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Povzetek

Plazemska glutamat karboksipeptidaza (PGCP) je lopsptidaza, ki hidrolizira
dipeptide na proste aminokisline. V Studijah zl&génice je bilo ugotovljeno, da encim
sodeluje pri spra@&nju hormona tiroksina (T4) iz tiroglobulina (Tglz primarne
strukturecloveSkega PGCP je napovedanih pet potencialninkdlacijskin mest.

V okviru doktorskega dela smo ptevali vpliv sprememb N-glikozilacije na
lokalizacijo encima PGCP in s tem na delovanje nzweelice. Zaradi fizioloSke
pomembnosti smo raziskovali viogo PGCP pri izveitoeim spro&nju T4.

V Studiji smo uporabili mestno specifio mutagenezo na cDNK PGCP tako, da smo
mutirali asparagin na mestih zaporedja 61, 179, 358 in 396 v alanin. S tem smo
prepreili N-glikozilacijo. Pripravili smo devet mutantax zelenim fuzijskim proteinom,
zaensi z enojnimi ter presSli na mutiranje vseh petittencialnih glikozilacijskih mest.
Ekspresija transficiranih cehih linij HEK 293 in FRTL-5 je prikazala, da se po
izrazanju usmerijo v vezikle, z uporabo imunoloSkitetod pa smo ugotovili, da se
proteini izlatajo v medij.

Rekombinantni PGCP smo pripravili v bakulovirusnemtemu ter ga uporabili za
karakterizacijo. Rekombinantni encim smdstili in dobili 8 mg proteina na 1l gojia.
Pokazali smo, da ima PGCP hibriden ali komplekgeiNtglikozilacije. Pocis¢enju smo
ugotovili, da je izolirani encim aktiven. Encim gepil dipeptid Ser-Met, v prisotnosti
EDTA, DTPA in bestatina pa je bila njegova aktivhogibirana. Pri delovanju encima
smo opazili tudi aktivacijskidinek kloridnega iona.

Eksopeptidaza katepsin C odceplja dipeptide z Mitelnega dela substratov. PGCP
hidrolizira dipeptide na posamezne aminokislineddgamje 8itnicne celice (FRTL-5)
smo uporabili za dol@vanje znotrajcaine lokalizacije obeh encimov z imunoloSkimi
metodami. Encima sta kolokalizirala s PDI, markarjga endoplazemski retikulum, in z
Golgin-97, markerjem za Golgijev aparat, deloma pAMP-2, markerjem lizosomov.

Studije na &tni¢nih celicah so dokazale, da sta bila PGCP in katepgudi izlatena
v medij. Izlatanje aktivhega katepsina C je bilo stimulirano snfani TSH, inzulinom
infali somatostatinom. Aktivhost katepsina C smorilines gojiS¢u s speciinim
substratom Gly-PhefMNA.

Analiza deglikozilacije je pokazala, da ima o PGCP hibriden oz. kompleksen tip
N-glikozilacije. Pri deglikozilaciji PGCP iz lizatamo opazili minimalno zmanjSanje
molske mase, kar nakazuje na vsebnost visoko margliozilacije.

Ugotovili smo, da so hormoni TSH, inzulin in sometdin FRTL-5 celicam povzédi
zviSanje izrazanja N-acetilglukozaminil transferaZ&nT1), ki je odgovorna za &etek
hibridne ali kompleksne glikozilacije.

Pri skupnem delovanju PGCP in katepsina C smo @dikada omogdata casovno
linearno spro&anje hormona tiroksina iz tirogloguling vitro poskusi cepitve pra§ega
Tg s katepsinom C so povzibh skrajSanje N-terminalnega dela molekule za 12
aminokislin. Med odstranjenimi dipeptidi je bil fudipeptid s tiroksinom. Katepsin C ni
cepil novonastalega N-terminalni dela, ki se jeeta Arg-Pro-. Z uporabo visokotiae
kromatografije z obrnjenima fazama smo dokazali,sdgprodukti cepitev katepsina C



X Povzetek

nadalje hidrolizirani s PGCP.

Ob dodatku pra&jega Tg Vv goji8e celic FRTL-5 se je sprostil tiroksin, sptagje pa
je bilo zmanjSano ob dodatku sinteiih inhibitorjev cisteinskih in metalo proteinaz.

S pripravo imunohistokemijskih rezin misjiliithic, ki so prikazale prisotnost PGCP
in katepsina C v epitelijskih celicah foliklov, smpokazali smiselnost podatkov
pridobljenih iz poskusov opravijenih na &glih kulturah ter izn vitro Studij.
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Abstract

Plasma glutamate carboxypeptidase (PGCP) is alomtateinase. It is able to hydrolyze
dipeptides into free amino acids. The enzyme i®lired in the release of hormone
thyroxin (T4) from Thyroglobulin (Tg), as suggesteylthyroid gland studies. Prediction
from the primary structure of human PGCP suggdstspresence of five potential-
glycosylation sites.

In this thesis we present a study of changing thglydosylation of PGCP, and how
this modification influences the localization of €8 and its extracellular role. The
physiologicalrelevance of PGCP was examined by studying theailmn of extracellular
thyroxin.

Using sitedirected mutagenesis of PGCP asparagines on ditek76, 353, 356 and
396 were mutated ta@lanine to prevent glycosylation. A set of nine amis were
prepared with one to five times mutated glycospglatsites, each fused with green
fluorescent protein. Expression in transfected HE}X3 and FRTL-5 cell lines showed
vesicular localization. Secretion of the mutantsswdetected using immunological
methods.

Recombinant PGCP was used for protein charactenzaBaculovirus expression
system yielded pure and active PGCP (8 mg/l medidrhg recombinant protein was
shown to contain a hybrid or complex type of N-gisiglation. The enzyme was able to
cleave the dipeptide Ser-Met, but its activity wakibited in the presence of EDTA,
DTPA or bestatin. An activation effect of chlorii@s was recognized.

Cathepsin C, an exopeptidase, removes dipeptides fihe N-terminus of substrates,
and PGCP hydrolyses dipeptides to amino acidsh&irs@t thyroid cells (FRTL-5) were
used to determine the intracellular distributiontleé two enzymes by immunological
methods. The enzymes were observed to colocalitte RDI and Golgin-97, markers of
endoplasmic reticulum and Golgi apparatus, respagti but their presence in lysosomes
was rare, as shown by the marker, LAMP-2.

PGCP and cathepsin C were secreted from FRTL-Soithyeells into the mediun.
Secretion of active cathepsin C was stimulated By, Tinsulin and/or somatostatin, as
determined by hydrolysis of the specific substr&ty;Phe-#MNA.

Hybrid or complex type of N-glycosylation was showmhen glycosylation of the
secreted PGCP was analyzed. Deglycosylation ofdetlular PGCP led to a small
decrease in molecular mass, indicating the presafnogh mannose N-glycosylation.

Further we show that, in FRTL-5 cell line, TSH, uhis, and/or somatostatin induce
up-regulation of N-acetylglucosaminyltransferase tie enzyme responsible for the
initiation of biosynthesis of hybrid and complexgN«cosylation of proteins.

Acting together, PGCP and cathepsin C are ablib¢odte the hormone thyroxin from
thyroglobulin in a linear, time dependent manniker.vitro experiments proved that
cathepsin C removes up to 12 amino acids from theridinus of porcine thyroglobulin,
including a dipeptide with thyroxin on position Bhe newly formed N-terminus, Arg-
Pro-, was not hydrolyzed further by cathepsin GniJseverse phase HPLC, we showed
that products yielded by cathepsin C were furtlyeirtlyzed by PGCP.
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When released enzymes were secreted they wer¢odiderate thyroxin from porcine
thyroglobulin added to the medium. This liberat@@n be reduced by synthetic inhibitors
of cysteine proteinases and metalloproteinases.

To support data obtained from vitro studies and cell culture experiments immune-
labeled slices of mouse thyroid gland were perfainie show the presence of
investigated enzymes, PGCP and cathepsin C, ihediait cells of follicles.
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Seznam kratic

Asn = asparagin

APS = amonijev persulfat

B = celice z izbitim genom za katepsin B

Bestatin = ([2S,3R]-3-Amino-2-hidroksi-4-fenilbutait)-L-levcin
c’ = celice z izbitim genom za katepsin C

CAMP = ciklieni adenozin monofosfat

COs-1 = ledvine celice afriSke zelene opice -African green mgriidney
Cys = cistein

DAPI = 4',6-diamidino-2-fenilindol

DIT = dijodotirozin

DMEM = po Dulbeccu spremenjen medij Eagle

DMSO = dimetil sulfoksid

DTPA = dietilen triamin pentaocetna kislina

DTT = ditiotreitol

E-64 = N-(trans-Epoksisucinil)-L-levcin 4-guanidivutilamid
E-64c = (2S,3S)-trans-Epoksisucinil-L-levcilami@anetilbutan
E-64d = (2S,3S)-trans-Epoksisucinil-L-levcilami@anetilbutan etil ester
EDTA = etilendiamin tetraacetat

ER = endoplazmatski retikulum

FBS = fetalni goveji serum; fetal bovine serum

FRTL-5 = celice podganjegnice - Fischer rat thyroid line 5
GA = Golgijev aparat

Gal = galaktoza

GFP = zeleni fluoresceéni protein — green fluorescent protein
GIcNAc = N-acetil-D-glukozamin

GnT1 = N-acetilglukozaminil transferaza |

GnT3 = N-acetilglukozaminil transferaza

Hek 293 = ¢lovesSke embrionalne ledirie celice

J774 = cetlina linija misjih makrofagov J774

K™ = celice z izbitim genom za katepsin K

L7 = celice z izbitim genom za katepsin L

Man = manoza

Man6P = manoza 6 fosfat

MHC class Il = poglavitni histokompatibilnostni kgheks drugega razreda
MIT = monojodotirozin

MPR = manoza 6 fosfat receptor

MPR300 = manoza 6 fosfat receptor (300kDa) katiomsodvisen
MPRA46 = manoza 6 fosfat receptor (46kDa) katiormdkasen
MRNK = spordilna ribonukleinska kislina

NaDS = natrijev dodecil sulfat

NP40 = nonilfenilpolietilen glikol

PAGE = poliakrilamidna gelska elektroforeza



Triton X-100

Tween 20

Seznam kratic

s fosfatom zapufrana raztopina soli
paraformaldehid
plazma glutamat karboksipeptidaza
serin
sialinska kislina
trijodotironin
tiroksin
N, N, N’, N'-tetrametilendiamin
trifluorocetna kislina
tiroglobulin
treonin
peroksidazagnice
tris (hidroksimetil) aminometan
polietilen glikol-mondp-(1,1,3,3,-tetrametilbutil)-fenileter
tirotropin - thyroid stimulating hormone
polioksietilensorbitan
tirozin
N-acetilglikozamil-1-fosfodiester-alfa-N-aitglukozamidaza



1 Uvod

1.1 itnica

itnica (Glandula thyroided je organ endokrinega sistema, ki se nahaja w vpad
grlom. Njena vloga pri vretéarjih se izraza v sposobnosti zbiranja joda in oyega
shranjevanja v tiroglobulinu. Zleza je metuljastdile, ki jo sestavljata dva reznja, ki
botno obdajata sapnik. Tkivo¢ignice je sestavljeno iz dveh vrst celic z notramiji
izlocevanjem, folikularne celice in parafolikularne celi(celice C). Folikularne celice,
imenovane tudi tirociti, predstavljajo &iao tkiva in obdajajo meske ali lumne v katere
se shranjujejo &tni¢ni hormoni v koloidni obliki tiroglobulina (Slika )1 Med
folikularnimi celicami, ki obdajajo lumne, se nahjgj parafolikolarne (celice C). Te so v
man;jSih skupinah in so neodvisne od tirocitov. dajo hormon kalcitonin, ki zmanjSuje
in kontrolira kalcij v krvi in prepréuje izlocanje mineralov iz kosti. Kalcitonin spodbuja
tudi izlocanje kalcija in fosfatov v ledvicah, tako da zawjeno reabsorpcijo. Deluje
nasprotno od hormona, ki se imenuje parathormoiPih ga izl@ajo zleze ohStnice.

Tirociti Folikli

Slika 1: Shematski prikaz in histolodki preparaitsice (Glandula thyroidea)A) Stitnica se
nahaja v vratu pod grlom. B) Histoloski preparaikamuje sloj 8itnice. Ozn&ene so celice
&itnice-tirociti in folikli, ki jih tvojrijo (povze po: Shutterstock, 2011).



2 Uvod

1.2 Tiroglobulin

Gen zacloveski tiroglobulin (Tg) je lociran na kromosomu (Reiri, 1994. Sinteza
proteina se péne s tvorbo signalne sekvence, dolZzine 19 aminakikhr ga usmeri v
endoplazemski retikulum. Po sekreciji iz tirocites nalaga v me3iih &itnice v visokih
koncentracijah(Balasubramaniam in Deiss, Jt965; Roche in Michel1951). Protein
predstavlja med 20 % in 30 % koloida v koncetr&eijs obmdju 100—-400 mg/ml
(Venkatesh in Deshpandd999. Visoka koncentracija je predpogoj za vzdrZzevanje
konstantne ravni ¢&ni¢nih hormonov, nekakSen rezervoar, iz katerega sepqicebi
sprazajo hormoni. Tg je bil izoliran in okarakteriziram razlicnih organizmov in je
predmet raztinih raziskav(Hoshino in Uj 1970. Ima molekulsko maso 660 kDa,
sedimentacijski koeficient &y 19.4 S(Edelhoch 1960 in izoelektréno tatko (pl) med
4.4 in 4.7(Tarutani in Shulman1971). Kvarterna struktura nativnega Tg kaze, da je
sestavljen iz dveh enakih monomer velikosti 330 k@xhkaterih vsaka tvori 4-8 podenot
(Marriq in sod, 1977. Stevilne Studije prikazujejo podobnost aminokiskega
zaporedja raztnih vrst organizmoyHoshino in Uj 1970; Spirg 1970. N-terminalna
analiza proteina prikazuje ali aparagin ali aspsiginkislino kot zéetno aminokislino
(Spira 1970. Tg je glikojodoprotein. Sladkorji omogajo pravilno zvitje, sintezo
hormonov, antigenost, transport in recikliranjetpiaa (Baudry in sod.1996; Fenouillet
in sod, 1986; Mallet in s0d.1995. Aminokislinska sekvencéloveskega Tg vsebuje 20
potencialnih glikozidacijskih mest od katerih sathaiso glikozilirana (Rawitch in sod.
1993; Yang in sod.19969. Kompleksna glikozilacija Tg vsebuje razle sladkorje.
Zn&ilnost Tg je visoka vsebnost karbohidratov, ki mtestlja od 8 % do 10 % mase
celotne molekulg¢Ui, 1973.

Tyr5
T4 130
NHz‘= & 2 Y 4 Y
1 L Y Mesto N-glikozilacije
1008 926 %0 ¥ Tiroksin
1100 T4 Tyr1291 $ Trijodotironin
b _aYY Y1;375 ¥ Donorsko mesto
1650
X Y
Tyr2568 Tyr2747
2250 || T T
Y &
i COOH

2748

Slika 2: Shematski prikaz polipeptidne verige tiroglobuliReikazana so N-glikozilacijska mesta
(Y), hormonegenska mesta akceptorjev (T4 in T3)anorjev tirozinskih ostankov.

Vloga Tg se izraza predvsem kot zaloga joda, kkaepici na tirozinih. Jodiranje
makromolekule ni enakomerno. Vrednosti se gibljgjed 0,1 % in 2,0 % iz razhih
organizmov (Sorimachi in Uj 1974. Tg vsebuje Stiri jodoaminokisline: L-3,53
tetrajodotironin ali tiroksin (T4), L-3,5,3" trijadironin (T3), L-3,5 dijodotirozine (DIT)
and L-3 monojodotirozin (MITYXEdelhoch 1960. Ko je bila doléena mRNK Tg so
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lahko dol@ili tudi hormonogenska mes{®i Lauro in sod. 1985; Malthiéry in Lissitzky
1989 (Slika 2). Skupaj s Studijami protecadiie razgradnje v raziih vrstah nakazujejo,
da so tiroksinska mesta a&rroma name®na na terminalnih delih moleku{®unn in
Dunn 1982.

