of the tions provided with each reagent and was stored &t dfter
detection and enabled the collagenase assay using nativéhe activation. Three microliters of activated MMP-1 solution
substrate by CGE-LIF detection. This optimization of dy- (5-50ng/ml) was added to 2fl of 0.1 M Tris—HCI buffer
namic labeling enabled the collagenase assay using nativpH 7.4) containing 0.1 M sodium chloride, 10 mM calcium
substrate by CGE-LIF detection. This method showed good chloride and 0.01% Brij35 and 34 of distilled water. Next,
repeatability and was useful to estimate thgg@alues of 5ul of type | collagen solution (3.96 mg/ml) was added fol-
inhibitors. lowed by incubation for 2 h. To the reaction mixturgyl5of
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10% SDS was added to quench the MMP-1 reaction and de- %

nature the proteins, and the sample solutions were subjected 2

to CGE-LIF detection. The peak areas of the 3/4 fragments, 2 70

which were generated just before substrate collagen, were ‘E

monitored as an indicator of MMP-1 activity. MMP-8 as- g S50

say was conducted in a similar manner as above-described § 30

MMP-1 assay, except for the amount of enzyme and the 2

incubation time. The amount of MMP-8 used was from 3 § 10

to 30 ng/tube. The reaction time was applied at 1 h. In the i

MMP-13 activity assay, type Il collagen was employed as -10 01 02 03 04 05
the substrate. The amount of MMP-13 used was from 1.5 SDS concentration (%)

to 30 ng/tube. The other conditions were the same as those

for MMP-8. Fig. 1. Effect of SDS concentration (%) on fluorescence intensity of blank

and type Il collagen sample solution, and the net intensity of collagen flu-
orescenceKeys blank solution O); collagen sample solutiorl); the net

2.4. Evaluation of inhibitors intensity of collagen fluorescenca).

Using 90 ng/tube of MMP-1, 30 ng/tube of MMP-8 or
15 ng/tube of MMP-13, the evaluations of three existing in-
hibitors were implemented. Inhibitor solutions were prepared interfere with the binding between NanoOrange and protein,
for dissolution and dilution with DMSO. Before addition of the SDS concentration had to be modified in order to obtain
the substrate collagenul of inhibitor solution was added, the desirable sensitivity for dynamic labeling CGE-LIF de-
and the reaction and CGE-LIF analysis were carried out astection. Prior to investigating the separation condition, the
described above. Kgvalues were determined by collagenase effect of SDS concentration on fluorescence intensity for dy-
activity analyses in the presence of several concentrations ofnamic labeling was investigated using type Il collagen. The
each inhibitor. SDS solutions, with final concentrations of 0, 0.05, 0.15 or
0.5%, were added tox NanoOrange solution containing or
not containing type Il collagen. Fluorescence intensities of
3. Results and discussion blank solution (without collagen) and collagen sample solu-
tion (with collagen) for each concentration of SDS were de-
3.1. Optimization of LIF detection for collagenase assay  termined using a spectrofluorometer. As showRion 1, the
intensity of the blank solution increased with increasing SDS
Since there was only a limited amount of native triple- concentration. The netintensity of collagen fluorescenge (
helical collagen for addition to the collagenase assay solutionwas calculated by subtracting the blank fluorescence intensity
under the optimum conditions of enzyme activity, it was for each SDS concentration. As a result, the net intensity of
impossible to detect the lower concentrations of substrate collagen fluorescence\) was dramatically decreased above
and productions in the solution with UV detection. Recently, 0.15% SDS and the maximum difference was observed at
a commercially available fluorogenic dye, NanoOrange, has 0.05% SDS. The concentration of SDS in the sieving matrix
been developed for quantitative detection of protein, employ- was set at 0.05% in order to maintain a sufficiently nega-
ing dynamically non-covalent labeling of proteja2,23], tive charge of proteins and prevent absorption of proteins on
and dynamic labeling CGE-LIF detection for proteins the capillary wall and polyacrylamide gel in the sieving ma-
has been demonstrated using a running buffer containingtrix, although the fluorescence intensity would be higher at a
NanoOrangé¢22]. As NanoOrange is a fluorescein-like dye, lower concentration of SDS. It should be mentioned that this
its non-covalent binding to the protein—SDS complex surface modification of SDS concentration is effective for increasing
or hydrophobic domain of non-denatured proteins enhancesthe sensitivity of dynamic labeling CGE-LIF detection using
the fluorescence sensitivity of protein due to conformational NanoOrange.
changes induced by binding. NanoOrange did not notably  Next, the amount of NanoOrange in gel buffer was investi-
affect the protein—SDS complex mobility throughout the gated overthe range fromxlto 4x concentrations. Although
CGE separation, and its excitation wavelength (approxi- the lower mass products (1/4 and 3/4 fragments) generated
mately 470 nm) was well suited for LIF detection with argon from collagenase could be detected usingcbncentration,
laser excitation (488 nm). As NanoOrange was anticipated the baseline of electropherograms could not be stablized in
to be compatible with the highly sensitive measurement the CGE separation with LIF. When the amount of NanoOr-
of collagenase activity including the assessment of its ange in gel buffer was set akXoncentration, sufficient sen-
inhibitors, we investigated the sensitive LIF detection for sitivity for the products and a stable baseline were achieved.
collagenase assay using NanoOrange. Also, the repeatability of peak areas of products was best
As a higher concentration of SDS in the sieving matrix using the gel buffer containing3concentration of NanoOr-
would increase the background fluorescence intensity andange as a running buffer.
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3.2. CGE separation peaks at migration times of approximately 8.5 and 12.5 min,
produced from MMP-13 reaction (electropherogram B)
CGE separation is affected by the composition of the were calculated by plotting the log of the molecular weight
sieving matrix, such as the kind of gel and its concentration. against the reciprocal of the migration time using Mass
Among the gels for CGE separation, polyacrylamide is markers Protein Test Mix under the same CGE conditions
commonly used to prepare the sieving matrix, and the sieving [24]. The molecular weights of the peak at 8.5 and 12.5 min
matrix can be easily purchased and prepared as a gel bufferpf migration times were approximately 75 and 225kDa,
however, the commercially available gel buffer could not be respectively. This revealed that the two peaks were the 1/4
used in this study. Therefore, the composition of gel buffer fragment and 3/4 fragment of collagen, respectively. From
was studied in order to completely separate and sensitivelythe peak response in the electropherogram, it was better to
detect collagen and its products. As the result, the peaks ofestimate the enzyme activity using the peak area of the 3/4
the collagen and its products, 1/4 and 3/4 fragments, in thefragment as an activity indicator, although both peaks of the
enzyme reaction mixture could be separated and detectedragments would be available for estimation of the activity.
within 15 min using 50 mM AMPD-CACO buffer (pH 8.8)  Also, the peak of MMP-13 was not detected under these
containing 4% polyacrylamide, 0.05% SDS and NanoOr- separation conditions, because the concentration of MMP-
ange () as a gel bufferKig. 2). The molecular weights of 13 was much lower than that of collagen in the reaction
mixture.
7 To test the repeatability of the polyacrylamide gel buffer
100, 100 preparation method, four gel buffers were prepared in sep-
arate experiments and the peak areas and migration times
of collagen and 3/4 fragment in reaction mixture were mea-
sured using 30 ng/tube MMP-13 and type Il collagen. As the

