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BLIBOP AMUHOKUCJIOTHOI'O CAMTA C OJJHO¥ 13 CAMbBIX BEICTPBIX
KMHETUK PACIIEILIEHUA DHIOCOMHON ITPOTEA30M
KATEIICMHOM B UIA IITIOTEHIIUAJIBHOTO ITPUMEHEHUA
B CUCTEMAX JTOCTABKU JIEKAPCTB
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Ha ocHOBaHUU M3BECTHBIX JIUTEPATYPHBIX JaHHBIX ObUIU BBIOPAHBI 1IECTh MENTUAHBIX OCIEA0BATEILHO-
CTeil, KOTOpbIe MOTEHLUAIBLHO CIIOCOOHBI OBICTPO PACIIEIUISTHLCS SHAOCOMHOM MPOTea30il KaTelICUHOM B.
Jlist cpaBHEHUSI M3y4aloCh TaKXKe pacllielIeHre KaTercCMHOM B pacrnpocTpaHeHHBIX JIMHKEPHBIX TTOC/Ie-
JIOBATEJIbHOCTEN — MOJUIIUIIMHA U MOJIUITINIUH-CcepyuHa. Pa3Hble KOHIIbI JAHHBIX TIENTUA0B ObUIN ITOME-
yeHbI yopecueHTHbIMU KpacuTensimu sulfoCyanine3 u sulfoCyanine5, MexXy KOTOPHIMU BO3MOXKEH pe-
30HaHCHBI ntepeHoc sHepruu no ®épcrepy (FRET). Kunernka paciieruieHusI IeNTUAOB KaTerncuHoMm B
MU3ydajach Ha MyJIbTUMOAAJIbHOM ILIallleuHOM punaepe no ymeHbieHuto curdajga FRET. bruio mokasano,
YTO JUISI TOTEHLIMAJIbHOIO MCHOIb30BAHMS B pa3IMYHBIX CUCTEMAX JOCTABKU JIEKAPCTB HAUOO0JIee IOIX0Is -
mmu saBisitotes caiitel pacierieHus FKFL u FRRG. JanHbie caiiThl 3HauuTeIbHO 3 EeKTUBHEE pac-
LIETUISIIOTCS B CJIA0OKUCIIBIX YCIOBUSIX 9HIOCOM, YeM IIPU HeNTpaibHbIX 3HaUeHUSIX pH, XapakTepHbIX ISt

BHEKJIETOUHOI Cpebl.