1.3 SEitniéna hormona T3 in T4

Sitni¢cna hormona T3 in T4 imata pomembno viogo v nadzampv metabolizma
celotnega organizma. Hormona uravnavata rast wojagovetujeta bazalno presnovo ter
posegata v metabolizem proteinov, lipidov in ogljilkh hidratov. PospeSujeta tudi
delovanje srca. Tiroksin gre po krvi v r@zie organe, kjer se pretvori v T3 in postane
hiperaktiven hormoiiBolton in sod, 2008; Braverman in sgdl970.

Podrobno so prevali oblikovanje &tni¢nih hormonov ( T3 in T4 ). Hormonogeneza
poteka s preusmeritvijo donorja jodotirozina na egdtor jodotirozina. Palumbo s
sodelavci(Palumbo in sod.1990 je dokazal prisotnost blizu 70 tirozilnih ostankov
primernih za iodinacijo v podganjem Tg, pri katerama Tyr5 z N-terminalnega dela
najvetjo amfiniteto za jodiranje in je prvi akceptor, k& popolnoma jodiran.
NajpogostejSe donorsko mesto je tirozin na 130 mgdiryl30) za hormonsko
akceptorsko mesto Tyr 5 (Slika Ppunn in sod. 1998; Xiao in sod.1995. Druga
donorska mesta v prohormonu so Tyr 926, 986 al810A.375(Ohmiya in sod.1990.

Bte

i

Trijodotironin (T3)

Slika 3: Modelni prikaz &itni¢nih hormonov tiroksina in trijodotironinaHormona se razlikujeta
v Stevilu jodov vezanih na molekulo. S sivo je a@r® ogljikovodikovo ogrodje. Jod je ozfem
z vijoli¢no barvo (povzeto po: Bolton in sod., 2008).

Proces poteka po naslednjem vrstnem redu. Tiroeifirej sintetizirajo glikoprotein
tiroglobulin (Tg), ki se shranjuje v folikularni taen v obliki koloida(Venkatesh in
Deshpande 1999. Na zunanji cetini membrani se deli Tg jodirajo ter nastanejo
monojodidi, dijodidi, trijodotironini (T3) ali tirksini (T4) (Slika 3)(Roche in Michel
1951). Ob stimulaciji 8itnice s hormonom TSH se & razgradnja Tg in sprégnje
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&itniénih hormonov T3 in T4 v kri. Ko je doseZena zadastoncentracija, se vzpostavi
negativna povratna zanka in zmanjSadalge hormona TSH in poslédio tudi zmanjSa
izlocanje T3 in T4.

1.3.1 Pregledin vitro Studij razgradnje Tg ter spro&anja tiroksina

Sinteza Tg je bila ze podrobno opisaf@ody, 1984, medtem ko mehanizem
procesiranja Se ni popolnoma znan. Piwevitro Studije cepitve Tg sta opravila
Balasubramaniam in DeigBalasubramaniam in Deiss, I965. Iz kurgjih &itnic sta
izolirala lizosomske cisteinske endopeptidaze iotogla cepitev Tg. Iz ekstrakta jima je
uspelo izolirati Ze prej poznan encim katepsiffHalasubramaniam in Deiss, Ir965.
Njihovo deloin vitro Studij je nadaljevala skupina raziskovalca Durkiaje izolirala
katepsin D iz kugih SCitnic ter ugotavljala njegovo delovanje na Tg. Unoli so, da
katepsin D cepi Tg, vendar pa ne speoroksina(Dunn in sod. 1991h. 1z &itni¢cnega
ekstrakta so izolirali Se druge endopeptidazeioskega tipa. Najprej so prepoznali samo
katepsin B, kasneje pa so poleg katepsina B delloali tudi encim, ki naj bi ustrezal
katepsinu HDunn in Dunn 1982.

Uchiyama je v rezinahtgnice z imunohistokemijo ugotovil kolokalizacij@tepsina L
s katepsinom B in na osnovi tega zaljuda je tudi katepsin L vkligen v procesiranje
Tg (Uchiyama in sod. 1989, kar je Dunn kasneje potrd{Dunn in sod. 19913.
Nadaljevanje dela na razgradnji Tg je vodilo dooditve mesta cepitve makromolekule s
katepsini B, D in L(Dunn in sod.19913. Pri prokevanju vpliva eksopeptidaz katepsina
B, DPPIl in PGCP na razgradnjo Tg so uporabili Nri@alni peptid kugjega Tg.
Fragment je vseboval vodilno tiroksinsko mesto nastm 5. Katepsin B je verjetno
deloval kot endopeptidaza in kot eksopeptidaza,tdkoje sprocesiral dipeptid T4-GlIn.
Dipeptid predstavlja 5. in 6. aminokislino tirogldimske verige in vsebuje tiroksin.
Avtorji so pokazali, da sama dipeptidaza PGCP m@lanvpliva na 20kDa peptid, ampak
je delovala v kombinaciji s katepsinom B ter spad& T4 iz dipeptida T4-GIn. Ugotovili
so, da proteaza DPPII ni cepila 20-kDa fragmerdge 9a povéalo sproganje hormona
iz celotnega Tg. Sprodnje so dokazali z uporabtf s katerim so jodirali TgDunn in
sod, 1996.

Pred kratkim je bila objavljen&n vitro Studija, v kateri so opazovali protediiti
potencial katepsinov B, K, L in S pri cepitvi Tguporabo fizioloSkih pogojev, s katerimi
so simulirali okolje endosomov, lizosomov in lumimega prostora, so katepsini
proizvedli razléne fragmente Tg. Katepsini B, K in L so samostdmaspesno delovali
le v endo/lizosomskih pogojifdordans in sod.2009. Pri zunajcelinih pogojih pa je
tiroksin uspesno sprédl le katepsin S, oz. ostali katepsini v prisotnkatepsina S kar je
pokazalo nujno prisotnost katepsina S.

1.3.2 Pregledin vivo Studij ter celiénih Studij spros¢anja tiroksina

Zanimivo je, da so prve zunaja#le cepitve Tg zaznali pri njegovem odstranjevanju i
krvotoka(Brix in Herzog 1994). Cepljeni produkti Tg se nantr@ahajajo tudi v krvnem
obtoku vretetarjev in drugih tkivih(Lisi in sod, 2009. Odstranjevanje poteka v jetrih
preko makrofagov. \éx vivoStudijah sankubirali Tg z makrofagi (J774), ptiemer so
zaznali sprofanje tiroksina(Brix in Herzog 1994. To se je zéelo s sekrecijo peptidaz
in nadaljevalo preko endoditie poti. SproZanje T3 je potekalo wenoma intracelularno
v lizosomih. Dotlej je veljalo, da process cepifvgpoteka izkljgno v lizosomih.

Pomembno je bilo odkritje vpliva tirotropina (TSHhia izraZzanje tiroidne tiolne
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endopeptidaz¢Dunn in Dunn 1987. TSH stimulira izléanje tako proencima kot tudi
zrele oblike katepsina BLinke in sod, 2002 in katepsina OMetaye in sod.1997).
Raziskave vloge katepsina B v delovanjiirice so pokazale, da transkripcijo poleg TSH
poveta tudi forskolin in ionomicin(Phillips in sod, 1989. Kisli fibroblastini rastni
faktor pa poveéa transkripcijo katepsina BChanoine in sod.1992. Da bi raziskovalci
spremljali potek izldanja so uporabili fuzijski protein (GFP) s katepsin B. Pot
katepsina B so spremljali na tirocitih, ggmer je encim najprej potoval v endo/lizosome,
kjer je dozorel in se nato sprostil v zunajéeliprostor(Linke in sod, 20023.

Tg je v lumnu, ki ga obdajajo tirociti, v obliki kmida in je medsebojno kovalentno
povezan. Pred endocitozo se mora pretvoriti v tophliko, kar opravijo proteaze. Z
imunodetekcijo in citokemijskimi Studijami so odkiprisotnost katepsinov B, L in D ter
tudi proteolittno aktivnost katepsina B v nevtralnem pH na zunapikalni membrani
celic (Brix in sod, 1996; Lemansky in sod1998. Ob apikalni membranigni¢nih celic
v folikularnem lumnu se je nahajal tudi katepsinAktivni rekombinantni katepsin K je
sprostil tiroksin iz Tg z omejeno proteolizo pr@lnem pH(Tepel in sod.2000.

Raziskave &tnice na misih z izbitim posameznim genom za ksitep B, K ali L ali
dvojico genov katepsinov B in K ali K in L so polkde, da preostali katepsini do neke
mere prevzamejo vlogo manjkdjb. Tako se je zviSal nivo izraZzenega katepsinarilL p
misih K" ali B"/K™. Vendar pa so raziskave pokazale, da je pri nzi#tbitim genom za
katepsin B ali L” prihajalo do nepopolne razgradnje Tg, kar pa piimz izbitim
genom za katepsin K ni bilo zaznavno. Dvojno izbkptepsinov K in L je vodilo do
ZniZzanega spréanja prostega hormona, rezultati pa so pokazadjovkatepsinov B in L
pri sproganju Tg iz koloidne shrambe. Midi"HL” so imele zaznavno niZjo raven
prostega tiroksina, kar nakazuje, da je za uravmavsproganja tiroksina iz netopnega
Tg pomembna kombinacija katepsinov K irfRriedrichs in sod.2003.

Na zunanji apikalni membrani tirocitov so naSli ituderinsko peptidazo
»Plazminogenu 1 podobno proteazardl. P1-like protease). Encim se sintetizira v jetrih
in kroZi po drugih tkivih(Giraud in sod.2005. Studije so pokazale spi@hje encima iz
tirocitov (Giraud in sod.2009 ter posledino cepitev &tni¢ne peroksidaze (TPO) in Tg.
Plazminogenu 1 podobna proteaza prispeva k kommlelegyulaciji procesiranja Tg
(Giraud in sod.2007).

1.4 Celiéna linija FRTL-5

FRTL-5 izvirajo iz 5 do 6 tednov starih Fischer gad. 1z $itnice so izolirali primarno
celicno kulturo in jo nagojili v posebno pripravijenemijigcu. S precepitvijo so dobili
sekundarno kulturo, ki je obdrzala lastnosti pringar Na ta n&n se je ohranila
kontinuirana in funkcionalna¢gni¢na celéna linija. FRTL-5 se gojijo v modificiranem
gojistu Coonove dopolnitve Hamsovega g&gid--12, ki vsebuje priblizno 5% te¢jega
seruma z dodatkom meSanice Sestih substanc. Spesificelic je njihova hormonska
odzivnost, privzemanje joda in tiroglobulinska sird (Ambesi Impiombato in sod.
1980, ki je pa nepopolno jodiran@Veiss in sod.1984). Na celéni membrani imajo
hormonske receptorje. Med njimi najbolj izstopa F&deptor. Nanj vpliva hormon
TSH, ki vpliva na adenilatno ciklazno aktivnhost (dR) in sproganje $itni¢nih
hormonov. Ugotovili so, da se forskolin in avtoinsika protitelesa vezejo na TSH-
receptor in sprozijo podobne procese kot T@hbesi Impiombato in Villong1987.
Podvojevalnias celic je od 24 do 48 ur. Celice lahko tvorijo &ukture, ki posnemajo
&itni¢ne folikle. Prekomerna konfluentnost vodi do komt&kinhibicije. Celice so bile
pogosto uporabljene in dobro ptewvane kot model delovanja ZlezdtSice.
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1.5 Peptidaze

Peptidaze, znane tudi kot proteaze, proteinazprateolizni encimi, spadajo v skupino
hidrolaz. Kot Ze ime pove, katalizirajo razgradrgeptidne vezi in s tem dosezejo
hidrolizo polipeptidne verige proteinov na manjSeptide oziroma njihovo popolno
razgradnjo na posamezne aminokisline.

Obstajo raztine razdelitve proteaz. Najpogosteje se uporabdjegarazdelitvi:

- razvrstitev po Nomenclature Committee of the International Unioh o
Biochemistry and Molecular Biology (NC-IUBMB)

- razdelitev glede na evolucijsko povezanost in mieam delovanja (po
Merops-u).

Razvrstitev proteinaz po NC-IUBMB je osrediédoa na mesto cepitve polipeptidne
verige. Glede na mesto cepitve€ino eksopeptidaze, ki cepijo polipeptidno verigoNra
ali C- koncu in endopeptidaze, ki cepijo peptidea nekje znotraj polipeptidne verige.

NovejSa razdelitev po Merops-u temelji na poznavastjukture encimov in njihovi
evolucijski povezanosti. Razdelitev obsega tri j@voTakSna razdelitev omogm
povezavo proteinaz klang ki vsebujejo tiste encime, ki izhajajo iz enegalecijskega
prednika in imajo podobno terciarno strukturo zndgel ujemanjem v aminokislinskem
zaporedju okoli aktivnega mesta, nimajo pa homatggnaminokislinskega zaporedja.
Klani so povezani v skupine peptidaz z istim mehaam delovanja (cisteinske,
serinske, aspartatne, metalo peptidaze, ilgni so razdeljeni nalruzine na temelju
encimi (Rawlings in sod. 2010. Baza podatkov se neprestano obnavlja, zato si je
najsodobnejSo verzijo moge ogledati na spletu pod »MEROPS the peptidasdasea
merops.sanger.ac.uk/index.html

1.5.1 Katepsini — lizosomski proteoliténi encimi

Cisteinske proteaze, v starejSi literaturi imenavéudi tiolne proteaze, so bile najdene v
virusih, bakterijah, glivah, rastlinah in zivaliNajpomembnejSe cisteinske proteaze v
sesalcih so citoplazemski kalpaini in lizosomskieksini. Ime katepsini sta vpeljala

Willstatter in Bamann leta 1929, da bi definiralateaze, ki so aktivne v kislem pH-ju,

vendar se razlikujejo od pepsina. Dandanes se kaggpsini uporablja na splosSno za
lizosomske proteaze z optimalnim delovanjem v rdtiklem pH-ju. Sem pa spadajo

serinske proteaze (katepsin A in katepsin G, kleimu, da ni lizosomska proteaza),
aspartatne proteaze (katepsin D in katepsin E) lincldveSkih cisteinskih proteaz

(katepsini B, C, F, H, K, L, O, S, V, X in WJurk, V. in sod, 2012.
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zaporna zanka katepsina B

mini veriga
katepsina H

izkljucitvena domena
katepsina C

struktura katepsina L

Slika 4: Modelni prikaz prekrivanja eksopeptidaznih katepsina osnovi strukture katepsina L
Na osnovi strukture katepsina L so dodane: zappanita katepsina B, mini zanka katepsina X,
mini veriga katepsina H in izklfitvena domena katepsina C (povzeto po: Turk, Boith, 2001).

Preglednica 1Pregled katepsinov po druZini in delovarRoznamo 15loveskih katepsinov, od
teh jih je 11 cisteinskih in po dve serinski in adptni. V&inoma imajo endopeptidazno aktivnost
(Turk, V. in sod., 2012).

Katepsin Druzina Delovanje
A serinska karboksipeptidaza
B cisteinska endopeptidaza / karboksipeptidaza
C cisteinska dipeptidilpeptidaza
D aspartatna endopeptidaza
E aspartatna endopeptidaza
F cisteinska endopeptidaza
G serinska endopeptidaza
H cisteinska aminopeptidaza
K cisteinska endopeptidaza
L cisteinska endopeptidaza
O cisteinska predvidena endopeptidaza (ni zika)
S cisteinska endopeptidaza
\% cisteinska endopeptidaza
X cisteinska karboksimonopeptidaza
w cisteinska predvidena endopeptidaza (ni dehka)

Katepsini se sintetizirajo kot neaktivni proencirki,so glikozilirani in usmerjeni v
lizosomske vezikle preko manoze 6-fosfat receptdGhawieralski in sod. 2006.
Aktivacija proencimov v katali#no aktivne encime poteka v lizosom(kshidoh in
Kominami 2002. Tako postanejo aktivni in ne potrebujejo dodatkdmformacijskih
sprememb. V@&@na cisteinskih katepsinov je endopeptidaz, razesogeptidaz katepsinov
C, H in X (Slika 4). Katepsin B lahko deluje kotdmpeptidaza ali kot dipeptidil
karboksipeptidaza zaradi njegove zaporne zgAkenson in Barre{t1978. Katepsin X
je karboksipeptidaza in odceplja eno aminokislinadCgerminalnega dela substrata
(Klemencic in sod. 2000; Nagler in sod.1999; Puzer in sod2005. Katepsin H je
aminopeptidaza, ker odceplja po en aminokislinsgiaomek z N-terminalnega dela
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proteina(Koga in sod. 1992. Katepsin C odstranjuje dipeptide z N-terminalnelgia
substrata in je tako dipeptidil peptidgdanta in sod.1964).

