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OPTIMIZATION OF AN ENZYME ELECTROPHORESIS METHOD
FOR USING COLLAGEN AS A SUBSTRATE

Background. The optimized method of collagen-containing sodium dodecyl sulfate-polyacrylamide electrophoresis is
introduced in this work. The main parameters that affect the efficiency and resolution of the methodare the degree of sample
dilution, the concentration of separation gel,the concentration of collagen solution which was used as a substrate, time of
electrophoretic separation elongation. In order to investigate all active and pro-active forms of plasmin, all samples were prepared
in two variations: with supplementary activation by streptokinase (Sk) addition, and without.

Methods. To obtain clearly visible and detectable lysis points, samples with Sk were diluted in a ratio of 1:16, and samples
without Sk were diluted in a ratio of 1:8. To prevent substrate migration and the loss of proteins' electrophoretic mobility, the
concentration of was 15 % separation gel, and the concentration of copolymerized collagen solution was 1 mg/ml. To obtain the
most informative results, the time of electrophoresis elongation was 15 min. After electrophoresis gels were washed in 2,5 % Triton
X-100 solution for 1 hour and stained according to a standard protocol.

Results. As a result of the conducted research, the optimal conditions for carrying out this enzyme-electrophoresis
modification were found, according to all analytical manipulations, and methodical approaches to the detection of latent pro-
enzymatic forms of enzymes with collagenolytic activity were shown.

Conclusions. This modified technique can be used for quantitative and qualitative analysis of the presence of
collagenolytic activity in various samples and allows research of enzymes that possess this activity, both from a scientific point of
view, and in the process of finding and developing technologies for obtaining collagenolytic enzymes for biotechnological purposes.

Keywords:enzyme electrophoresis, collagen, collagenolytic activity, proteolytic activity.

Background

The human genome has more than 500 genes that
encode proteases or protease-likemolecules, where the
largest classes are metalloproteinases (MMPs)
andserineproteases (Kundapur, 2013). These enzymes
regulatea lot of biological processes. For example, MMPs
are important for tissue repair and remodeling, they also play
a crucial role in different pathological processes, so that they
were used as diagnostic tools or therapeutic targets in a
wide range of diseases. Several approaches for detecting
and identifying proteolytic activity in various samples have
been developed, but enzyme electrophoresis remains to be
the preferred one due to its simplicity and quality (Choi et al.,
2008; Tajhya et al.,2017).

Enzyme electrophoresis is based on a standard sodium
dodecyl sulfate-polyacrylamide gel electrophoresis technique
with an incorporated substrate thatallows scientists to detect
active enzymesby substrate degradation (Wilkesman, 2009).
This method has a lot of advantages, for example, this
technique gives both quantitative and qualitative information,
it allows not only to detect the presence of different enzymes
but alsoto identify them by molecular weight. In addition, both
pro-enzymatic and active forms can be distinguished by
zymography (Snoek-van Beurden, & Von den Hoff, 2005).
However, the main advantage of this method is that it can be
developed for the detection of different proteases by
incorporating a suitable substrate such as fibrinogen, gelatin,
casein, and collagen (Choi et al., 2004).

The inclusion of native collagen fibers in PAAG seemed
to be in appropriate, duetoits complex structure. However,
this problem was solved by SDS presence. SDS
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disruptsmost of the fibrillar collagen organization, which
allows proteins to easily migrate through the gel and
partiallyp reserve their electrophoretic mobility (Gogly et
al.,1998). The first data indicating the successful
identification of active collagenase were obtained by Gogly
and colleagues (Gogly et al.,1998)in their study on the use
of copolymerized native collagen | in SDS-PAGE for the
determination of interstitial collagenase. Although collagen
zymography had been proven to be more sensitive than
gelatin zymography because it can detect up to 0.1 pg of
active collagenase (MMP-1) (Gogly et al.,1998), gelatin is
still a commonly used substrate for protease detection and
the information of collagen usage is limited.

In this study, we present an optimized method of
collagen enzyme electrophoresis for qualitative and
quantitative detection of collagenolytic activity in samples.
The main advantages of this technique are that it prevents
substrate migration through the gel and provides a better
level of washing and staining steps for gaining clearly
detectable results.

Methods

Tris, acrylamide, N,N'-methylen-bis-acrylamide, ammonium
persulfate  (APS), N,N,N',N'-tetramethylethylenediamine
(TEMED), sodium dodecyl sulfate (SDS), Triton X-100,
glycine, Coomassie G-250, were purchased from GE
Healthcare AB, Sweden. Streptokinase was obtained
fromKabi Pharmacia AG, Sweden.