Knroueswie cnoga: caiitel pacuieneHus nporeadamu, Kkaterncud B, FRET, pH 3aBucumocTts
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MHorue BBICOKOMOJEKYJISIDHBIE OMOaKTUBHEBIC
BEIIIECTBA HE CIIOCOOHBI CAMOCTOSITEIbHO TPOHUKATh
B KJIETKM-MUILEHU, TIO3TOMY IJII UX MPOHUKHOBE-
HUSI OOBIYHO MCHOJB3YIOTCSI Pa3IUYHbIC CHUCTEMBI
nJoctaBku [1, 2]. s rormagaHust JOCTaBISIEMOTO Be-
ILIECTBA B LIUTO30JIb HEOOXOIMMO, YTOOBI OHO BBIIILIO
nu3 aHgocoM [1, 2]. ITpu 3ToM OTIIEIIEHWE B 9HA0OCO-
Max JIOCTaBJISIEMOTO BEIIeCTBa OT CUCTEMBbI TOCTaBKU
MOTEHIIMAJIbHO MOXKET 3aMETHO YJIYYIIUTbh Ionaia-
HME 3TOro BellecTBa B LUTOo30idb [3]. IIpumepom
MpoTeas3bl, KOTOPYIO MOKHO KCIIOJb30BaTh AJIs1 STUX
LieJIei, IBIIsIeTCs KaTelIcuH B, KOTOpEIit MHOTHE BU-
PYCBI UCHONB3YIOT i1 aKTUBALUM TTOBEPXHOCTHBIX
0eJIKOB IIJIsl BbIXOJa 3THUX BUPYCOB U3 3HIOCOM [4].
CnenuduaHocTb U 3PPEeKTUBHOCTh TaHHOM IIPOTe-
a3bl cUJIbHO 3aBucIT oT pH cpenpl. B turepaTtype 13-
BECTEH LICJIBIi1 psii aMMHOKHMCIOTHEIX CaiiTOB, KOTO-
pbIe MOTYT pacIIeIISIThCS KaTeIiIcCuHOM B mpu ci1abo-
kuciibix pH sHOOCOM, HO HE pacIlemIsSIThCS WA
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¢/1a00 paclIeruIsITbCS MPU HEUTpaTbHBIX 3HAYCHUSIX
pH, xapakTepHbIX 1j11 BHEKJIEeTOUHOI cpenbl. I1pu-
MepoM Takux caiiToB moryt ciayxuth: FKFL [3],
GFLG [5], FRRG [6], HRFR [7], EGEF [8] u AVG-
GAG [9]. OgHako cucTeMa OOCTaBKM HAXOMUTCS B
SHIO0COMAaX OTHOCUTEIbHO HEIO0JITO, TIO3TOMY CKO-
pOCTh pacHIeIUISHUsI BBIOpAaHHOTO caiiTa IOJKHA
OBbITb MaKCUMaJIbHO BO3MOXHOM. B TO BpeMsi Kak 1o
JIMTepaTypHbIM HAaHHBIM HE TMPEACTaBISIETCS BO3-
MOXHOCTH CPaBHUTh KMHETHKY PACIICIUICHUS pa3-
HBIX CaliTOB B OJHUX U TeX XK€ YCJIOBHUSIX. DTO OBLIO
CIeJIaHO B HACTOsIIIEeil paboTe, YTO IO3BOJIMIIO BbI-
OpaTh HanboJIee ONTUMAJIbHbIE CANTHI pacCIleTLICHUS
katericuHoM B. B monumnenTuaHBIX cucTeMax I0-
CTaBKHU, TaKMX, HallpuMep, KaK pa3padOTaHHBIX Ha-
MU MOIYJIbHBIX HaHOTpaHcriopTepax [2, 10], MmoryT
HCIOJIb30BaThCS Pa3IMYHbIe aMUHOKUCIOTHBIC JTIMH-
Kepbl, HApUMep, MOJUNIUIUH U MOJUNIULIMH-Ce-
puH. YTOOHI y3HaTh, CITOCOOCH JM KaTterncuH B pac-
IIETUISITh 3TU JUHKEPHI, B JaHHOI paboTe TaKKe ObI-
s BeiOpansl nentuabl GGGG n GSGS. KuHernka
paciiernjieHUs 3TUX ITENITUI0B MHTEPECHA ellle U I10-
TOMY, YTO KaTeIcMH B roreHuaibsHo cnocobeH pac-
LICIUISITh CBSI3b IMUUMH-IIMUUH [9]. s usydeHus
KVWHETUKM pacllellIeHUs] BRIOpaHHBIX IIENTUIOB OHU
OBUTM MEUEHBI C 00enX KOHIIOB (PIyopeceHTHBIMU
kpacutersimu  sulfo-Cyanine3 u sulfo-Cyanine5,
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Puc. 1. KuHeTtuka pacuierieHust pa3indHbix nentuaos (20 MkM) karericuaoM B (1 mxr/mur) ipu pH 6.0 (a) u 7.5 (6). Yka3ana

Cp€aHEKBaApaTUuyHas omrbKa 1oJu pacClICIZIEHHOrIO nenruia

MEXIY KOTOPBIMU MOXKET MPOUCXOAWUTh PE30HAHC-
HBIIE TilepeHoc sHeprunm no ®Epcrepy (FRET).
VYMmenbpinenne curHaia FRET rosopmiio o pacmier-
JICHUU TEeTNTuaa.