Aktivhost katepsinov je regulirana preko raalh mehanizmov, kot so regulacija
sinteze, inhibicija endogenih inhibitorjev in pHabtlnost (Turk, B. in sod. 2000;
Vasiljeva in Turk 2008. Ceprav so katepsini aktivni pri nevtralnem pH, jéhoya
zivljenska doba kratka in so nagnjeni k razvitjude inaktivirajo(Turk, B. in sod. 1995;
Turk, B. in Stoka2007. Vsekakor je lahko téas podaljSanie je protein v komleksu z
inhibitorjem ali substratom.

Poleg glavne vloge v lizosomskem recikliranju prote, so katepsini udelezeni tudi v
mnozici fizioloSkih in patoloSkih procesov, kot nprimer zorenju Poglavithnega
histokompatibilnostnega kompleksa drugega razre@ldK( Il) (angl. MHC clas I
complex), resorbciji kosti, diferenciaciji keratwitov, napredovanju tumorjev in
metastaz, revmatoidnem artritisu, osteoartritisterasklerozi, apoptozi in drugo
(Vasiljeva in s0d.2007).

1.6 Vloga katepsinov v itnici

1.6.1 Katepsin C

Katepsin C (EC 3.4.14.1) je lizosomska cisteinsia@gaza iz druzine papaina (klan CA,
druzina C1, poddruzina C1ARawlings in sod.2010. Katepsin C je bil prvi opisan
katepsin, saj sta ga Gutmann in Fruton ze leta bddala kot intracelularno peptidazo,
ki cepi kimotripsinski substrat, glicil-L-fenilaldramid (Gutman in Fruton 1948.
Kmalu so ugotovili, da so glicil-L-fenilalanil-p-tmoanilid in odgovarjajéi 2-naftilamidi
dobri substrat{Planta in Gruberl963, vendar pa encim ne more cepiti L-lizil-L-alanil-
2-naftilamida(McDonald in sod.1968. Encim ima nizko specifnost in cepi dipetide z
N-terminalnega dela peptidnega substrata, dokleangradi celotnega substrata ali pa ko
se v aminokislinskem zaporedju pojavi na N-termieat delu bazna aminokislina
(lizin ali arginin), oz. prolin na predzadnjem me¢Bondebjerg in sod.2005; Kam in
sod, 2004; McDonald in sod.1969; McGuire in sod.1992; Pedersen in s0d.999. V
kislem lizosomskem okolju je dipeptidil peptidazaj je sposoben odstraniti dipeptid z
N-terminalnega dela polipeptidne veri@eurk, B. in sod. 1998. Katepsin C lahko deluje
pri viSjem pH tudi kot transferaza in katalizirareezno reakcijgMcGuire in sod. 1992;
Planta in s0d.1964).

Gen zacloveski katepsin C se nahaja na kromosomu 11q1ky, j@o44,1 kb in je
sestavljen iz 7 eksonofPham, C.T.N. in sod.1997. Celotno sekvenco so de¢ib s
pomaijo cDNK (Paris in sod.1995. Preprokatepsin C je sestavljen iz vodilnega plepti
(24 AK), izlocitvene domene (110 AK), inhibitornega peptida (9B)An katalitske
domene (343 AK), ki je homologna papainovi druzitatalitska domena je sestavljena iz
tezke verige (164 AK) in lahke verige (69 AKparis in s0d.1995. Encim velikosti 200
kDa je sestavljen iz Stirih enakih podenot (SliKa ¥Bsaka podenota je sestavljena iz
izkljucitvene domene in katalitske domefigolenc in sod.1995. Izklju¢itvena domena
je vklju¢ena v oblikovanje tetrame(€igic¢ in sod, 1998; Dahl in so¢.2001).

Aktivacija katepsin C ne pate kot avtokatalizirana proteoliza, ampak pa sogtute
druge proteaze, kot so katepsin L aliCD#&hl in sod,. 200]). Ko pa je encim aktiviran, ga
lahko cepi tudi katepsin BRowan in s0d.1992 in druge lizosomske cisteinske proteaze
(Turk, B. in sod. 2000.

Katepsin C je edinstvena proteaza v papainski draaradi svoje tetramerne strukture
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(Turk, D. in sod. 2007). Katepsin C ima Stiri aktivha mesta, od kateritktavsako veze
po eno molekulo cistatindDolenc in sod. 1996. Aktivha mesta so na zunanjosti
molekule, kar je nasprotno od drugih protedtiin encimskih makromolekul, sestavljenih
iz ve¢ podenot, kot so proteasafinowe in sod. 1995, bleomicin hidrolazgJoshua-Tor
in sod, 1999 in triptaz (Pereira in sod.1998. Ti encimi imajo aktivno mesto v
notranjosti oligomerne molekule. Katepsin C je tedini papainu podoben encim, ki
potrebuje kloridne ione za aktivnddicDonald in sod.1966.

Zepek aktivhega mesta

Papainu posdehna domena

Izkljuéitvena domena

Slika 5: Kristalna struktura katepsina Kristalna struktura prikazuje tetramerno oblika@iema.
Vsaka podenota je sestavljena iz papainu podobneside in izklj¢itvene domene. Ozfiai so
tudi strukturni sladkor, harpinska zanka in Zepkftvaega mesta (povzeto po: Turk, D. in sod.,
2001).

Dolocitev kristalne strukture katepsina C je oméipovpogled v specitinost encima.
Prisotnost izkljgitvene domene blokira aktivno mesto razpoke na $3tm pricemer
deluje karboksilna skupina stranske verige AspldidtiZni ostanek za N-terminalno
aminokislino substrata. Na prvem mestu je v vsamnimnortologih katepsina C ohranjena
asparaginska kislina. V mesto S2 se veZe stranskigav N-terminalne aminokisline
substratgOlsen in s0d.2001; Turk, D. in sod.200)).

Genetske Studije so razkrile, da se izguba funkcijeutacijami na genu za katepsin C
pokaze ze v zgodnji mladosti v obliki periodongtig palmoplantarnega keratodermija,
zn&ilno za Haim—Munk in Papillon—Lefevre sindronfallende in sod. 2001; Hart in
sod, 2000a; Hart in so@.2000b; Toomes in s0d1999. Do bolezni pride zaradi
nepopolnega procesiranja nekaterih neidentificirgmoteaz.

Poskusi na celnih linijah, ki so izvirale iz miSi z okvarjenim gem za katepsina C,
so pokazali, da ne aktivirajo skupine serinskihtgaa iz granul imunskih (citotoksii T-
limfociti, celice ubijalke - natural killer cellgh inflamatornih celic (neutrophilne, mast
cells), ki so vkljgene v obrambne mehanizrigham, C.T. in Ley1999; Wolters in sod.
200]). Kasneje pa so dokazali, da limfociti iz miSi sitan genom za katepsin C
(Katepsin C") vsebuijejo aktivni grancim B in ubijajo celice mimho kot v divjem tipu
miSi. To spoznanje je privedlo do ugotovitve, da dodatni encimi prisotni pri
procesiranju grancima B. Pri testiranju morebitrehcimov so vkljdili dipeptidil



10 Uvod

peptidazo Il (DPP II) in katepsin H. Raziskave mukazale, da katepsin H uspesSno
aktivira grancim B, medtem ko DPP Il nima viofi@'Angelo in sod. 2010; Sutton in
sod, 2007. Pri limfocitih, kjer sta bila odsotna oba kateysi(C in H) prihaja do
aktivacije granzima B, kar nakazuje na prisotnoggth encimov pri tem procesu.

1.7 Metaloproteinaze

1.7.1 Plazemska glutamat karboksipeptidaza

Plazemska glutamat karboksipeptidaza (EC 3.4.J&/ rjetaloproteinaza iz druzine M28.
Do odkritja plazemske glutamat karboksipeptidazZé@P) je priSlo, ko je McDonald s
sodelavci leta 1969 preeval cepitewa-kortikotropina (glukagon) z izoliranim in dobro
oc¢is¢enim katepsinom C iz podganijih jeter in goveje wwanZasledil je nastanek petih
dipeptidov (Ser-Tyr, Ser-Met, Glu-His, Phe-Arg impIGly), ki so po doldéeneméasu
razpadli na proste aminokislinske ostandcDonald in sod. 1969. Podrobno je
analiziral @is¢en katepsin C in ugotovil, da je bila v vzorcu pesndrugega encima z
dipeptidazno aktivnostjo. Novi encim je dobro hidrival dipeptid Ser-Met, zato ga je
poimenoval Ser-Met dipeptidaza. I1zkazalo se jejedancim winkovito cepil tudi druge
dipeptide. Ker so ga nasli v lizosomih, so ga pexiovali v lizosomsko dipeptidazo
(McDonald in sod. 1972. Njegovo delovanje je bilo zelo selektivno, sajgepil le
dipeptide s prostim N in C terminalnim delom. Pagirstrani pa je enakoc¢inkovito
cepil dipeptide s hidrofobnim ali b&nim aminokislinskim preostankom. Med
prewevanjem procesiranja Tg je Dunn s sodelavci ugbtola je plazemska glutamat
karboksipeptidaza v tirocitih prisotna v lizosomiin da je udelezena pri cepitvi in
sproganju tiroksina(Dunn in sod. 1996. V podganjih jetrnih celicah so isti encim
poimenovali Lal-1 §ngl. liver annexin-like proteinjDella Fazia in sod.2002. Dolenc
in Miheli¢ sta dipeptidazo izolirala iZloveskih ledvic in doléila primarno strukturo
(Dolenc in Mihelic 2003. Po primerjavi aminokislinskega zaporedja sta ogtd, da je
zelo podobna plazemski glutamat karboksipeptidadirani iz ¢cloveSke krvne plazme in
placente(Gingras in s0d.1999. Po razkritju¢loveSkega genoma so odkrili, da imata
encima isto nukleotidno zaporedije, zato je encimildgsklajeno ime. Danes je priznano
ime plazemska glutamat karboksipeptidaza, pogostpmge uporabljeno krajSe ime
PGCP (Gingras in sod. 1999, ki ima poznano nukleotidno zaporedjdoveSke
lizosomske dipeptidaze (LDPBethesda2011; Dolenc in Mihelic2003.

Gen zacloveski PGCP se nahaja na kromosomu 8g22.1 in ge&adgn iz osmih
eksonov. Encim se sintetizira kot enoverizni prepmm velikosti 50 kDa (472AK), ki je
sestavljen iz vodilnega peptida (20AK), inhibitogae peptida (24AK) in katalitske
domene (428AK) homologne druzini M28 z aktivnim moes na Glu336 (Slika 6)
(Dolenc in Mihelic 2003; Gingras in sod1999. Zrela oblika proteina lahko dimerizira
(Dolenc in sod. 2007). Protein so nasli tako v lizosomskih izikéh kakor tudi
zunajceléno (Della Fazia in so¢.2002; Dunn in sod.1996; Gingras in sod.1999;
McDonald in sod.1972.

PGCP je dipeptidaza, ki cepi dipeptide s prostimiitNC-terminalnimi deli. PGCP
ima optimalni pH delovanja v kislem pH okrog 5,5 iroelektrtno tatko pri 5,4. Je
metaloproteinaza, ki potrebuje 2 cinkova {Zniona v aktivnem mestu, ki jih lahko
nadomesti z magnezijevimi, manganovimi ali kobahmvioni, a se pri tem se aktivnost
zmanijsa.

Do sedaj je bil encim izrazen v raziih sistemih. V manjsih kalinah so ga izrazili v
COS-1 celicah (Gingras in sod.1999. Rekombinantni protein je bil izrazen tudi v
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nasem laboratoriju v bakterijskih celicglolenc in sod.2007. Prekomerno izrazanje

encima je vodilo do nabiranja v netopnih inkluzifskelescih. Pri iskanju pogojev za
zvijanje v topno obliko so ugotovili, da je potrebadcepitev propeptida za dimerizacijo.
Da bi pridobili topni encim so ga izrazili tudi msektnih celicatfZajc in sod, 2017).

Poleg Studij razgradnje substratov, so raziskovatpotovili, da PGCP inhibirajo
splosni nespecini inhibitorji metaloproteinaz, ko so kelatorji EBT EGTA, DTPA in
1,10-fenantrolin; citratni in fosfatni pufri, beitain kovinski ioni Hg*, CU/#*, F€" in
Fe** (McDonald in sod. 1972; Zajc in sog.2011). Speciftni inhibitorji PGCP niso
znani.

O vlogi PGCP v bioloskih procesih je malo znane§adije regeneracije jeter so
pokazale, da je izrazanje PGCP med procesom pamife natatino regulirano(Della
Fazia in sod.2002. Pri Studijah raka na jetrih, ki nastane zaradusa hepatitis C, so
dokazali, da je encim ndno poviSan tudi v krvi, kar bi lahko omoglm, da PGCP
postane eden pomembnejSih aanalcev pri krvnih preiskavah za dé&vanje bolezeni
(Smith in sod. 2003. Zanimivo je odkritje, povezano s polozajem nankosomu.
Mozno je namr& da je PGCP povezana z migreno, vendar odkritiasgemogli potrditi
niti popolnoma zavi@ (Maher in Griffiths 2011). Pred kratkim pa so ugotovili, da se
cebelji ortolog PGCP nahaja tudi v nisem ml€ku (Han in sod.2017).

PreproPGCP §

36 B Signalna sekvenca
Propeptid
Aktivna oblika PGCP

B Aktivno mesto

Slika 6:Shema plazemske glutamat karboksipeptida@&CP.

1.7.2 Drugi proteini druzine M28

Druzina metalopeptidaz M28 (po MEROPS-u) spada v klan Mi&inoma vkljuiuje
aminopeptidaze in karboksipeptidaze. V druzino apadudi nepeptidazni homologi,
med katerimi je najbolj poznan transferin receppootein (Seligman in sod.1979.
Peptidaze te druZine vsebujejo cinkova iona {¥m aktivnem mestu. Vsak cinkov ion je
tetraedréno koordiniran v kompleksu s tremi amino kislinaimi aktivirano vodo. En
aspartatni ostanek veze oba kovinska iona. Ligahdh cinkov se pojavljajo v zaporedju
His97 (Il), Asp117 (I and 1), Glu152 (I), Asp178)(in His256 (1) (Slika 7), kjer rimske
Stevilke oznaujejo kovinski ion, ki se veze. Pri tvorbi aktivreegnesta sodeluje tudi
Glul51(Chevrier in s0d.1996.
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" His256

Slika 7:Shema kristalne strukture aktivhega mesta Amindageepe AplShema prikazuje aktivho
mesto aminopeptidaz&eromonas proteolyticeaminopeptidaza Apl) (Chevrier in sod., 1996).

Aminopeptidaze v tej druzini so bile opisane koktbdjske leucil aminopeptidaze.
Aminopeptidaza Y in IAP aminopeptidaza najbolje c&ata bazine aminokisline.
Glutamat karboksipeptidaza Il cepi C-terminalnetaate(Luthi-Carter in sod.1998.
Plazemska glutamat karboksipeptidaza gakovito hidrolizira dipeptide(Dolenc in
Mihelic, 2003.

Terciarna struktura je bila dalena za aminopeptidazo @lmog in sod, 1993,
aminopeptidazo Ap{Chevrier in s0d.1994, transferin receptor (nepeptidazni homolog)
(Lawrence in s0¢.1999, glutamat karboksipeptidazo (Davis in sod. 2005 in AM-1
aminopeptidazgAkioka in sod, 2006. Aminopeptidaza Apl je predstavnica druzinske
strukture, ki prikazuje Sest trak@+plo%, ki jih obkroZzajoa-heliksi (Chevrier in sod.
1994.

Glutamat karboksipeptidaza Il ima mnoge spojitvehlike zato jo poznamo tudi pod
imeni NAALADaza @ngl. N-acetylated alpha-linked acidic dipeptidase) 8MA (angl.
prostate-specific membrane antigen). NAALADaza ragge pomemben dipeptidni
neurotransmiter karnozifLambert in Mitchel] 2007). Encim je poznan kot oztavalec
raka prostate in znotrajcétia oblika je lahko odgovorna za odpornost tumorskilic na
Metotreksat (staro ime: ametopter(aleston 1997; Rawlings in Barreti997).