1 result, the relative standard deviations (R.S.D.) of the peak
l areas and the migration times of collagen and the 3/4 frag-
%0 80 ment were calculated to be less than 4.9 and 2.5%, respec-

tively. The results indicated that the gel buffer preparation
was reproducible. The modified dynamic labeling CGE-LIF

\ method by NanoOrange was also reproducible.
M—\/\,_w
o 0 3.3. Collagenase assays (MMP-13 assay)
0 § _ 10 15 The reaction conditions for the MMP-13 assay were inves-
Minutes tigated according a previously described metfidFig. 3
B) shows the correlation between the incubation time of MMP-
100 100 13 and the peak area of the 3/4 fragment using 15 ng/tube

of MMP-13 at 37°C. As the peak area of the 3/4 fragment
increased linearly with an increase in the incubation time, a

ood correlation between incubation time an a
1 d correlation between the incubation time and the peak
area of the 3/4 fragment was obtained up to the incubation
50 50
3 2
25 r
=
[]
i \ £ 20
=]
g
[\__\'—\,——\,—\4 b — 1 -
0 0 g [~} 5
5 X
°S=10 y=7.3907x + 7.018
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Minutes ~ 5 F
3
Fig. 2. CGE separation of type Il collagen of the substrate and 1/4 and 3/4 o 0 L L L )
fragments of the products in enzyme reaction solution without MMP-13 0 05 1 15 2

(A) and with 15 ng/tube MMP-13 (B). Capillary, coated capillary (100

i.d., effective length 20cm); running gel buffer 4% polyacrylamide in Time (h)

50 MM AMPD-CACO buffer (pH 8.8) containing 0.05% SDS and NanoOr-

ange (3«); voltage,—8.1 kV; injection, 30 s at 0.5 psi; detection, excitation  Fig. 3. Correlation between incubation time of collagenase cleavage of type
488 nm, emission 590 nm. Peaks: (1) type Il collagen; (2) 1/4 fragment; (3) Il collagen and the peak area of the 3/4 fragment. MMP-13 reaction mixture
3/4 fragment. was incubated at 3T using 15 ng/tube of MMP-13.
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time of 2 h. As a result, the incubation time for the MMP-13 A

assay was setat 1 h. 100 1 100
Next, the correlation between the amount of MMP-13 and *
the peak area of the 3/4 fragment was investigated. In the

result, a good linearity of the peak area of the 3/4 fragment
was obtained over the range from 1.5 to 30 ng/tube of MMP-

504 r50

13 (y x 1077 = 0.806& — 2.7725r = 0.9945).