Ilentunst FKFLC, GFLGC, FRRGC, HRFRC,
EGEFC, AVGGAGC, GGGGC u GSGSC o6b11u
MOJIy4eHbl XMMUYECKMM CcUHTe30M Ha 3aka3 (Elab-
science Biotechnology Inc., CIIIA) c¢ uucroToit
>95%. B 6ydepe 10 MM Na,HPO,, 150 MM NaCl, pH
7.0 x 400 MmxM nienntuna noodasisiim 800 MxkM sulfo-
Cyanine3 aktuBupoBaHHBI 3up 1 800 MKM sulfo-
Cyanine5 maneumun. MHkyoupoBanu 1 4 rpu Kom-
HaTHOM TeMImepaTrype U MOCTOSTHHOM TiepeMellBa-
Hun. Wsmepenue curHama FRET nposommnm B
rutamkax Costar 96 ¢ YepHBIMM CTEHKAMHU Ha MYJIb-
tumopnanbHoM punepe ClarioStar (BMG LABTECH,
I'epmanus) npu garHe BO30yXaeHus 485 HM 1 JJIMHE
duayopecueHIMU 715 HM, IIMpUHA ONTUYECKO 1IeIn
15 BMm. Ilentunm pasBomuwiicsi B Oydepe 20 MM
HEPES, 20 MM MES, 20 MM 1uurpar HaTpus,
110 MM NaCl ¢ pa3zHbIMU 3HaUYeHUSIMU pH 10 KOHeu-
Hol KkoHLeHTpauuu 20 MKM. JI71s1 paciienjieHus uc-
noab3oBaycs kKarericuH B (Native human Cathepsin
B protein (ab90387, Abcam)) B KOHIEHTpallUU
1 mxr/mn. Ilepen npumMeHeHueM KaTelicuH B akTu-
BUpOBaJics, Kak omnucaHo B [3]. U3MepeHne cHMXKe-
HUs nHTeHcuBHOCcTU curHaia FRET nmpoBoaunu no
1 4 ¢ mepuOAUYHOCTBIO 2 MUH. DKCIIEPUMEHTHI 110~
BTOpPsLIU OT 3 1o 9 pa3. B kauecTBe KOHTPOISI ObLIN
MOJIyYEHbBI TaHHBbIC TT0 KMHETHKE U3MEHEHUs CUTHA-
nma FRET misa o6pa3uoB (Tpu moBTOpa), K KOTOPHIM
He ObLT 100aBJIeH KaTerncuH B (MakcMMabHBIN ypoO-
BeHb curHaiia FRET), a Takxke naHHbIe MO KWUHETUKE
n3MeHeHus1 curHana FRET mis o6pa3noB, He comep-
KallUX TEeTNTUl, a TOJIbKO (hJyOpeclieHTHbIE Kpacu-
tenun sulfo-Cyanine3 u sulfo-Cyanine5 B cooTBeT-
CTBYIOIIEH KOHILEHTpaUU (HYJIE€BOM YPOBEHB). DTO
MO3BOJIWJIO ISl KaXJJOro MenTuja paccyuTaTb €ro
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(3—9 noBTOPOB).

JIOJTI0, TIOIBEPTIIYIOCS PACILIETIIEHUIO IS COOTBET-
ctBytonux 3HauyeHuii pH u BpemeH. Ilo 3aBucumo-
CTSIM JIOJIM pacClIeTJIEHHOTO NMenTraa OT BpeMeHH, 7,
Obl1a paccuuMTaHa KOHCTaHTa CKOPOCTM paclieriie-
HUS, k, TlyT€M UHTEPITOJISLIMU JaHHBIX KPUBBIX 3aBU-
cuMOCThIO 1 — exp(—k X t).