Splosni inhibitorji vkljitujejo kovinske kelatorje (EDTA, DTPA) in 1,10-
phenanthrolin. Aminopeptidaze inhibirata bestatinamastatin(Wilkes in Prescoit
1989. Glutamat karboksipeptidazo Il inhibira tudi merga glutamata s fosfonil
glutamatom(Jackson in sod1996.

1.8 Endogeni proteinski inhibitor;ji

Encimski inhibitorji so molekule, ki se vezejo nacame in znizajo ali zavrejo njihovo
aktivnost. Vezava inhibitorja v aktivno mesto enaiprepréuje razgradnjo substratov.
Poznamo reverzibilne in ireverzibilne inhibitorfencimski inhibitorji so lahko naravni in
so vkljuteni v regulacijo metabolizma. Med naravne endogehéitorje katepsinov
spadajo predstavniki naddruzine cistatinov, tiropinn Se nekateri drugiTurk, B. in
sod, 2002.
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Naddruzina cistatinov je sestavljena iz treh druiin sicer stefini, cistatini in
kininogeni. DruZine endogenih inhibitorjev cistatin se razlikujejo po afiniteti do
encima. Inhibicija je reverzibilna in kompetitivifanastasi in sod.1983. Tem druzinam
je bila v zadnjentasu prikljitena Seetrta druzina neinhibitornih proteinov, ki vkéjuie
s histidini bogate glikoproteineaigl. Histidine-rich glycoprotein - HRG). Cistatini in
kininogeni so zunajcalni inhibitorji medtem pa so stefini znotrajagli, citoplazemski
inhibitorji (Turk, V. in Bode 1991). Ker so ¢lani naddruzine cistatinov vpleteni v
mehanizme, odgovorne za nadzor znotraj in zungjelproteinske razgradnje, imajo
vlogo prepréevalcev pred nezazeljeno proteol{&dason in sod.1987).

Poleg navedenih pristevamo k endogenim inhibitompgsteinskih katepsinov Se druge,
strukturno bolj oddaljene inhibitorje cisteinskilatkpsinov tiropine in p21 (produkt
onkogena c-Ha-ragHiwasa in sod.1987 in ekvistatin (inhibitor iz morske veternice)
(Turk, B. in sod. 1997 Pomemben zunajceéiii inhibitor endopeptidaz vseh Stirih
razredov je tudi-makroglobulin(Starkey in s0d.1982; Twining 1994).

1.9 Sinteti¢ni inhibitorji

Aminopeptidaze katalizirajo cepitev aminokislin zt&minalnega dela proteina ali
peptidnega substrata. Za njihovo inhibicijo secajpio uporablja bestatin in njegovi
derivati. Bestatin [3-amino-2-hydroxy-4-phenylbuwtyt-leucine] je nizkomolekularni
dipeptid, ki temelji na aminokislinah fenilalanimlevcinu(Suda in s0d.1976).

Nacin vezave bestatina na levcin aminopeptidazo je oped tetraedénemu
intermediatu, ki se ustvari pri hidrolizi peptidwezi. Bestatin se veze na aktivno mesto s
svojo alfa-amino skupino, hidroksilna skupina paikinira cinkov ion, ki se nahaja v
vezavnem mestu. Njegova stranska veriga feninladéase stabilizira z van der Waals-
ovimi interakcijami, kjer se ustvari terminalni hadobni Zepek. Levcilna stranska veriga
se veze v drugi hidrofobni Zepek. Vodikova vez pavidjucuje v aktivno mest@¢Burley
in sod, 1991). Pri prokevanje NAALADaze (glutamat karboksipeptidaza Il)pizganjih
mozganov, so ugotovili, da bestatin v koncentr&9p uM urikovito inhibira omenjeno
dipeptidazqRobinson in sod.1987).

Drugi odkriti inhibitorji, uporabljajo drugme molekularne mehanizme in vsebujejo

mnogo tipov derivatov dipeptidov (diazometil ketenwinil sulfonov, semikarbazidov)
(Bondebjerg in sod.2005; Kam in sod.2004). Nekateri od njih se veZejo na kat&liii
cisteinski ostanek in tako inaktivirajo encim. $iRini inhibitor E-64 [L-trans-
epoksisucinil-L-levcilamido-[4-gvanidino]butan] innjegovi derivati imajo Siroko
specifénost do cisteinskih proteaz. E-64 so izolirali 1878 iz glive Aspergillus
japonicus TPR-64 (Hanada in sod.1978. Pri nadaljnih Studijah je Barret s sodelavci
ugotovil, da E-64 uspeSno inaktivira papain in aistke katepsine B, H in L v
koncentraciji 10 puM, medtem ko je inhibicija kateasC SibkejSgBarrett in sod.1982).
Da bi naredili dinkovitejSi inhibitor, so sintetizirali novo oblikonenovano E-64c, ki je
bila od 100 do 1000 kratcinkovitejSa(Tamai in sod.1986. Ker pa ne E-64 in E-64c
nista bila membransko permeabilna so znanstvenmiketizirali njihov analog E-64d, ki
lahko prehaja celno membrangMcGowan in s0d.1989.

S pomajo katepsina C so opravili Studije hidrolize digdpth substratov, z
namenom, da bi pridobili potrebne informacije z&rtevanje boljSih inhibitorjeyTran
in sod, 2002. Med poznanimi specifnimi inhibitorji je Gly-Phe-CHN (Gly-Phe-
diazometan), ki ima inhibitorno&t,d[l] 10™* M~*s * (Green in Shaw1981; Kam in sod.
2004; Tran in so.2002, ¢eprav njegova uporaba v terapevtske namene ni prarieer
vsebuje nestabilno diazometil ketonsko skugikam in sod. 2004).
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1.10Vezikularni transport

Prevajanje (translacija) RNK je proces pri katesmsporsilna RNK (mMRNK) prevede v
zaporedje aminokislin. Proces se&rma na ribosomih v citosolu. V kolikor ima mRNK
signalno zaporedje, ki je sestavljeno iz okoli 2@ireokislin in vsebuje hidrofobne
aminokislinske ostanke na N-terminalnem delu mdkekse veZe nanj delec, ki prepozna
signal (SRPangl. signal recognition particle), ki ustvari komplekKsaustavi se translacija
in kompleks se prenese na endoplazmatski retikEiR), kjer se sprosti SRP. Ribosom
se veze na translokacijski kompleks v ER membiBmainslacija se nadaljuje v notranjosti
ER. Ko translacija pote, se signalno zaporedje odcepi in nastali progeirsprosti v
lumen ER. V lumnu ER se verige pravilno zvijejejp@majo Saperonov. Nepravilno
zviti proteini gredo v razgradnjo. V ER se ¢ma translacijska modifikacija N-
glikozilacija, ki pot€e na specitinin asparaginskih mestih. Proteini iz ER se preko
vezikularnega transporta prenesejo v Golgijev a&p@s#) na cis strani, kjer potekajo
ostale postranslacijske modifikacije. Ena najpomeeiih modifikacij je glikozilacija.
Od transgolgijevega mrezja se odcepljajo transpaeaikli, ki prenaSajo novonastale
proteine v lizosome ali na plazemsko membrano é&kresorni vezikli, ki prenasajo
protein v zunajcetini prostor(Lodish in sod.2000; Reynaud in Simpspga002).
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Slika 8:Shematski prikaz sinteze in transporta proteirf@vwema prikazuje moZne transportne poti
po celici. (povzeto po: Lodish in sod., 2000).
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V dolo¢enih celénih tipih (na primer Zigne celice in acinarne celice pankreasa) so
nekateri proteini shranjeni v sekretornih veziklih se sprostijo samo ob déknih
ziveénih ali hormonskih signalih (regulirana sekrecij)ostalih celicah, v kolikor proteini
ne gredo v endo/lizosomske kompartmente, secdaloproteini gibljejo proti cetni
membrani v transportnih veziklih in se nepretrgoilacajo (konstitutivha sekrecija).
Vzporedno poteka tudi vzvratni transport preko makziklov, ki se vréajo nazaj v GA
in v ER(Reynaud in Simpsqr2002.

1.11 Glikozilacija

Glikozilacija je posttransklacijska modifikacija, ®mogaia vezavo sladkorjev na protein,
kar vpliva na pravilno zvijanje, stabilnost, bidteSaktivnost, metabolizem, lokalizacijo
in interakcije med celicamfHounsell in sod. 1996; Jenkins in sod1996; Stanley
1992. Poznamo Stiri skupine glikozilacije, glede naasx na aminokislinski ostanek.

- N-glikozilacija,

- O-glikozilacija,

- C-manozilacija,

- Glikozilfosfatidilinozitolna sidra (GPI).

Celotna sinteza je nadzorovana preko spatifi encimov, ki delujejo v pravilnem
vrstnem redu in¢asu in so prisotni v razih kolicinah v t@&no dolaenih delih
endoplazmatskega retikuluma (ER) in Golgijevegaatpa(GA). Vsak specifni celini
protein v organizmu vsebuje svoje spe&tié procesne encime. Tako lahko ima isti
protein, pripravljen v individualnem cétiem tipu, drugéne karbohidratne verige.

1.11.1 N-glikozilacija

Pri proteinih, ki imajo signalni peptid dolzine 280 25 aminokislinslinskih ostankov, se
sinteza usmeri v lumen zrnatega endoplazmatsketjaultena, signalni peptid pa se
odstrani s signalno peptidazo. N-glikozilacija jetranslacijska modifikacija, ki poteka
samo na asparaginskem ostanku na peptidnih skupegioredjih éngl. consensus
sequence) Asn-X-Ser ali Asn-X-Thr, kjer je X lahkaterakoli aminokislina razen
prolina, ¢eprav imajo nizjo dovzetnost za kisle aminokislime levcin (Gavel in
Vonheijne 1990; Kasturi in sod.1997; Kasturi in sod.1995; Shakin Eshleman in sod.
1996. Potrjenih je bilo samo dve tretjini potencialiMikglikoziliranih skupnih zaporedij
Asn-X-Ser/Thr (Apweiler in sod. 1999. Preferetno oligosaharid transferaze (OST)
izberejo Thr pred Ser v Asn-X-Thr/Ser zaporedNilsson in von Heijng 2000.
Ugotovljena je bila tudi sekvenca Asn-X-Cys, ki g& redkeje pojavlja. N-glikozilacija
poteka s®asno s sintezo proteina in je pomembna za praviuide proteinov.
Nepravilno zvit protein prepozna Saperonski proteatneksin ali kalretikulin(Parodj
2000, ki se veze na glukozni ostanek. Nepravilno zpitteini se izlgijo iz ER v
citosol, kjer jih razgradi proteasom.

Poznamo tri glavne tipe N-glikozilacije:
- visokomanozni tip,

- kompleksni tip in
- hibridni tip.
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Visokomanozni tip ima poleg dveh N-acetilglukozamide najmanj 3 manoze. Nima
pa drugih vrst sladkorjev, kot jih ima kompleksip. tPoleg dveh N-acetilglukozamidov
ima vsa manozna mesta zasedena Se z drugimi vrsiaatkorjev. V kolikor je na
razvejani verigi kombinacija obeh, tako prostih wamh ostankov kot tudi drugih
sladkorjev, govorimo o hibridnem tigraylor in Drickameyr 2006).
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Slika 9: Shematski prikaz N-glikozilacij®ostopna tvorba ratiiih tipov glikanov (povzeto po
Hamilton in sod. 2006).

Ce na visokomanozni tip delujejo razne transferdadksrjev dobimo hibridno ali
kompleksno N-glikozilacijdHamilton in sod. 2006§. Kompleksna glikozilacija pote v
sredinskem delu GA. Encim, preko katerega potekag ostale modifikacije in je tako
iniciator razvejane glikozilacije, je N-acetilglukaminil transferaza | (EC 2.4.101)
(GnT1) (Yip in sod, 1997; Yoko-O in s0d.2003. Protein kodira gen MGAT1. Encim
doda GIcNAc na kotni manozni ostanek, temu sledi delovanje okoli 2p@cifinih
encimov (N-acetilglukozaminil transferaze, galakttransferaze in sialil transferaze), ki
v zaporedju dodajajo in odstranjujejo specié sladkorje(Varki in Kornfeld 1983.
Vrstni red delovanja N-acetilglukozaminil transiagalll (GnT3) in manozidaze I,
doloca tip N-glikozilacije. V primeru, da najprej deluignT3 pride do hibridniega tipa N-
glikozilacije, v nasprotnem pa do kompleksnega.tipa
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1.11.2 Usmerjanje proteinov v vezikle

Ko nastane visokomanozni tip N-glikozilacije, séKa v Golgijevem aparatu protein
nadalje sprocesira kar déldokalizacijo. Pomemba in specifia stopnja pri usmerjanju
proteinov v vezikle je modifikacija visokomanoznibligosaharidov s fosforilacijo.
Fosforilirani oligosaharidi so strukturno heterogém vsebujejo eno ali dve fosfatni
skupini. Manoza-6-fosfat (Man6P) je prepoznavningigza specitina receptorja, ki
usmerjata encime v lizosome. Nastanek Man6P katgbzdva encima. Najprej deluje N-
acetilglikozamin-1-fosfotransferaza (GIcNAc-1-fosmsferaza), ki veze GIcNAc-1-
fosfat iz UDP-GIcNAc na izbrane C6 hidroksilne sk manoz(Lazzarino in Gabel
1989. Mono in difosforilirane manoze so lahko dodaneadicna mesta oligosaharida v
a- 1,3 in a-1,6 verigi (Goldberg in Kornfeld 1981; Varki in Kornfeld 1983. Da
receptorji prepoznajo oztevalec Man6P je potrebna Se cepitev kompleksa. N-
acetilglikozamil-1-fosfodiester-alfa-N-acetilglukamnidaza (UCE) odstrani N-acetil-
glukozamidni ostanek iz fosfodiestra in izpostavarMP oznéevalec. Tako pripravljeni
proteini se lahko v trans-GA veZejo na receptorst@ata dva specifna Manoza-6-
fosfat receptorja (MPR). ManjSi ima molekulsko masbkDa in je kationsko odvisen
(MPR46), veji, z molekulsko maso 300 kDa (MPR300) pa je katlan neodvisen.
Razen po velikosti se razlikujeta v vezavnih lastiip nivoju izraZzanja, tkivnih
specifénostih in transportnih funkcijatliDahms in sod.2008. Oba MPR sta tip |
transmembranskih glikoproteinov.

Po vezavi proteina na receptor se tvori vezikeljekobdan s klatrinom. Vezikel se
zdruzi z endo/lizosomskim veziklom, ki zaradi nigkeendosomalnega pH sprosti encim
iz kompleksa MPR, receptor pa se recilkira naz&gA (Braulke in Bonifacinpg 2009.
Nekateri lizosomski encim se izognejo vezavi na MPRA in se izld@ijo iz celice.
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2 Namen dela

Vloga in delovanje &tni¢nih hormonov T4 in T3 v fizioloSkih in tudi v patskih
procesih je dokaj poznana. Pomembna sta za pradbiovanja sine, pljwne in
nevroloSke funkcije med homeostazo in boleznijo.nManan pa je mehanizem
sprog€anja obeh hormonov iz tiroglobulina. Ne poznamoanaio mesta, kjer poteka
cepitev, niti ne poznamo vseh encimov, ki razgeujtiroglobulin in omogdijo
sproganje gitni¢nih hormonov v kri. Vlogo N-glikozilacije pri proi@h, ki sodelujejo v
procesiranju T in Tz, so raziskovali na tiroglobulinu, TSH, ne pa natpmazah.
Pomembno je nat&no razumeti molekularne mehanizme pri spaogu Sitni¢nih
hormonov pri normalnem delovanju celic, kar bi namogailo razumeti delovanje pri
patoloskih stanjih.

Namen doktorskega dela je, da povezemo dosedanjgeza nasSimi raziskavami in
ugotovimo, kako vpliva sprememba N-glikozilacije lkalizacijo encima plazemska
glutamat karboksipeptidaza (PGCP) in s tem na del@vizven celice. Zaradi fizioloSke
pomembnosti smo raziskali viogo PGCP pri izverioelim spro&nju tiroksina (T4).

NaSe hipoteze so obsegale naslednje predpostavke:

* N-glikozilacija vpliva na znotrajcalno lokalizacijo oziroma na izé@nje
plazemske glutamat karboksipeptidaze iz celic.

« Katepsin C in plazemska glutamat karboksipeptiddedajeta zunajceaino in
procesirata tiroglobulin. Njuno delovanje in igmje naj bi bilo usklajeno in
natargno regulirano.