To test the technique we used blood plasmafrom donors,
who had recovered from COVID-19. According to the
available scientific literature (Rachkovska et al., 2023), the
post-COVID period is characterized by hemostatic
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disorders, which can lead to an increase in proteolytic
activity in the blood stream.

Samples were prepared in two variations, according to a
protocol (Bratchik, 1993): 1) blood plasma was diluted in
distilled water in a ratio of 1:10 without streptokinase (Sk)
addition in order to investigate the whole content of active
plasminogen/plasmin forms; 2) blood plasma was incubated
with Sk for 10 min at 37 °C before dilution to examine pro-
enzymatic forms with plasminogen origin present in the
bloodstream. Then, all samples were incubated with 0,25 %
acetic acid for 30 min at 4 °C and centrifugated for 15 min at
10,000 g. The precipitate was mixedwith a sample buffer in
an appropriate volume and stored before electrophoresis at
4 °C without boiling or the addition of any reducing agent, in
order to prevent the loss of enzymatic activity.

Collagen zymography was conducted in several steps.
A separation gel with collagen was incubated for 1 hour at
room temperature in order to gain an appropriate
polymerization. Electrophoresis was carried out at 36 mA for
concentration gel and at 72 mA for separation gel. Then the
gel was incubated with a non-ionic detergent, 2.5 % Triton
X-100 solution for 1 h with gentle orbital shaking toremove
the SDS.This step is necessary for enzyme and
substraterenaturation, it also helps to prevent the
irreversible denaturation of some enzymes and the total loss
of their activity.Subsequently, gelswere incubated in Tris-
buffered saline solution with pH 7.4 for 12 h at 37 °C, in
order to activate the enzyme and ensure that the substrate

was hydrolyzed at its stopping points in the gel. Afterthe
obtained gel was stained with Coomassie Brilliant Blue and
washed to detect lysis spots. The results were detected as
clear lysis points on a dark background. As markers of
molecular weight were used trypsin (23 kDa) and plasmin
(85, 44, 36 kDa). Plasmin was prepared according to a
standard protocol (Wiman, 1973).

Results

We determined the main parameters that can affect the
quality of electrophoresis: 1) degree of sample dilution;
2) concentration of separation gel; 3)concentration of
collagen solution which was added to the separation gel as
a substrate; 4) time of electrophoretic separation elongation
after sample front line extends beyond gel into a buffer for
electrophoresis.

Testing samples without dilution can lead to excessive
hydrolysis of the substrate, making the results difficult to
analyze. However, the greater the sample dilution, the
smaller the lysis points. The optimum degree of sample
dilution was investigated by placing identical samples with
and without Sk on different gels with dilutions of 4, 8, and
16 times. Samples with Sk diluted 16 times (Fig. 1a),
compared to the others, formed a larger number of bands
evenly distributed across the gel (it is shown by arrows that
point to the lysis areas). On the opposite, samples without
Sk diluted 8 times (Fig. 1b) allowed us to detect a larger
number of clearly visible bands (it is shown by arrows that
point to the lysis areas).

Fig. 1. Enzyme electrophoregram of donors'blood plasma incubated with Sk (a), and with out additional incubation withSk (b):
1 - plasminstandard (MW85, 44, 36 kDa); 2 — trypsin standard (MW23 kDa); 3, 4 — samplesdiluted 4 times, with 0 Index (S/C)
titer of anti-SARS-CoV-2 IgG; 5, 6 — samples diluted 8 times, with 0 Index (S/C) titer of anti-SARS-CoV-2 IgG;
7, 8 — samples diluted 16 times, with 0 Index (S/C) titer of anti-SARS-CoV-2 IgG

The concentration of separation gel,due to pore size, has
a great impact on a protein's electrophoretic mobility,
substrate incorporation, and its ability to migrate through the
gel. We revealed that the 10 % separation gel caused

substrate migration and neither m. w. markers nor samples
were not detectable (Fig. 2, the arrow points to the line of
collagen migration).

Fig. 2. Enzyme electrophoregram of donors' blood plasma incubated with Sk, separated in 10 % gel:
1 — plasmin standard (MW 85, 44, 36 kDa); 2 — trypsin standard (MW 23 kDa); 3, 4, 5 — sample diluted 16 times, with 10 £ 3 Index (S/C)
titer of anti-SARS-CoV-2 IgG; 6, 7, 8 — sample diluted 16 times, with 55 * 5 Index (S/C) titer of anti-SARS-CoV-2 IgG
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On the opposite, 12 % gel prevented the loss of samples substrate migration (Fig. 3, the arrow in the middle points to
and allowed to get distinct lysis points, but it failed with the line of collagen migration).