Ha puc. 1 npencraBieHbl JaHHBIE O KUHETUKE
pacmeruienus nentunoB FKFLC, FRRGC, GFLGC,
GSGSC, HRFRC, GGGGC, EGEFCu AVGGAGC
karericuHoM B nipu pH 6.0 1 7.5, KoTophble, KakK cUu-
taetcs [9], orBeyaroT pH 3HA0COM U BHEKJIETOUHOTO
npoctpancrsa. [Ipu pH 6.0 3HayeHus1 kK COCTABIIIOT
0.057 £+ 0.004 mun—', 0.0173 + 0.0016 Mmun—', 0.00198 +
+ 0.00012 mun!, 0.00081 + 0.00011 mua~" 1 0.00073 +
+0.00005 mur~! mna nentunos FKFLC, FRRGC,
GFLGC, GSGSC u HRFRC cootBercTtBeHHO. st
nentuaoB GGGGC, EGEFC u AVGGAGC pac-
LIETUIEHUSI B JaHHOM BpEMEHHOM MHTEpBaJie He Ha-
omronainock (puc. 1a). Ilpu pH 7.5 nons pacuierieH-
HOTO MenTuaa Oblla B HECKOJIbKO pa3 MEHbIe, YeM
ripu pH 6.0 (puc. 1). I1pu pH 7.5 3nauyenusa k cocras-
ss1roT 0.0068 £ 0.0007 mun—!, 0.0031 + £+ 0.0004 Mmua"!
u 0.00026 + 0.00013 Mun—' g nmentunos FKFLC,
FRRGC u HRFRC cooTtBeTcTBeHHO. /1151 OCTaNb-
HBIX TIENTUA0B npu 3ToM pH pacmienieHus He Ha-
6ronaiocsk (puc. 16).

s nentunoB FKFLC u FRRGC, nyuiie Bcero
MOJABEPKEHHBIX paclIeIUIEeHUIO KaTercuHoM B, Obl-
JIV TIOJIyYeHBI OoJiee TToApOOHBIE 3aBUCMMOCTH 3Ha-
yeHus k ot pH 6ydepa (puc. 2). [1o atum 3aBUCUMO-
CTSIM BUAHO, 4YTO 3(M(PEeKTUBHOCTh paCIICTUICHUS
JIAaHHBIX TIENTUIOB BO3PACTAET IO MEPE YMEHbBIIECHUS
pH oydepa (puc. 2). UHbIMu c10BaMu, JaHHEIE cali-
Tl OyayT 3¢deKTUBHEe PACHIETIISITHCS B MO3MHUX
sHmocomax (pH 5.5), yeM B paHHUX 3HIOCOMax
(pH 6.0).
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Puc. 2. 3aBUCMMOCTb KOHCTaHTHI CKOPOCTH paciueruieHus, k, nentuna (20 MkM) FKFLC (a) u FRRGC (6) karericunom B
(1 mxr/mn) ot pH Gydepa. YkazaHa cpenHekBaapaTUdHast OlImoKa KOHCTAHTHI kK (3—9 MOBTOPOB).