» Katepsin C katalizira hidrolizo N-terminalnega dél@globulina in odceplja
dipeptide, vklj¢no z dipeptidom s tiroksinom na petem mestu pratein
Plazemska glutamat karboksipeptidaza pa hidrolimstali dipeptid.
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3 Materiali in metode

3.1 Materiali in reagenti

3.1.1 Materiali

MiSja in kurtja protitelesa proticloveSkemu PGCP so bila pripravliena v nasem
laboratoriju, monoklonska protitelesa prétbveSkemu katepsinu C, ki ozhgejo tezko
verigo katepsina C, so bila kupljena pri Santa Gu&A), anti-GnT1 protitelesa so bila
kupljena pri Sigma (ZDA), kufja anti-PDI in anti-Golgin-97 so bila kupljena gdbcam
(Velika Britanija). Sekundarna kozja proti kyja in kozja proti miSja protitelesa
konjugirana z Alexa Flu6#88 ali Alexa Fluof546 so bila kupliena pri Dianova
(Germany). Vsi drugi reagenti, razen posebej onmeinjeso bili proizvod Sigma-Aldrich
(ZDA).

3.2 Ci&éenje in identifikacija ¢loveskega rekombinantnega PGCP

V naSem laboratoriju je bil pripravljen in izrazéloveski rekombinanti PGCRZajc in
sod, 201]) v insektnih celicat5f9 preko bakulovirusnega ekspresijskega sistemai Sest
dan ekspresije je bilo gofié odvzeto in pripravijeno za nadaljnjo obdelavat®n smo
cistili s kombinacijo razlinih tekainskih kromatografij ter ga okarakterizirali. Vsa
¢is¢enja, vkljkno s predhodnimi koraki, so bila narejena pri sdbemperature, razen v
pripisanih primerih.

3.2.1 Cis¢enje rekombinantnega PGCP

Brezserumski nemoten supernatant (400 ml), ki gbesal rekombinanten encim, je bil
centrifugiran Sesti dan po infekciji. RekombinanBGCP v supernatantu smo najprej
cistili na hidroksiapatitni koloni. Kolono smo preatino uravnotezili s pufrom (0,05 M
NaH,PO, pufer pH 5,9; 0,2 M NaCl). Po nanosu vzorca smistim pufrom odstranili
nevezane proteine pri pribliznem pretoku 1 ml/mlapiranje smo kontrolirali z
merjenjem absorbance pri 280 nm in ga nadaljedakler se vrednost ni ustalila blizu
nicle . Nato smo vezane proteine eluirali z elucijskinfrom (0,5 M NaHPO, pufer, pH
5,9, 0,2 M NaCl) pri pretoku 0,5 ml/min. Eluiranopeinski vzorec smo zdruZili in
dializirali preko n@i pri 4 °C proti dializnemu pufru (20 mM Tris/HCUger, pH 7,0).

Sledila je anionsko izmenjevalna kromatografija MonoQ™-Sepharose (GE
Healthcare, ZDA) z uporabo tekoske kromatografije za hitro devanje proteinov
(FPLC - fast protein liquid chromatography). Kolojeabila predhodno uravnotezena z
nanaSalnim pufrom (20 mM Tris/HCI buffer, pH 7,Bxotein smo eluirali z linearnim
gradientom 0 do 0,5 M NaCl v nanaSalnem pufru w80utah pri pretoku 1 ml/min.
Frakcije z dipeptidazno aktivnostjo (opisano v elkd 3.3.1 ) na dipeptidni substrat Ser-
Met smo zdruzili irgistili naprej.
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Sledilo je ¢is¢enje z uporabo gelske kromatografije na FPLC. ZsJanje smo
uporabili kolono Superdex™ 200 HR (GE HealthcarBAX Za elucijo smo uporabili
pufer (20 mM Tris/HCI pufer, pH 7,5; 0,15 M NaClj pretoku 0,5 ml/min. Zbirali smo
frakcije velikosti okrog 100 kDa in jim testiralneimsko aktivnost na dipeptid Ser-Met.

Za lctevanje aktivne oblike PGCP od neaktivne smo upbraéfinitetno
kromatografijo na koloni Phe-Leu—sefarof@ingras in sod. 1999; Pshezhetsky in
Potier 1994). Gel za afinitetno kromatografijo smo pripravib pavodilih proizvajalca za
vezavo dipeptida. En gram epoksi aktivirane sefa(&E Healthcare, ZDA) smo izpirali
na steklenem filtru z 200 ml destilirane vode ikuhirali s 5 ml 0,25 M dipeptidom Phe—
Leu (Sigma, ZDA). Ta je bil raztopljen v 0,02 M NBOVezava je potekala 24 ur pri 37
°C pri stalnem meSanju. Neaktivirane epoksi skugim® blokirali z nadaljnjo 4 urno
inkubacijo gela v 1 M etanolaminu, pH 10,8. Prigj@v gel smo nanesli v stekleno
kolono in spirali z destilirano vodo, 0,1 M natvien bikarbonatnim pufrom, pH 8,0 in 20
mM natrijevim acetatnim pufrom, pH 4,75; z dodatk®rh5 M NacCl.

Kolono z dipeptid-sefarozo smo uravnotezili z 20 mtrijev acetatnim puferom, pH
4,75; 0,15M NacCl. Vzorec po gelski kromatografii,je vseboval PGCP (6 ml), je bil
predhodno nakisan na pH 4,75 z dodatkom priblizmol 2,1 M natrijevega acetatnega
pufra, pH 3,5, ki je vseboval 1 M NaCl. MeSanicaoseentrifugirali (16,000 rpm, 4 °C) 5
minut in supernatant nanesli na kolono. Nevezangepre smo izpirali s kolone s 30 ml
izpiralnega pufra. Vezani PGCP je bil eluiran znééitne kolone z 20 mM Tris/HCI
pufrom, pH 7,5. Aktivhi PGCP se je izibv enem samem vrhu v prvih 2 ml elucijskega
pufra. PGCP smo skoncentrirali na 3 mg/ml z Amftattra 10K (Milipore, Irska).

Po vsakem koraktiS¢enja smo analizirali proteine z NaDS-PAGE analizglienosu
po WesternuCisti aktivni PGCP je bil nestabilen in encim je g aktivnost v dveh
dneh. Nasprotno pa je bil proencim stabilen po zaranju na -20 °C.

3.2.2 Dolo¢anje koncentracije proteinov

3.2.2.1Spektrofotometri¢no doloanje koncentracije proteinov

Absorbanco smo merili pri valovni dolzini 280 nm spektrofotometru Lambda 11
(Perkin Elmer, ZDA) v kiveti iz kremenovega steldaine 1 cm. S poenostavitvijo
Lambert-Beerovega zakona smo preko absorbancéuimh koncentracijo proteinov
med posameznimi stopnjakiscenja.

3.2.2.2Dolo¢anje koncentracije proteinov po Bradfordovi metodi

Po potrebi smo uporabili metodo za d@wanje koncentracije proteina po Bradfordu.
Princip temelji na nastanku obarvanih kompleksovdmidgslo raztopino barvila
Coomassie Blue in aminokislinskimi ostanki protein® plasténi kiveti smo zmesSali
100 ul primerno retknega vzorca v vodi in 1 ml Bradfordovega reagértankubirali 5
min pri sobni temperaturi. Izmerili smo absorbamrd 595 nm na spektrofotometru
Lambda 11 (Perkin Elmer, ZDA). Kot slepi vzorec soqmorabili vodo. 1z predhodno
pripravljene umeritvene krivulje, pripravljene zvggim serumskim albuminom, smo
oditali koncentracijo, ko je bila absorbanca v lineam obmeju pri Asgs med 0,2 in 1,0.
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3.3 Poliakrilamidna gelska elektroforeza v prisotnostiNaDS

Elektroforeza z dodanim denaturantom natrijevimediidulfatom (NaDS) je potekala na
12,5 % poliakrilamidnih gelih debeline 1 mm. Za koio velikosti smo nanesli
proteinske standarde 1811# (Fermentas, Litva). Pr@tosom smo vzorcem dodali
nanasalni pufer (100 mM TRIS, 200 mM DTT, 4 % NaD2, % bromfenol modro, 20 %
glicerol) in segrevali za 5 minut pri 100 °C. Eleloreza je potekala na aparaturi
Miniprotean 1l (Bio-Rad, ZDA) pri konstantnem told% mA/gel, dokler barvilo iz pufra
ni potovalo do spodnjega dela gelov. Po dam elektroforezi smo gel pripravili za
nadaljne poskuse. Za obarvanje proteinov v gelu smporabljali 0,2 % raztopino
Coomassie Brilliant Blue. Z metodo smo ugotavk#dtost rekombinantih proteinov.

Elektroforezo smo uporabili tudi kot prvo stopnj grenos na PVDF membrano pri
dolocanju aminokislinskega zaporedja. Z metodo sndevali proteine cetinih lizatov in
gojis¢, ki smo jih nato s prenosom po Westernu preneslinitrocelulozno NC-45
membrano (Serva, Neiig).

3.3.1 Dolo¢evanje dipeptidazne aktivnosti

Aktivnost PGCP smo merili na spektrofluorimetru KreiElmer LS-50 (ZDA).
Uporabljali smo kivete iz kremenovega peska in tpri valovni dolzini eksitacije 390
nm in emisije 475 nm. Fluorescenco smo dilla merjenjem za&etne hitrosti hidrolize
fluorogenega substrata Ser—Met (Sigma, Velika Bijga pri 37 °C. Ena enota je
definirana kot kollina encima potrebnega za pretvorbagmola substrata na minuto pod
opisanimi pogoji. Postopek merjenja dipeptidaznévasti rekombinantnega PGCP in
vzorcev gojiga smo naredili na sledienatin. V 910ul reagenega pufra (0,1 M natrijev
acetatni pufer, pH 5,5), ki je vseboval 15 mM cimga acetata, smo dodali gbvzorca
z encimom. V tako pripravljeno zmes smo dodaliyi230 mM substrata Ser—Met. Na
zatetku vsake dve minuti in kasneje na 10 min do gl ene ure smo odstranili iz
reakcije po 20 pl reagéne zmesi in reakcijo ustavili z dodatkom 7QD 20 mM
natrijevega boratnega pufra, pH 8,55. Nato smo ko8& pl fluoreskamina s
koncentracijo 0,2 mg/ml (FlurainRoche, Svica. Vsebino kivete smo takoj premesali i
izmerili absorbanco vzorca pri 475 nm.

Kontrolo smo izvedli na na enakdia, le da smo dodali substrat po prekinitvi readcij
Z boratnim pufrom. Kvalitativni test za aktivnoSE€P je bil validiran z dodatkom NaCl
v koncentracijah do 0,2 M. Naklon premice skozik&y ki smo jih dobili z meritvami
predstavlja kvalitativni test za aktivnost rekomdnimega PGCP.

3.3.1.1Meritve inhibicije rekombinantnega encima

Znizanje aktivnosti PGCP ob prisotnosti inhibiterjenetaloproteinaz smo merili pri
kor¢nih koncentracijah 0,25 mM EDTA, 0,1 mM and 1 mM BA (dietilen-triamin
pentaocetna kislina), 0,25 mM bestatin. Dodatno sspazovali vpliv karnozina in
tiroksina (T4) na aktivnhost PGCP. Raztopina kamaze bila 0,25 mM, medtem ko je
bila koncetracija tiroksina 10 uM.
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3.4 Priprava cDNK proteinov za heterologno izrazanje vsesalskih
celicah

S pomd@jo metod molekularne biologije smo za pripravo zZznga vejih kolicin
proteinov v sesalskih celicah pripravili rekombitra plazmide, ki so vsebovali zapis za
cDNK Zelenih encimov. Za kloniranje smo uporab#ktor za kloniranje pGE@LT Easy
(Promega, ZDA). Za izrazanje rekombinantnega gemanjegovih mutantov pa
ekspresijske vektorje pcDNA3.1(-) (Invitrogen, ZDAEGFP-N2 (Clontech, ZDA) in
pDsRED-Monomer-N1 (Clontech, ZDA). Izbrani vektoza izrazanje so nam omago
izraZzanje naSega encima brez ali s fuzijskim pnotei v sesalskih celicah HEK 293 in
FRTL-5.

3.4.1 Nac¢rtovanje oligonukleotidov

3.4.1.1Na¢rtovanje oligonukleotidov za pripravo divjega tipa PGCP in
njegove aktivne katalitske oblike s fuzijskim proténom

Za izvedbo raziskav smo pripravili divji tip PGCR, rd&im fuzijskim proteinom
(pDSRed-monomer-N1 red fluorescent protein RFPhjegovo katalitsko mutanto z
zelenim fuzijskim proteinom (pEGFP-N2 green flu@as proteinom GFP). Na osnovi
znanega nukleotidnega zaporedpethesda 2011; Dolenc in Mihelic 2003 smo
nartovali smerna in protismerna oligonukleotida, &igilegata z&etnemu 5' oziroma 3'
koncu PGCP. Zgetni oligonukleotid je bil sestavljen iz Sttkga konca, restrikcijskega
mesta zaXhd, Kozakovo sekvenco in prilegdjo5' del signalnega zaporedja PGCP
(oligonukleotid PGCP-N1). Protismerni oligonukletitso se razlikovali, ker je divji tip
vseboval stop kodon za vektor pcDNA3.1(-), vektgaSred-monomer-N1 in pEGFP-
N2 pa imata zamaknjem bralni okvir glede na pcDNA®Iligonukleotidi so sestavljeni
iz 3' konca zaporedja PGCP, po potrebi odstranjestop kodonom in restrikcijskega
mesta za&Kpnl. S poma@jo programa »Insilico.ehu.es —DNA to protein tratisih« smo
preverili pravilnos bralnega okvirj@ikandi in sod, 2004).

Preglednica 2Nacrtovani oligonukleotidi za pripravo PGCP brez aliuzijskim proteinom
Preglednica prikazuje zatni oligonukleotid (PGCP-N1) in tri kéne, ki se razlikujejo v stop
kodonu (odebeljeno) in bralnem okvirju (odebelj@mpodirtano) PoSevno in pédano je
ozna&eno restrikcijsko mesto 2¢éhd ali Kpnl.

Ime oligonukleotida Zaporedje oligonukleotidov strékcijsko mesto
PGCP-N1 5'- ACATTCGAGSCCGCCACCATGAAATTCCTTATC - 3" Xhd
PGCP-red 5- GTGTEGTACCCGGACCTAGGCAGCATTTC - 3' Kpnl
PGCP-green 5- GTGTBGTACCGGACCTAGGCAGCATTTC- 3 Kpnl
PGCP-Stop 5- GTEGTACCTAGGACCTAGGCAGCATTTC - 3' Kpnl

3.4.1.2Nadrtovanje oligonukleotidov za pripravo katepsina C sfuzijskima
proteinoma
Pripravili smo tudi katepsin C s fuzijskima prot@na GFP in RFP. Postopek priprave je

podoben postopku opisanem v razdelku (3.4.1.1palesmo pri n&tovanju uporabili
zaporedje za katepsin C.
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Preglednica 3Nacrtovani oligonukleotidi za pripravo katepsina C w@zifskim proteinomV
preglednici vidimo en zmtni oligonukleotid (KC-N1) in dva kama oligonukleotida, ki se
razlikujeta v bralnem okvirju (velikérke). Podrtano je restrikcijsko mesto 2&hd in Kpnl.

Ime oligonukleotida Zaporedje oligonukleotidov strékcijsko mesto
KC-N1 5'- gacatctcgagccaccatgggtgctgggcecct - 3' Xhd
KC-Cg 5'- gtaggtaaraatttaggaattggtgtg - 3' Kpnl
KC-Cr 5'- gtaggtadCccaatttaggaattggtgtg - 3' Kpnl

3.4.1.3Naértovanje oligonukleotidov za pripravo deglikozilaciskih mutantov

Pred nértovanjem z&etnih oligonukleotidov za glikozilacijskih mutantosmo preverili
potencialna glikozilacijska mesta. Uporabili sme@gnam “NETGLY” (Blom in sod,
2004. Na osnovi dobljenih potencialnin mest smo sebtaligonukleotide. Triplet
nukleotidov za asparagin smo spremenili v tripketatanin, kar je zahtevalo spremembo
dveh nukleotidov. Ker sta mesti 353 in 356 zelaulismo pripravili oligonukleotida, ki
sta hkrati zajemali obe mutaciji.