To test the repeatability of the MMP-13 assay, the peak ar-
eas of the fragment using 6 and 15 ng/tube of MMP-13 were
measured repeatedly. R.S.D. of peak area were calculated to -
be less than 13.4% €& 10 per amount level). As a result, the ‘*ﬁ °
MMP-13 activity for evaluation of inhibitors by this method
can be determined using 15 ng/tube, showing that the sensi- ¢ 3 e 3 20
tivity of the assay would be enough high to be sufficient for
HTS. 1004 (B) 100

3.4. Collagenase assays (MMP-1 and MMP-8 assays)

Fig. 4shows the typical electropherograms obtained from 1
MMP-1 and MMP-8 enzyme reactions under the same %0 ¢ ad
separation conditions. The peaks of collagen and the 3/4
fragment could be identified by their migration times. In
the collagenase assays, it was possible to estimate the en-
zyme activities using the peak areas of 3/4 fragments as 0[\~»«,‘—~ B
activity indicators although the peaks of some impurities
in type | collagen solution such as procollagen would be
detected. Minutes

As the incubation time of MMP-1 and MMP-8 cleavage ©)
activity against type | collagen was optimized at°&7 the
time was set at 2h for MMP-1 and 1 h for MMP-8, respec-
tively. Also, the correlation between the amount of collage- 1
nase and the peak area of the 3/4 fragment was investigated.
In the result, a good linearity of the peak area of the 3/4 frag-  so| 2 ¢
ment was obtained over the range from 15 to 150 ng/tube of \
MMP-1 (y x 10~/ = 0.200& + 4.7618,r = 0.9872). Simi-
larly, a good linearity of the peak area of the 3/4 fragment
was obtained over the range from 3 to 30 ng/tube of MMP-8 —
(y x10~7 = 0.944& — 1.2266,r = 0.9759). These collage-
nase activities for evaluation of inhibitors can be determined
using 90 ng/tube for MMP-1 and 30 ng/tube for MMP-8, re- ° s Mimtos 1 20
spectively.

P

Fig. 4. CGE separation of type | collagen of the substrate and 3/4 frag-
3.5. Evaluation of inhibitors ment of the products in enzyme reaction solution without enzyme (A) and
with 60 ng/tube MMP-1 (B) and 30 ng/tube MMP-8 (C). Capillary, coated

. . . capillary (100um i.d., effective length 20 cm); running gel buffer 4% poly-
In order to use dimethylsulfoxide (DMSO) as an organic acrylamide in 50 mM AMPD-CACO buffer (pH 8.8) containing 0.05% SDS

solvent for dissolving inhibitors, the effect of adding 2% and NanoOrange (3); voltage,—8.1 kV; injection, 30 s at 0.5 psi; detection,
DMSO on the assay solution was estimated prior to the excitation 488 nm, emission 590 nm. Peaks: (1) type | collagen; (2) 3/4 frag-
evaluation of inhibitors according to a previously described ment.

procedurg]21]. The results confirmed that addition of 2%

DMSO did not affect these assays of enzyme activity and [1,5] except for the values of METISAM against MMP-13
the CGE-LIF separation was not affected by the addition and MMI-166 against MMP-8 and MMP-13. We assumed
of DMSO. The IG values of the known MMPs inhibitors  that these Igy values would differ between the two assays
were determined by the established collagenase assays usingecause of the usage of substrates having different charac-
90 ng/tube of MMP-1, 30 ng/tube of MMP-8 or 15 ng/tube teristics (native substrate or the labeled peptide substrate)
of MMP-13. As shown inTable 1, the 1Gq values of the for the estimation. However, it is significant that thes¢C
three inhibitors were close to those obtained by other assaysvalues of MMPs inhibitors against type | and Il collagen
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Table 1
Comparison of the 16y values of inhibitors determined by CGE-LIF and
other assays

Substrate Enzyme Compound  s§ZnM)
CGE-LIF  Other assays

Type | collagen MMP-1 MMI-166 >1000 >1000
METISAM 3320 3196
BB-2516 392 P

MMP-8 MMI-166 17.6 400

METISAM 9.42 Ia
BB-2516 196 >

Type Il collagen  MMP-13  MMI-166 56 08?
METISAM 75.9 &
BB-2516 546 37

2 |Csp values were determined by the methodjt
b |Csp values were obtained frofB].

could be estimated using the native triple-helical collagen
substrate.

4. Conclusion

Dynamic labeling CGE-LIF methods have been devel-

M. Sano et al. / J. Chromatogr. B 809 (2004) 251-256

a 384 capillary array system. The CE-LIF with a capillary
array system should be very useful for developing HTS for
drug discovery in the future.
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