Takmm oOpa3oMm, M3 BOCBMHM NOTEHIIMAJIBHBIX
CaliTOB paclleIUIeHUs KaTericuHoM B HanboJtee nep-
CIIEKTUBHBIMHU IJIsI paclleryIeHUsI B DHIOCOMAaXx SIB-
nsmiotes cailitel FKFL 1 FRRG. DddekTuBHOCTS MX
paciienjeHus Bo3pacTaeT o Mepe yMeHblneHus1 pH
¢ 7.5 no 5. 1nsg ucrionb30BaHUsI B CUCTEMaxX JOCTaB-
KM, HalleJIECHHbIX Ha HOPMaJIbHbIE KJIETKU, JIy4Ille
Bcero noaxomut caiit FKFL. Eciim mocraBka TpeOy-
€TCSI B OITyXOJIEBBIC KJIETKM, TO U3-3a CBEPXIKCIIPEC-
cuu KatericuHa B B aTux kiietkax [11] HaubGoee mep-
CITEKTUBHBIM MOXKeT oka3athes calT FRRG, T.x. oH
OyIeT JIy4llie pPacILICIUISITLCS B OITyXOJIEBBIX KJIETKAX,
110 CPaBHEHMIO C HOpMajbHbIMU. KpoMe Toro, m3-
BECTHO, YTO HEKOTOpas H0Js KaTelicuHa B momagaer
BO BHEKJIETOUHOE MPpOCTpaHCTBO [11], a B omyxomsax
4acTo MPOMCXOAUT 3aKUCICHNE BHEKJIETOUHOM cpe-
1wl 1o pH 6.8 [12]. B aTHX ycj10BUSAX OTLIEIIEHME 10-
CTaBJISIEMOI MOJIEKYJIBI OT CUCTEMbBI JOCTABKM MOKET
IIPOUCXOIUTh paHbllie BpEMEHU, TEM CaMbIM CHIXKAasl
KOHIIEHTPALIMIO 3TOi MOJIEKYJIbI B KJIETKE-MUIIICHMU.
VYuureiBast, 4yto npu ciabokucibeix pH addekTuB-
HOCTb (hepMeHTaTUBHOTIO paciieruieHus caiitta FRRG
3HaYUTENbHO MeHblle, yeMm caiita FKFL (puc. 2),
JIJIST UCIIOJIb30BAHUS B CUCTEMAaX JOCTaBKU B OITyXO-
JIEBBIE KJIETKM OH MOXKET OKa3aThCs MPEAIIOUYTUTETb-
Hee caiita FKFL.

B pesynbTaTe mpoBeaeHHOIT paboOThl HAMU OBLIO
MPOAEMOHCTPUPOBAHO, YTO MPU CIA0OKHUCIBIX YCIIO0-
BUSIX SHIOCOM JIYYIlIE BCETO PACIICIUISIOTCS CaiThI
FKFL n FRRG, B TO BpeMsI KaK Mpu HENTpaJIbHBIX
pH adbdekTnBHOCTD paciieIuIeHNUSI 3TUX CAlATOB 3HA-
YUTEJIbHO CHIKaeTcs. JJaHHbIe caiiThl MOXKHO BKJIIO-
YUTH B COCTaB BHIOPAHHOW CHUCTEMBI TOCTaBKH OMO-
JIOTUYECKU AKTUBHBIX BEIIECTB JIJIs [IOTEHIIMAIBHOTO
yBennmdeHUsI 3(pGHEKTUBHOCTU UX TOCTAaBKHU B 3aaH-
HBIf KOMITAPTMEHT KJIETKU.
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SELECTION OF AN AMINO ACID SITE WITH ONE OF THE FASTEST
CLEAVAGE KINETICS BY THE ENDOSOMAL PROTEASE CATHEPSIN
B FOR POTENTIAL USE IN DRUG DELIVERY SYSTEMS
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Based on known literature data, six peptide sequences were selected that are potentially capable of being rap-
idly cleaved by the endosomal protease cathepsin B. For comparison, cathepsin B cleavage of common linker
sequences, polyglycine and polyglycine-serine, was also studied. Different ends of these peptides were labeled
with sulfoCyanine3 and sulfoCyanine5 fluorescent dyes, between which Forster resonant energy transfer
(FRET) is possible. The kinetics of cleavage of peptides by cathepsin B was studied on a multimodal plate
reader by FRET signal reduction. FKFL and FRRG cleavage sites have been shown to be the most suitable
for potential use in various drug delivery systems. These sites are much more efficiently cleaved under slightly
acidic conditions of endosomes than at neutral extracellular pH.

Keywords: protease cleavage sites, cathepsin B, FRET, pH dependence
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