Preglednica 4Nacrtovani oligonukleotidi za pripravo glikozilacijgkimutantov PGCPV prvem
stolpcu je tako podano mutirano mesto cDNK proeadjgtevilka), ker je asparagin (N)
spremenjen v alanin (A). V drugem stolpcu pa sdzaam pari oligonukleotidov, ki so potrebni za
pripravo mestno spectiie mutacije. Z velikérkami so oznéeni spremenjeni nukleotidi.

Mutirano mesto Zaporedje parov smernih in protisrieoligonukleotidov
N61A 5'-tatggtaaagcccagGCcagatcctatgagcga- 3'
5'-tcgctcataggatctgGCctgggctttaccata- 3'
N179A 5'-aaccaaccttacatcGCctactcaaggacggtg- 3'
5'-caccgtccttgagtagGCgatgtaaggttggtt- 3'
N353A 5'-cagttacacaaggtaGCtatttccaactacagt- 3'
5'-actgtagttggaaataGCtaccttgtgtaactg- 3'
N356A 5'-aaggtaaatatttccGCctacagtctggtgatg- 3'
5'-catcaccagactgtagGCggaaatatttacctt- 3'
5'-ctgctgcagcccctcGCtatcactcaggtcctg- 3'
N396A \ .
5'-caggacctgagtgataGCgaggggctgcagcag- 3
N353A/N356A 5'-aaggtaGCitatttccGCctacagtctggtgatg- 3'

5-catcaccagactgtagGCggaaataGCtaccitt- 3'

3.4.2 Verizna reakcija s polimerazo (PCR)

S pomajo verizne reakcije s polimerazo smo pomnozevaliNED nacrtovanih
konstruktov PGCP, katepsina C in ¢rtavanih mutantov PGCP 2z opisanimi
oligonukleotidi . Za mattino cDNK smo uporabili dednino za PGCP in katepsin C
pripravljenih na naSem oddelkDolenc in Mihelic 2003; Paris in sod1995. V 2,5 ul
10X reakcijskega pufra smo dodali 1,0 pl matei cDNK, po 0,6 pl 10 uM ( 100 uM v
primeru priprave mutantov s po)o mestno speciéne mutageneze) 5'-smernega in 3'-
protismerni mutagenega oligonukleotida, 1,0 pl 1@ mmesi dNTP, 0,5 pl Pfu DNK
polimeraze (2,5 U/ul, Fermentas, Litva) ter dopoindH,;O do kortnega volumna 25pl.
Za verizno reakcijo s polimerzo smo uporabili apa@ »2720 Thermal cycler«
proizvajalca Applied Biosystems (Velika Britanija)

V spodnji tabeli je prikazan program, ki smo ga nabdli pri verizni reakciji s
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polimerazo (PCR) za pripravo ¢reovanih konstruktov PGCP, katepsina C iknt@vanih
mestno specifnih mutantov PGCP.

Preglednica 5Program PCR za pripravo cDNK gdovanih konstruktovOpisani so procesi, ki
so potrebni pri namnoZevanju dednine pri detdh temperaturah za dékncéas v optimalnih
ponovitvah (Stevilo ciklov). 1) Vrednosti za kondtte PGCP. 2) Vrednosti za konstrukte
katepsina C. 3) Vrednosti za pripravo mestno spgeafmutageneze.

Proces T (°C) ¢as (min) Stevilo ciklov
denaturacija dvoverizne DNK 95 3 1
denaturacija dvoverizne DNK 95 1

prileganje zaetnih oligonukleotidov 48/ 52/ 55° 1 3’/ 18
podalj$evanje verige 72 Ly 14

kontno podalj$evanje verige 72 Y0 14 1
ohlajevanje 4 0

Za pripravo dvojnega mutanta N353A-N356A smo namesatrtne cDNK divjega
tipa PGCP uporabili predhodno mutiran N353A. Podobmo naredili za trojni mutant
N353A-N356A-N396A (N3xA), pri tem da matrio cDNK je predstavljala prej omenjen
dvojni mutant.

(P94

3.4.3 Ligacija, transformacija, ¢iSéenje in preverjanje zaporedij

Dobljene PCR produkte smo vstavili v vektor pGEM@&:=&sy (Promega, ZDA) po
navodilih proizvajalcalWang, H. in Perry201]). Ligacija je potekala 4 ure na sobni
temperaturi. Dobljeno rekombinantno cDNK smo s d¢farmacijo s temperaturnim
Sokom vstavili v bakterijske celicEscherichia coli seva DH& (Invitrogen, ZDA). V
primeru priprave mutantov specifie mutageneze smo PCR produkt inkubirali 90 minut
z dodatkom 0,5 pDpnl (Fermentas, Litva). Zmes smo bré&zcenja transformirali v
bakterijskih celicalk. coli DH5o.

Naslednji dan smo izbrane kolonije prenesli v tekgojife z ustreznim antibiotikom
in ob stresanju inkubirali preko &na 37 °C. Temu je sledila izolacija plazmidne DRK
uporabo komercialnega kita “The Wizard®us Minipreps DNA Purification (Promega,
ZDA) po navodilih proizvajalca. Del vzorca&iétene plazmidne cDNK smo poslali na
dolocevanje nukleotidnega zaporedja v Macrogen (J. l&prej

3.4.4 Priprava veckratnih deglikozilacijskih mutantov

Pri pripravicetvernega mutanta N61A-N353A-N356A-N396A (N4xA)paternega, oz.
popolnega (N5xA) mutanta, smo se posluzili tehnidlekularnega kloniranja. Najprej
smo pripravilicetverni mutant. Plazmidno cDNK trojnega mutantaxMg3in enojnega
mutanta (N61A) smo rezali z restrikcijskima enddeakamaxhd in Bglll po navodilih
proizvajalca (New England Biolabs, Velika Britanij&Z agarozno elektroforezo smo
locili DNK fragmente. 1z 0,8 % agaroznega gela smeazafi fragmenta velikosti okrog
1000 bp, in 3500 bp in jucestili s kitom "WIZARD®SV Gel and PCR Clean-Up
System" po navodilu proizvajalca (Promega, ZDA)ed#h je ligacija fragmentov v
razmerju 3:1 (f-1000:f-3500) s T4 DNK ligazo (Newdtand Biolabs, Velika Britanija)
po navodilu proizvajalca. Tako pripravlijen plaznmsdho transformirali v bakterijske
celice E. coli DH5a in iz nekaj izbranih kolonij smo izolirali plaznmd DNK ter jim
preverili nukleotidno zaporedje (Macrogen, J. Ka)ej
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Slika 10: Shematski prikazetvernega in peternega mutanta v vektorju pGem-gyH2ostopek
priprave mutantov s poni orodij molekularnega kloniranja.

V primeru priprave peternega mutanta pa je bil agpapisan postopek ponovljen.
Namesto trikratnega mutanta in enojnega N61A matata bila uporabljena Stirikatni
mutant in enojni N179A mutant ter restrikt&saB in Bglll.

3.5 UtiSanje izrazanja gena PGCP

Pri pripravi kratkih nukleotidnih zaporedij (SiRNKpg utiSanje gena za podganji PGCP
smo sledili navodilom proizvajalva vektroja pSilen8.1.puro Ambion (ZDA). Najprej
smo poiskali 21-nukleotidno zaporedno ciljnoétar mMRNK, ki se zéne z zaporedjem
AA. Pri tem smo si pomagali s programom »siRNA Ear§inder«, ki se nahaja na
internetni  strani  proizvajalca  (www.ambion.com/t#aimisc/siRNA_finder.html)
(Ambion, ZDA). Program nam je ponudil 114 zadetk8trategija iskanja je bazirana na
opazovanijih raziskovalcev instituta Max Plar{@&bashir in sod.2001J), kjer siRNK na
3 privesku morata biti UU nukleotida. Pri izbiri smupoStevali navodila proizvajalca, da
je vsebnost nukleotidov GC med 30 % in 50 %. lizlsano tri zaporedja na razhih
delih molekule. I1zbrana zaporedja smo nato printiezjananimi podganjimi genomskimi
bazami. Na podlagi oznake ¢aega gena program ponudié¢vpotencialno dinkovitih
nukleotidnih zaporedij siRNK za utiSanje gena. #brsmo tri razlkna zaporedja
(preglednica 6). Izbrali smo tudi primerno negadiwontrolo siRNK, ki nima homologije
z geni vretedarjev, ima pa primerljiv delez parov GC z izbranimolekulami siRNK.
Izbrana smerna in protismerna zaporedja smo nata\sk v zankasto shRNKafgl.
short hairpin RNA) po navodilih proizvajalca (AmhioVelika Britanija) ter shRNK
vstavili v plazmid pSilencer3.1.puro. Dobljen pladnsmo s transfekcijskim reagentom
vstavili v FRTL-5 celice po postopku opisanim vaalku 3.6.3 . Za dol@vanje vpliva
na utiSanje izrazanje gena v celicah FRTL-5 smpravili tri razlicne molekule shRNK
in jih preverili v dveh ponovitvah.
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Preglednica 6Nacrtovani oligonukleotidi za pripravo shRNK prvem stoplpcu je podana
oznaba naklj&no izbranih zaporedij RNK. V drugem stolpcu so¢am uporabljeni pari za
pripravo srvektorjev.

Mutirano mesto Zaporedje parov smernih in protisnteoligonukleotidov

5'- agcttttccaaaaaagagggaagattgttgtttatctcttgedta
shRNK1 .
5'- gatccgagggaagattgttgtttattcaagagataaacaacsiatc
5'- agcttttccaaaaaagctatatacaagagtggtgtctctiganca
5'- gatccgctatatacaagagtggtgttcaagagacaccact8tigt
5'- agcttttccaaaaaacaagaaggaagaaccttgttctcttgdaac
5'- gatccgcaagaaggaagaaccttgtttcaagagaacaaggttctt

ShRNK2

ShRNK3

3.6 Metode dela s celicami

3.6.1 Gojenje celic HEK 293

Celicno linijo ¢loveSkih embrionalnih celic ledvic (HEK 293), dadbip iz Evropske
zbirke celénih kultur (European Collection of cell Culture €EECC, UK), smo gojili v
DMEM goji&u obogatenem z 10 % govejim serumom (FBS: fetalineogerum), v
kombinaciji z antibiotikoma (100 U/ml penicilin it00 mg/ml streptomicin). Celice smo
inkubirali na 37 °C v z vodno paro néesii atmosferi ob prisotnosti 5 % GGGoji%e
smo zamenjevali dvakrat do trikrat na teden alipptrebi za vzdrZevanje optimalnih
pogojev rasti. Dva dni po precepljanju smo zamergajisée in ga za metabdlie
poskuse nadomestili s svezim brez-serumskim &S ki je vseboval Nutridomo-SP
(Roche, Svica). Vse poskuse s HEK 293 celicami saredili v pasazah od 6 do 12.

3.6.2 Gojenje celic FRTL-5

Celi¢no linijo podganijih &itni¢nih celic (FRTL-5), dobljeno iz Evropske zbirke i¢aih
kultur (European Collection of cell Culture - ECACUK), smo gojili v dopolnjenem F-
12 Ham Coon-ovem modificiranem gd@jisobogatenem s 5 % t&jen serumom (NCF:
newborn calf serum), 10 mM natrijev hidrogen kaidton(NaHCQ,) in meSanico Sestih
substanc (6H: 1 mU/ml goveji TSH, 2 pg/ml govegutin, 5 nM hidrokortizon, 5 pg/ml
transferin, 10 ng/ml somatostatin, and 2 ng/ml icighistidil-lizin) v kombinaciji z
antibiotikoma (100 U/ml penicilin in 100 mg/ml gtemicin) ter antifungicidom 2 pg/ml
amfotericin B. Celice smo inkubili na 37 °C v z vad paro nasieni atmosferi ob
prisotnosti 5 % C@ Gojie smo menjavali dvakrat tedensko ali po potrebi za
vzdrzevanje optimalnih pogojev rasti. Dva dni pegapljanju smo zamenjali gaj& in
ga za metabalne poskuse nadomestili s svezim brez-serumskinicgoi, ki je vseboval
Nutridomo-SP (Roche, Svica) v prisotnosti Sesti)(@li treh (3H: 5 nM hidrokortizon, 5
pg/ml transferin in 2 ng/ml L-glicil-histidil-lizih meSanicah. Vse poskuse s FRTL-5
celicami smo naredili v pasazah od 4 do 10.



Materiali in metode 29

3.6.3 Transficiranje celic

Celicno linijo ¢lovesSkih zarodnih celic ledvic (HEK 293) ali c&lb linijo podganjih
&itni¢nih celic (FRTL-5) smo nagojili do 70 % konfluenstio Plazmide z vstavljeno
cDNK Zelenega encima (kéna koncetracija 2g cDNK na 2 ml goji&a) smo razretili

v 100l gojisca opti-MEM® (Invitrogen, ZDA) ter dodali 41 FUGENE® 6 Transfection
Reagent (Roche, Svica) ter pustili 15 minut. Naho snesanico previdno dodali celicam.
Po 8 urah smo celicam zamenjali g&gi$ svezim.

3.6.4 Precepljanje in tripsiniziranje celic

Celicam smo odstranili gojigé in jih dvakrat sprali s 5 ml 1x PBS (Lonza, Valik
Britanija). Dodali smo jim na 37 °C ogret TrypLEI&&® (Gibco, Velika Britanija) in jih
pustili v inkubatorju za 15 min, oziroma dokler siso vse celice odlepile od povrSine.
Celice smo resuspendirali v 1:1 meSanici F-12 MiEHM gojis¢a in PBS (145 mM NacCl,
3 mM NaHhPO, x 2H0, 8 mM NaHPO, x 2H,O, pH = 7,2) ter jih prenesli v 15
mililitrsko centrifugirko in jih centrifugirali zé&b min na 1000 rpm. Odsesali smo otive
mesSanico ter jih resuspendirali v 1 ml svezegasgmji Obtajno smo jih razdelili v
razmerju 1:4 celice proti mediju oziroma r&ab Stevilo celic v razéine posode odvisno
od poskusa, ki smo gadréovali.

3.6.5 Zamrzovanje in odmrzovanje celic.

Pri zamrzovanju smo konfluentnim celicam odstragiiiXe, jih sprali s PBS ter jih
tripsinizirali. Odlepljenim celicam smo dodali me&o goji€a in PBS (1:1), ter jih
centrifugirali za 5 minut pri 1000 rpm. Supernatasino odstranili, celice pa
resuspendirali v ohlajenem zamrzovalnem ¢oji§L0 % DMSO, 40 % NCF ali FBS, 50
% F-12 ali DMEM goijigu) in jih prenesli v zamrzovalne viale ter jih shita¢ez n@ v
zamrzovalnik na -80°C ter smo jih shranili naslédiajn v tekdi dusik. Pri odmrzovanju
smo vzeli celice iz tekmga dusika in jih na hitro odtalili, prenesli v b centrifugirke z
10 ml PBS, ter jih centrifugirali 5 min pri 1000mp PBS smo odstranili in celice
resuspendirali v novem popolnem F-12 ali DMEM gajiger prenesli v razine rastne
petrijevke.

3.6.6 Priprava popolnega celénega lizata s pufrom RIPA

Goji&e in odlepljene celice smo prenesli v 15 ml cemgjitko in centrifugirali 5 minut

na 1000 rpm. Celice smo nato dvakrat sprali v em@mn PBS pufru in jih tripsinizirali
(3.6.4). Celtni pelet smo resuspendirali v 4Q0pufra RIPA (50 mM Tris/HCI, pH 8,0;

100 mM NaCl, 1 % NP-40, 0,5 % deoksiholna kisligd, % NaDS) ter jih inkubirali 5-

10 min na ledu. Nato smo jih 10 min centrifugiraia 4 °C ohlajeni centrifugi pri 14000
rpm. Supernatant smo prenesli v sveZzo mikrocewgfirko ter zamrznili na -80 °C
oziroma takoj uporabili. Pripravljene lizate pufrolRIPA smo uporabili za

immunodetekcijo proteinov, vpliv hormonov, merjenjatepsinske aktivnosti ali
dolotanje prostega tiroksina (T4).
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3.6.7 Priprava popolnega celénega lizata s pufrom NP-40

Postopek priprave je podoben kot pri prejSnjemelad(3.6.6 ). Namesto pufra RIPA je
bil uporabljen pufer NP-40 (20 mM Tris/HCI, pH 8137 mM NaCl, 10 % glicerol, 1 %
NP-40), kar nam je omogibo pripravo lizatov za deglikozilacijske Studije.