Fig. 3. Enzyme electrophoregram of donors' blood plasma incubated withSk, separatedin 12 % gel:
1 - plasmin standard (MW 85, 44, 36 kDa); 2 — trypsin standard (MW 23 kDa); 3, 4, 5 — samples diluted 16 times, with 0 Index (S/C)
titer of anti-SARS-CoV-2 IgG; 6, 7, 8 — samples diluted 16 times, with 10 * 3 Index (S/C) titer of anti-SARS-CoV-2 IgG

Fig. 4 shows that the 15 % separation gel contributes to keeping collagen from migrating out of the gel andthe formation of evenly
distributed, clearly visible markers and samples (the square on the gel shows the line of lysis points).

Fig. 4. Enzyme electrophoregram of donors' blood plasma incubated with Sk, separated in 15 % gel:
1 - plasmin standard (MW 85, 44, 36 kDa); 2 — trypsin standard (MW 23 kDa); 3, 4, 5 — sample diluted 16 times, with 10 £ 3 Index (S/C)
titer of anti-SARS-CoV-2 IgG; 6, 7, 8 — sample diluted 16 times, with 55 * 5 Index (S/C) titer of anti-SARS-CoV-2 IgG

We determined that 18 % gel, shown in Fig. 5 has a normally migrate and separate through the gel (the square
critically low pore size, so that samples weren't able to on the gel shows the front of samples and marker).

S

Fig. 5. Enzyme electrophoregram of donors' blood plasma incubated with Sk, separated in 18 % gel:
1 — plasmin standard (MW 85, 44, 36 kDa); 2 — trypsin standard (MW 23 kDa);
3, 4, 5 — samples diluted 16 times, with 0 Index (S/C) titer of anti-SARS-CoV-2 IgG

The concentration of substrate copolymerized in to the markers). In contrast, the zymogram in Fig. 6b shows that
separation gel can affect the protein'sability to migrate the collagen solution with a concentration of 1 mg/ml

through the gel and the quality of washing gel after staining. contributed to better washing after staining, which allowed
It was found that a 2 mg/ml collagen solution cause dpoor us to obtain clearly visible molecular weight markers and
washing of the gel after staining, which made both markers samples (the arrows on the gel also point to the markers).

and samples badly visible (Fig. 6a, the arrows point to the
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Fig. 6. Enzyme electrophoregram of donors’ blood plasma in cubated with Sk, separated in 15 % gel
with in corporated 2 mg/ml (a), and 1 mg/ml (b) collagensolution:1 — plasmin standard (MW 85, 44, 36 kDa);
2 - trypsin standard (MW 23 kDa); 3, 4, 5 — samples diluted 16 times, with 0 Index (S/C) titer of anti-SARS-CoV-2 IgG

Despite the fact that substrate incorporation practically
does not create additional obstacles to the protein's
movement through the gel, their electrophoretic mobility is
still reduced to some extent, which can be detected by m. w.
markers. So thetime of electrophoretic separation needs to
be elongated after the sample front line extends beyond the
gel into the buffer for electrophoresis.

The extension time in 10 minresulted in sample
concentration in the up per part of the gel, and the frontline

of the markers was higher than expected (Fig. 7a, the
square on the gel shows samples' concentration in the upper
part of the gel). In contrast, Fig. 7b indicates that extending
the electrophoretic separation by 15 min contributes to the
formation of a clearer and more elongated exit line for both
markers and samples, which caused formation a greater
number of bands (the arrows on the gel point to the lysis
points distributed across the gel).

Fig. 7. Enzyme electrophoregram of donors' blood plasma incubated with Sk, with time of electrophoretic separation elongation 10 min (a),
and 15 min (b): 1 — plasmin standard (MW 85, 44, 36 kDa); 2 — trypsin standard (MW 23 kDa); 3, 4, 5 — sample diluted 16 times, with 10 3
Index (S/C) titer of anti-SARS-CoV-2 IgG; 6, 7, 8 — sample diluted 16 times, with 55 * 5 Index (S/C) titer of anti-SARS-CoV-2 IgG

Discussion and conclusions

We found the most appropriate conditions for conducting
enzyme-electrophoresis using collagen as a substrate. This
optimized technique can be used to test the presence of
collagenolytic activity, identify enzymes due to their
molecular weight, and compare enzymatic activity in
different samples.