3.7 Invitro cepitev tiroglobulina z katepsinom C

Tiroglobulin iz prasije itnice je sodelavec izoliral na naSem oddelku p@awdjenem
postopku(Herzog in s0d.1992. 50 pug Tg smo inkubirali z 0,25 pg katepsina @ufru,

ki simulira pogoje zunajcelnega matriksa(Jordans in sod.2009 (pripravljen z
mesSanjem 6,9 ml 200 mM citronske kisline, 87,1 90 2nM natrijevega fosfata ter 9,58
mg L-cisteina) pri pH 7,2. Inkubacija je potekalau@ in 24 ur pri 37 °C.Cloveski
rekombinantni katepsin C je bil pripravljen v naSetmoratoriju.

3.8 Invitro deglikozilacija PGCP in katepsina C

Deglikozilirali smo endogenege proteine lizata @pgjenega s pufrom NP-40 iz celic in
brez serumskega gaj& obogatenega z Nutridomo-SP (Roche, Svica). Qudtsao N-
vezane glikane z endoglikozidazama PNGazo F alioEAd(New England Biolabs,
Velika Britanija). Deglikozilacija je potekala pokkduciraj@imi pogoji. Sledili smo
navodilom proizvajalca in uporabili prilozene kemile. Vzeli smo 9 ul lizata in mu
dodali 1 pl D1 pufra. Sledilo je 10 minutna inkulpagri 100 °C. Raztopini smo dodali
2ul G5 pufra (Endo H) oziroma G7 pufra (PNGaza té) po 1 pl vsakega
deglikozilacijskega encima. V primeru PNGaze F siodali Se 2 pl 1 % raztopine NP-
40 ter oboje dopolnili do 20 pl z dB. Vse reakcije so potekale v duplikatih.
Deglikozilirani lizati in goji€a smo karakterizirali preko NaDS poliakrilamidndsge
elektroforeze in prenosa po Westernu z imunokemnijskietodami.

3.9 Polsuhi prenos proteinov iz poliakrilamidnega gelana PVDF
membrano v elektricnem polju

Pripravljene gele za prenos na PVDF membrano saralsR4 ur na temperaturi 4°C, da
so se oksidirali prosti radikali, ki bi se vezala mN-terminalni del proteina in tako
prepre&ili njegovo degradacijo. Pri elektroforeznem pranssno uporabili aparaturo za
polsuhi prenos proteinov (Owl Separation SysteniFAY Sequi-Blot PVDF membrano
(Bio-Rad, ZDA), ki smo jo predhodno aktivirali zaminuto z metanolom. V sestavljeno
aparaturo smo na anodo polozili filter papir, oelaz pufrom (25 mM TRIS, 8 mM
glicin, 0,04 % NaDS, 20 % metanol), PVDF-membragel, filter papir in pokrili s
katodo, ki je hkrati pokrov aparature. Prenos gatr2 uri pri sobni temperaturi in toku
35 mA. Po kotlanem prenosu smo membrano barvali z barvalno raztof®,1 %
Comasie Blue Briliant R250, 40 % MeOH, 0,5 % {C@OH) ter jo razbarvali z
razbarvalno raztopino (50 % (v/v) MeOH). Na konowsmembrano sprali z dB in jo
suSili na zraku. Vidne proteinske lise smo izrealimembrane in jih uporabili za
dolocevanje aminokislinskega zaporedja.
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3.10Detekcija proteinov po Westernu

Po kortani NaDS-PAGE smo proteine prenesli na nitrocelubomembrano (Sigma,
ZDA). Za prenos po Westernu smo uporabili apararargolsuhi prenos proteinov (Owl
Separation Systems, ZDA). V sestavljeno aparatoro sa anodo polozili filter papir,
ovlazen s pufrom (25 mM TRIS, 8 mM dglicin, 0,04 %asS, 20 % metanol),
nitrocelulozno membrano, gel, filter papir in pdksi katodo, ki je tudi pokrov aparature.
Prenos je trajal 2 uri pri sobni temperaturi int@s mA.

3.11Imunodetekcija

Po kortanem prenosu smo nezasedena vezavna mesta naelolomci membrani
blokirali s 3 urno inkubacijo v blokirnem pufru @ posneto mleko v prahu, 0,1 %
Tween, v PBS pufru). V pufru za blokiranje smodiedudi vsa protitelesa. Membrano
smo inkubirali s primarnimi protitelesi preko digri 4 °C ali 2 h pri sobni temperaturi.
Po inkubaciji smo membrano 6 krat sprali s PBS-esaki po 15 min, nato je sledila 2
urna inkubacija v raztopini sekundarnih protitiggl&onjugiranih s hrenovo peroksidazo
(Jackson ImmunoResearch Laboratories, ZDA). Menmbsano ponovno spirali s PBS.
Primarna protitelesa smo @lit 1/1000 za aktin, GnT1, katepsin C in PGCP. Belarna
protitelesa smo redi 1/3000 v blokirnem pufru (antikutja, antimiSja in antikozja
protitelesa). Proteine na membrani smo detektimlppomd@jo sistema na osnovi
kemoluminiscence. Uporabili smo reagent ElectroGhaminescence ECL (GE
Healthcare, Germany) po navodilih proizvajalca.dRetja je potekala na fotografijskih
filmih (Kodak, ZDA). Razvijanje fotografskih filmowpa je potekalo avtomatsko na
aparaturi SRX-101A (Konica Minolta, ZDA).

3.12 Dolo¢anje aminokislinskega zaporedja

Za dolatanje aminokislinskega zaporedja na N-terminalnelu giteina smo uporabljali
avtomatizirano Edmanovo metodo na sekvenatorjuis¥ot92A (Applied Biosystems,
ZDA). Kon¢ni produkti Edmanove degradacije, feniltiohidangkinderivati aminokislin

so bili analizirani na aminokislinskem analizatoffppplied Biosystems, ZDA) na koloni
PTH C18, velikosti 2,1 mm x 220 mm. Analizo smoespljali pri 259 nm.

3.13Merjenje aktivnosti katepsina C

Aktivnost katepsina C smo merili fluorimetno z dol@anjem cepitve substrata Gly-Phe-
4AMBNA (Bachem, Svica). Celice smo gojili na pla z 12 vdolblincami s 500 pl
gojia. Za merjenje aktivnosti gofig8 smo jemali 150 pl vzorca. Za merjenje aktivnosti
lizata smo celice raztapljali v 150 pl nedenatyoitega pufra, ki je vseboval 0,5 %
detergenta Nonident N-40 (Roche, Svica). V mikrskib¢rno ploo (Greiner, Nertija)
smo nanesli po 50 pl vzorca in ga za eno minutosame reakcijskim pufrom (100 mM
NaHPO,, 20 mM NaCl, 1 mM EDTA, 2 mM DTT, pH 6,0). Nato erdodali substrat, da
je bila njegova kona koncentracija 200 uM (koncentracija DMSO-ja j&a H.%).
Fluorescenco smo merili na fluorimetru Safire (Tec8vica) takoj po dodatku substrata
pri valovni dolzini vzbujanja 335 nm ter valovni ldimi emisije 415 nm. Aktivnost
encima smo izraunali iz naklona hitrosti razgradnje substrata.
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3.14 Dolocevanije prostega T4 z ELISA testom

Prosti tiroksin (fT4 ) smo merili z encimskim imi® testom (ELISA). Uporabljali smo
komercialni kit »ELISA - Free T4 kit« (CalbiogenD2) po navodilih proizvajalca.
Ohkcutljivost testa je bila 0,05 ng/dl. Intra in intest CVs sta bila 3,4 % in 6,3 %.
Statisttna signifikantnost raziskovalnih podatkov je bilargjena s Student-ovim t-
testom. Za vse analize p < 0,05 je bila sprejetasimifikantna verjetnost nivoja. FRTL-
5 celice smo uporabili za dd@evanje spra&anja tiroksina iz dodanega prgéga Tg.
Praséji Tg, ki smo ga dodali v gojig celéne kulture je imel ka¥no koncentracijo 30
nM. Po 1 uri inkubacije smo merili koncentracijoolisina, ki se je sprostil v medij. Pri
sproganju smo po potrebi dodali posamezne inhibitorj@4510 uM) E-64d (10 pM),
EDTA (250 uM), DTPA (1 mM) in Gly-Phe-CHN(10 pM), ali njihove kombinacije.
Diagnosténi kit smo uporabili tudi za zaznavanje sgi@3a vin vitro poskusih. V 500 pl
pufra, ki oponaSa pogoje zunaj¢akega matriksa (pH 7,Zyordans in sod2009, ki smo
ga pripravili iz 6,9 ml 200 mM citronske kisline7 8 ml 200 mM natrijevega fosfata ter
9,58 mg L-cisteina, smo razm@ll Tg (1,5 pM) in ga inkubirali 1 uro s katepsina@(10
nM ). Drugi v prisotnosti PGCP (10 nM).

3.15Visokotla¢na kromatografija z obrjenima fazama (RP-HPLC)

Vzorec razgradnje Tg s katepsinom C ali v kombin&atepsin C/PGCP smo naredili,
kot je opisano v razdelku 3.7 .

Reakcijo smo prekinili z odstranitvijo proteino¥ilsriranjem na Amicon Ultracel 10K
(Millipore, Irska). Produkte razgradnje smo spreinls HPLC sistemom (Waters, ZDA)
na koloni Symmetry ¢18 3,5 um; 4,6 x 75 mm (Wat&B3A) uravnotezeni z 0,1 % (v/v)
TFA v dH;O. Elucijo smo izvedli z 20 minutnim gradientom txetrila od 0 % do 50 %
v 0,085 % TFA in jo spremljali z detektorjem Watdegector (Waters, ZDA).

3.16 Dolo¢anje vsebnosti joda

Analitiéni postopek doléevanje vsebnosti joda v organskih spojinah tenmaljiosnovi
izkori&anja njegove katalithe sposobnosti v redukcijski reakciji med Arzenos(IA)
in Cerijem Ce(IV). V reakciji Cerij preide iz (IWy (Ill) valentno obliko (C& + e —
Ce™). Pri tem preide barva iz rumenooranZne v brezimmaztopino. Merili smo
intenziteto upadanja barve pri 410 nm. Postopegryg opisal PalumbgPalumbo in
sod, 1982.

100 pg Tg smo inkubirali v prisotnosti 0,5 pg kaiep C (pogoji opisani pri 3.7). Po
4 urni inkubaciji smo ceplijen Tg oborili s 4 M aniievem sulfatom in ga tretirali z
bromovico v kislem. Reakciji smo dodali cerijevokasneje Se arzenijevo raztopino in
merili upad barve na spektrofotometru pri 410 nnpd&n@jo umeritvene krivulje smo
dolaili mmol joda na mol Tg. Za negativno kontrolo smporabili vodo namesto
katepsina C.

3.17 Imunocitokemija

Celice smo gojili na 15 mm krovnih stekelcih (Elect Microscopy Sciences, ZDA) na
plo&i z 12 vdolbinicami. Ob 60 % do 80 % konfluentnpstno jim odsesali gogg in
jih dvakrat sprali s PBS pufrom. Fiksirali smo jiB minut na sobni temperaturi s 4 %
PFA (paraformaldehid) raztopljenem v PBS pufru.ié&e$mo nato blokirali za eno uro v
serumskem blokirnem pufru (3 % goveji serumski miu BSA, 0,1 % TritofiX-100,
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raztopljena v PBS pufru), da smo prefilienespeciftno vezavo. V istem pufru smo
rediili protitelesa za ozrgevanje antigenov. Uporabili smo primarna &anin miSja
protitelesa proti PGCP, katepsinu C, LAMP-2, PDblgh-97, N-acetilglukozaminil
transferazi |, aktinu. Celice smo inkubirali s pamimi protilesa za eno uro. Sledilo je
Sestkratno spiranje s PBS pufrom in enourna inkigbaedtenih (1:2500) sekundarnih
protiteles. Sekundarna protitelesa so bila miSjakah¢ja konjugirana s fluoroforoma
Alexa Fluor 488 (zelena fluorescenca) ali Alexa dflub46 (rdéa fluorescenca)
(Molecular Probes, ZDA). Po koénem spiranju smo stekelcam dodali SlowFade
(Molecular Probes, ZDA) in jih namestili na objektstekelca ter jih utrdili z lakom. Kot
negativno kontrolo smo namesto primarnih oz. selaumtl protiteles uporabili pufer za
blokado. Vzorce celic smo analizirali z invertniladrescetnim mikroskopom Olympus
IX-81 (Olympus, Japonska) z objektivomax6(N.A. = 1,4) in 10& (N.A. = 1,35).
Fluorescenco smo vzbujali s fluores¢en Zarnico (50 W), napolnjeno z Zivosrebrnimi
parami. Za opazovanje fluorescence Alexa Fluor €®® uporabljali vzbujevalni filter
Ex 450/490, dikraino zrcalo, ki prepu& valovne dolzine, wge od 495 nm, in emisijski
fiter Em 500/550. Fluorescenco Alexa Fluor 546 snopazovali s pomio
vzbujevalnega filtra Ex 516/555, dikdoiega zrcala, ki preptd valovne dolzZine, wge
od 565 nm, in emisijskega filtra Em 574/648. Mikiop je bil opremljeni z digitalno
kamero C10600-10B ORCA-R2 (Hamamatsu Photonicgnida). Slike smo analizirali
s programsko opremo za snemanje in obdelavo sldging Software for Life Science
Microscopy Cell (Olympus, Japonska).

3.18 Imunohistokemija misjih rezin S¢itnice

HistoloSke rezine &tnice FVB miSi smo pripravili v naSem histolabamaju. Izrezane
&itnice 4 misSi smo fiksirali preko ov 10 % formalinu. Dehidrirali smo jih s por&o
tkivnega procesorja “Shandon Tissue Processor” @&ma GmbH, Newija) ter jih
vkalupili s parafinom na Microm EC 350 Paraffin Emolding Station (Microm, Belgija).
Rezali smo 5 pm debele rezine in jih barvali z ABGvidin Biotin Complex)
imunohistokemijsko medtodo.

Za imunohistoloSke preparate, ki smo jih opazoxailmunoflorescenco smo najprej
izrezali fitnico in jo na hitro zamrznili v tek@em duSiku. S kriotonom (Cryotom AS620
Shandon, Negija) smo narezali 5 pm rezine. Za ozeganje smo uporabili primarna
kuncja proticloveSka protitelesa za katepsin C in PGCRead 1:100. Za detekcijo pa
smo uporabili sekundarna Alexa Fluor® 488 (Invieng Velika Britanija) razregna
1:500. Po kotnem spiranju smo dodali SlowFade z DAPI (Molecl®aobes, ZDA).
Vzorce smo pregledovali na fluores¢eam mikroskopu Olympus IX 81 (Olympus,
Japonska). Fluorescenco DAPI smo opazovali s gnfidtra U-61010 DAPI/FITC/Cy3
(Chroma Technology, ZDA). Mikroskop je bil oprenmljez digitalno kamero C10600-
10B ORCA-R2 (Hamamatsu Photonics, Japonska). Slike obdelovali s pond
programa Imaging Software for Life Science Micrgsg€ell (Olympus, Japonska) .



34

Materiali in metode
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4 Rezultati

4.1 Priprava rekombinantnih proteinov

4.1.1 Priprava rekombinantnih fuzijskih proteinov PGCP s
fluorescertnim proteinom

Rekombinantni protein PGCP in njegove mutante smyargvili v fuziji z zelenim ali
rdecim fluorescetinim proteinom. Za pomnozevanje cDNK PGCP s pgm®CR smo
uporabili klon IMAGp998M20148 kupljen pri RZDP (Desghes Ressourcenzentrum fir
Genomforschung GmbH). Namnozen produkt smo vstavKkionirni vektor pGEM-T-
Easy in novonastali plazmid namnozili v klonirnilelicah DH®. Po preverjanju
nukleotidnega zaporedja, smo gen za PGCP vstaviiektor pDsRed-N1. Slika 11
prikazuje posamezne stopnje v pripravi fuzijskegatgna z rd&m fluoresceginim
proteinom. Podobno smo pripravili konstrukt za kate C s fuzijskim proteinom.
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Slika 11:Priprava rekombinantnega proteina PGCP s fuzijskimteinom.A) PCR PGCP; B)
Restrikcijska analiza PGCP vstavljenega v vektoEpIGT-Easy; C) Restrikcijska analiza PGCP
vstavljenega v vektor pDsRed-monomer-N1. Restikeijanaliza (3, 5) je bila opravijena s
restrikcijskima enimomhd in Kpnl.
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4.1.2 Priprava deglikozilacijskih mutantov PGCP

4.1.2.1Napoved potencialnih N-glikozilacijskih mest v amokislinskem
zaporedju PGCP

Na osnovi aminokislinskega zaporedi2olenc in Mihelic 2003; Gingras in sod1999
smo z r&unalniSkim programom NetNGly@lom in sod, 2004 dolcgili potencialna N-
glikozilacijska mesta, kjer uposteva algoritem iggaAsn v zaporedju Asn-X-Ser/Thr,
kjer X ni prolin. Rezultati so pokazali, da ima kahcloveSki PGCP pet glikozilacijskih
mest (Slika 12). Potencialna mesta glikozilacijeAsm61, Asn179, Asn353, Asn356 in
Asn396. Raunalniski program ni uposSteval redkega skupnegareaipa, ki tudi lahko
doloca potencialno mesto glikozilacije Asn-X-Cys, zatmos ga réno iskali. V
aminokislinskem zaporedju PGCP ni bilo prisotno.