Authors’ contribution: Maryna Kalashnikova — conducting the
experiment and calculations, writing the article; Olexiy Savchuk —
conducting the experiment and calculations; Vitaliy Karbovskiy — the
idea and conceptual provisions of the conducted research, writing
the article.
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OMNTUMISALIA METOAY EH3UM-ENEKTPO®OPE3Y
AnA BUKOPUCTAHHA AK CYBCTPAT KOJIATEHY

B c Ty n. llpedcmaeneHo onmumizosaHuli Memood eH3uM-esiekmpoghope3y 3 8UKOPUCMAaHHSIM KoslazeHy sik cy6ecmpam. OCHO8HUMU napamem-
pamu, wo ennuearoms Ha e¢hekmueHicmb ma po30inbHy 30amHicmb Memody, € cmyniHb po3eedeHHsI NPo6, KOHUeHmMpauyis pPo3nodinbL4yozo0 2es,
KOHUeHmpauisi po34uHy KoslazeHy, KonoJslimepu3o8aHo20 8 po3nodinb4uli 2esib ma Yac npoodoexeHHs1 esleKmpoghopemuyHo20 Po30iNeHHsI.

MeToawn. [na mozo, wjo6 docnidumu eci akmueHi ma npoakmueHi ¢popmu nna3miHy, yci 3pasku 6ynu npuzomoersneHi y deox eapiayisix:
3 dodamkoeoro akmueauieto, wnsixom dodaeaHHsi cmpenmokiHasu (Ck), ma 6e3 Hei. [Jnsa ompumaHHsi 4imko euGuMuUX MOYOK Jli3ucy 3pa3Ku i3
Ck po3eodusnu y cniesidHoweHHi 1:16, a 3pa3ku 6e3 Ck po3eodusu y cnieeidHoweHHi 1:8. [Qns 3ano6izaHHa mizpayii cy6cmpamy ma empamu eiek-
mpogbopemuyHoi pyxnueocmi 6inkie eukopucmosysasnu po3nodinbyuli 2efb 3 KOHYUeHmpauicto 15 %, a KOHYUeHmpauis Po34uHy Kosaz2eHy, Konoisti-
Mepu308aHo20 8 2eflb, cmaHosuna 1 ma/mn. [ns ompumaHHs Halibinbw iHghopMamueHuX pe3ynbmamie Yac nPodo8XeHHs efleKmpogopemuyHo20
po3dineHHsi cmaHosue 15 xe. [icns enekmpoghope3y 2eni eiomueanu e 2,5 % po3yuHi TpumoH X-100 npomsizom 1 200 ma ¢pap6bysanu eidnoeioHo
do cmaHOapmHO20 MPOMOKOoJy.

Pe3ynbTartu.YpesynsmaminpoeedeHHux docnidxeHb 6yno 3HalideHO onmumarsnbHi ymoeu npoeedeHHs1 MoOugbikauii eH3uM-esrekmpogho-
pe3y 32i0H0 3 yciMa aHanimuyHuUMuU MaHinynayisMu ma nokaszaHo MemooOuYHi Nidxodu 0o eusi8/IeHHSI JameHMHuUX npogepMeHMHuUX ¢hopM eH3umis,
SKUM e/1acmuea KoJlaeeHoJslimuYyHa akmueHicms.

B 1 c HoBKWK. OnucaHy modughikosaHy MemoOuKy MOXHa euKopucmosysamu O1isl KiflbKiCHO20 ma sIKiCHO20 aHasi3y HaseHOCMi Kosla2eHosi-
muyHoi akmueHocmi e pi3Hux 3pa3kax, wo do3eoJsisic Npoeodumu AocCiOKeHHs1 hepMeHmie, AKUM eflacmuea maka akmueHicmb, sIK 3 HayKoeux
nosuyiti, mak i 8 npoyeci nowyky ma po3po6ieHHs mMexHOoJ102ili ompuMaHHs1 hepmMeHmie-KonazeHonimukie dns 6iomexHonoz2idyHux yined.

Knw4yoBi cnoBa: eH3umM-enekmpogope3s, Kosia2eH, KoslazeHoslimu4yHa akmueHicmb, MpomeoJslimu4yHa aKmueHicma.
ABTOpM 3aABNSAIOTL NPO BiACYTHICTb KOHAMIKTY iHTepeciB. CnoHcopy He Bpanu yyacTi B po3pobneHHi AoChimKeHHs; y 360opi, aHanisi un
iHTepnpeTaLii AaHVX; y HanUcaHHi pyKonucy; B pilleHHi Npo nybrnikavito pe3ynbTaris.
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