MEFLIFAFFGGVHELLS LCSGEATCKNGISERTFEEIFEETASCGDVAFAT INLAVY GEAQNRSYERLALLVDTVGPRLSG &D
SENLEFAIQIMYONLOODGLEKVHLEPVRIPEWERGEE SAVMLEPRIHKIATLGLGSSIGTPPEGI TAEVLVVTSFDELD 16D
RRASEARGE TVVYNQPYINY SRTVOYRTOGAVEAARVGALAS LIRSVASFSIYSPHTGIQEYODGVERIPTACITVEDAE 240
MMSEMASHGIRKIVIQLEMGART Y PDTDEFNTVAE I TGSEY PEQVVLVSGELDSWDVGOGAMDDGGGAF I SWEALS LIEDL 320
GLRPERT LRLVLWTAEEQGGVGAFQYY( LEEVH I SHNYS LVME SDAGTF LETGLOF TGSEFARATMEEVMS LLOPLNI TOV 400
LSHGEGTDINFWIQAGVEGAS LLDDLYEYFFFEHSHGD TMTVMD PROMNVAAAVHAVV SYVVADMEEMLFRS

............................................................ Koo &D

16D
240
22D
400
480

(Threshold=0.5)

SegName Position Potential Jury N-Glyc
agreement result
Seqgqoence 61 HNRSY 0.7150 (2,/9) ++
Sequence 179 HNYSR 0.6542 (8/9) +
Segquence 356 NYSL 0.5008 (3/9) +
Segquence 396 NITQ 0.7374 (9,/9) ++

MetNGlys 1.8: predicted M-glycosylation sites in Segquence

Fotential
Threshald

H-glycosylation potential

Slika 12: Potencialna mesta N-glikozilacije encima PGCRE rde&o barvo so ozrgni
asparaginski ostanki, ki tvorijo peptidno skupngpa&dje (Asn-Xaa-Ser/Thr) (ozfeno z
modro), kjer obstaja wekot 50 odstotna verjetnost, da bi lahko prisla\#glikozilacije. Stevilke
predstavljajo aminokislinske ostanke vkijw s signalno sekvenco. Ozeaa mesta so Asn6l,
Asnl179, Asn353, Asn356 in Asn396.

4.1.2.2Priprava klonirnih vektorjev deglikozilacijskih mut antov PGCP

Na osnovi izrauna potencialnih glikozidacijskih mest smo priplavhutante, ki so
predstavljeni v preglednici 7.
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Preglednica 7Pregled pripravljenih konstruktov deglikozilacijskinutantov PGCP z zelenim
fuzijskim proteinomPreglednica prikazuje pripravljene cDNK mutantemransfekcijo v
sesalske celice.

Mutante PGCP z zelenim fuzijskim proteinom OPIS

PGCP-N61A mutirano 61 mesto aa zaporedja
PGCP-N179A mutirano 179 mesto aa zaporedja
PGCP-N353A mutirano 353 mesto aa zaporedja
PGCP-N356A mutirano 356 mesto aa zaporedja
PGCP-N396A mutirano 396 mesto aa zaporedja
PGCP-2x (PGCP-N353A/N356A) dvojna mutacija na he3%3in 356
PGCP-3x (PGCP-N353/356/396A) trojna mutacija mstih 353, 365 in 396

PGCP-4x (PGCP-N61/353/356/396A) cetverna mutacija na mestih 61/353/365/396
PGCP-5x (PGCP-N61/179/353/356/396A) peterna matdd$CP

Deglikozilacijske mutante encima PGCP smo pripedivij klonirnih vektorjih pGEM-
PGCP z uporabo PCR namnozevanja z mestno spexifnutagenezo. Postopek je
opisan v razdelku 3.4.4 .

4.1.2.3Analiza uspesSnosti mutacije gena za PGCP s powjo agarozne
elektroforeze in preverjanja nukleotidnega zaporeda

Priprava konstruktov z mestno spesiio mutagenezo PCR namnoZzevanja je potekala kot
je opisano v 3.4.2 in je v vseh primerih mutaciadarodukt v nizkih koncentracijah. Po
transformaciji smo ga namnozili v klonirnih celicam preverili ali vsebuje vkljéek
primerne velikosti. Primer restrikcijske analize z#kazovanje prisotnosti gena
odgovarjajée velikosti v plazmidu je prikazan na sliki 13.
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Slika 13:Restrikcijska analiza enojnih mutantdRestrikcijska analiza enojnih deglikozilacijskih
mutantov z restriktazamhd in Kpnl na 0,8 % agaroznem gelu. Preverili smo vstavitev
fragmenta v vektor. Zmes fragmentov DNK standardeilikosti (stolpec 1), v stolpcih 2, 3, 4 in
5 so naneSeni zproduk&hd in Kpnl rezanih klonov. Fragment velikosti priblizno 1560 je
zaporedje cDNK PGCP, fragment pri priblizno 3000jépineariziran vektor, v katerega je bil
vstavljen fragment. Klon 4 predstavlja pravilnoaxdfen gen.

Ostali geni z enojnimi mutacijami, ki so navedenipkeglednici 4, ter z dvojno
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mutacijo so bili pripravljeni na enak ¢ia. Gen, ki je vseboval trojno mutacijo je bil
pripravljen podobno, le da smo mutacije vnesli eapZej pripravlienem mutantu. Pri
pripravi teh mutantov, ki sta vsebovala (Pregledni#) v& mutacij smo uporabili

primerne restrikcijske encime ter sestavili usteegpremenjene gene (Slika 14).

Pri pripravi cetvernega in peternega mutanta (opisano v 3.4mMo) wprabili tehnike
molekularnega kloniranja.

3500 bp—>

1000 bp—>

1 2

Slika 14:Restrikcijska analiza pripravéetvernega mutantaRestrikcijska analiza z restriktazama
Xhad in Bglll na 0,8 % agaroznem gelu. Rezan fragment 1) pB8&a@P-N61A (1000 bp) smo
ligirali z rezanim fragmentov 2) (pGem-PGCP-N3x&85p00 bp). Na ta rén smo dobili pGem-
PGCP-N4xA.

Peterni mutant smo pripravili na podobertinaNamesto restrikcijskega encintad
smo uporabili restriktazBseBI (glej Slika 10).

Vsem mutantom smo preverili nukleotidna zapore®jadrogen, J. Koreja), da smo
potrdili uspeSnost vnosa Zeljenih mutacij ter odsst neZeljenih mutacij.

4.1.2 4Priprava vektorjev za izrazanje deglikozilacijskih mutantov PGCP v
sesalskih celicah

Deglikozilacijske mutante encima PGCP ki smo jihpgvili v klonirnem vektorju
pPpGEM-T-easy, smo preklonirali v ekspresijski vekpiEGFP-N2. Pripravljene vektorje
smo preverili z restrikcijsko analizo z restriktaza Kpnl in Xhd. NaneSeni so po
vrstnem redu kot je oztiano v preglednica 7. Dobljena velikost vkia je priblizno
1500 bp, kar potrjuje uspesSnost vnosa v plazmi#g3Sl5).
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1500 br—»

Slika 15: Restrikcijska analiza cDNK PGCP mutantd®estrikcijska analiza deglikozilacijskih
mutantov z restriktazaméhd in Kpnl na 0,8 % agaroznem gelu. Preverili smo prisotimssdrta
okrog 1500 bp, ki predstvavlja cDNK PGCP v vektgpfaGFP-N2 cDNK si sledijo po vrstenm
redu 1) N61A; 2) N179A; 3) N353A; 4) N356A; 5) N3®66) N353A/N356A;
7) N353/356/396A,; 8) N61/353/356/396A; 9) N61/1BBB56/396A in 10) divji tip PGCP-GFP.
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4.1.2.5Fluorescertna mikroskopija prehodno transficirahih HEK 293 celic

Celice HEK 293 smo transficirali s pripravijenimiutanti PGCP v fuziji z zelenim
fluorescednim proteinom. Celice smo gojili v mikrotitrskih g&ah z dvanajstimi
vdolbinami. V vdolbine smo predhodno vstavili stiekein tako omoggili celicam, da so
na njih rasla. Tretji dan po transfekciji smo paigiti citoloSke preparate ter jih opazovali
na fluorescetnem mikroskopu (Slika 16). Izrazile so se vse migtan

Slika 16: Transfekcija celic HEK 293 po 72-ih urafiransfekcija celic HEK 293, ki izrazajo
aktivno PGCP ter posamezne deglikozilacijske metavge z zelenim fluoresaamm fuzijskim
proteinom po 72 urah rasti. Transficirane celiceKHED3 smo opazovali na fluoreséeem
mikroskopu Olimpus Xl in celice slikali s CCD karne”) Mutant N61A ; B) Mutant N179A; C)

Mutant N353A; D) Mutant N356A; E) divji tip PGCP GFP F) Mutant N396A; G) Mutant
N3xA; H) Mutant N4xA; 1) Mutant N5xACrtica predstavlja 10pum.

4.1.2.6lzrazanje deglikozilacijskih mutantov PGCP v fuziji z zelenim
fluorescentnim proteinom v HEK 293 celicah in njihovo izladtanje v
gojisce

Pripravili smo celine lizate iz transficiranih HEK 293 celic z degl#acijskimi

mutantami v fuziji z zelenim fluorescé&mm proteinom in smo jih analizirali z NaDS
elektroforezo in detektirali po Western prenosuuskkmi protitelesi proti zelenemu
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fluorescedinemu proteinu. Méne lise kazejo na visoko izrazanje fuzijskih pnotei
(Slika 17).

Slika 17:ImunoloSka detekcija prisotnosti deglikozilacijskitutantov v cethem lizatu HEK 293
celic. Prisotnost fuzijskega proteina PGCP-GFP smo opdizay protitelesi proti zelenemu
fluorescetinemu proteinu. 1) N61A; 2) N179A; 3) N353A; 4) N2565) N396A; 6) petkratni
mutant; 7) PGCP-GFP; 8) kontrola brez transfekcije.

Analiza goji$a z NaDS-PAGE in detekcija mutantov PGCP v fuziietenim fluorescefmim
proteinom po prenosu po Westernu z uporabdjiuprotiteles proti zelenemu fluoresaéeemu
proteinu je pokazala, da so se vsi mutanticliov goji&e (Slika 18).

Slika 18: Imunodetekcija transficiranih deglikozilacijskih tantov PGCP v goji&i HEK 293

celic. Prisotnost fuzijskega proteina PGCP-GFP smo opdzav protitelesi proti zelenemu
fluorescetinemu proteinu. 1) kontrola brez transfekcije; 2)1N6 3) N179A; 4) N353A; 5)

N356A; 6) N396A; 7) petkratni mutant; 8) PGCP-GFP.
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4.1.2.71zraZzanje deglikozilacijskih mutantov PGCP v fuziji z zelenim
fluorescertnim proteinom v FRTL-5 celicah in njihovo izlo¢anje v
gojiscée
FRTL-5 celice smo transficirali z deglikozilacijski mutanti ter po 72-ih urah pripravili
celicne lizate. Ugotovili smo, da je tudi v tirocitir&anje posameznih deglikozilacijskih
mutantov moéno, a ne enakomerno (Slika 19A). Fuzijski proteimiajo sposobnost
izlocanja v gojige, pri cemer smo opazili pojav nastanka dodatnih lis velikoki
odgovarjajo PGCP brez fuzijskega proteina GFP éSl©B). Izléanje proteinov je
neenakomerno in ne sovpada povsod z intenzitetolizsitu.

Slika 19:Imunodetekcija prehodno transficiranih deglikozijskih mutantov PGCP v ceéliem
lizatu in goji¥u FRTL-5: Transfekcija celic s posameznimi deglikozilacifski mutanti in
detekcija PGCP z kupmi protitelesi proticloveSkemu PGCP. 1) N61A; 2) N179A; 3) N353A;
4) N356A; 5) N396A; 6) petkratna mutacija; 7) PGGPP; 8) kontrola brez transfekcije. (A)
Slika predstavlja celni lizat. (B) Slika predstavlja proteine iziene v gojise.
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4.1.3 Rekombinantni PGCP izrazen v insektnih celicaltf9

Rekombinantni protein je bil izrazen v insektniHicah Sf9 z uporabo bakulovirusnega
ekspresijskega sistem@ajc in sod. 2011). Ekspresijski vektor s cDNKloveSkega
PGCP in celice za izrazanje rekombinantnega en@maipravila sodelavka Tajana Zajc
na nasem odseku. Rekombinantni PGCP, ki se je&akle goji&e, smo distili z
razlicnimi kromatografskimi metodami, kot je opisano dalevanju.

4.1.3.1Cis¢enje rekombinantnega PGCP

Bakulovirusni ekspresijski sistem z uporal®§9 insektnih celic nam je omogal
izlo¢anje rekombinantnega PGCP v g&fiS S centrifugiranjem gofia smo odstranili
celice in dobili bister supernatant, ki smo ga kime, brez dialize, nanesli na
hidroksiapatitno kolono, spirali nevezane protéme poviSsano koncentracijo fosfatnega
dializirali preko n@i pri 4 °C ter jih nadaljecistili z anionsko izmenjevalno
kromatografijo na FPLC sistemu. Frakcije z dipestido aktivnostjo (rnan merjenja
dipeptidazne aktivnosti je opisan v razdelku 3)3sino zbrali in nadaljéistili z uporabo
gelske kromatografije na FPLC sistemu. Zbirali sfrakcije okrog 100 kDa in jih
testirali na dipeptidazno aktivnost. PGCP je biluiran v retenzijskem volumnu, ki
odgovarja molekulski masi okrog 100 kDa (Slika 20).

mAU 100 kDa In My

Slika 20: Superpozicija elucijskin kromatogramov rekombinagen PGCP in proteinskih
standardov za dolevanje molekulske mase na koloni za gelsko kromaftiogSuperdex-200.
Na kromatogramu je z odebeljerioto ozng&en eluiran PGCP, s$rtkano ¢rto so ozné&eni
standardni proteini (tiroglobulin 667 kDa, gammekgllin 158 kDa, ovalbumin 44 kDa,
mioglobin 17 kDa in vitamin B12 1,35 kDa). Na sljkiprikazana logaritemska odvisnost elucije
standardnih proteinov od njihove molekulske masedaéocena masa za PGCP.

Z uporabo afinitetne kromatografije na koloni Pheutsefaroza smo dokamo Iccili
PGCP od né&stoc. PGCP se je iztal v enem samem vrhu v prvih 2 ml elucijskega pufra
Encimu smo doléli tudi dipeptidazno aktivnost na substrat Ser-M&b vsakem koraku
¢is¢enja smo analizirali proteine z NaDS-PAGE analizprienosom po Westernu.
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Slika 21: NaDS-PAGE dscenega rekombinantnegédoveSkega PGCPStolpec 1, proteinski
molekulski standardi; stolpec 2, zrela oblika PGCRmolekulsko maso 55 kDa; stolpec 3, pro-
PGCP z molekulsko maso 60-65 kDa.

PGCP smo skoncentrirali do koncentracije 3 mg/mb@nanesli na NaDS-PAGE
(Slika 21). Kortni ocisceni PGCP je vseboval 3 mg aktivhega encima iz 4D@ajica,
kar predstavlja donos okoli 8 mglisti aktivni PGCP je bil nestabilen in encim je
izgubil aktivnost v dveh dneh. Nasprotno pa jepbidencim stabilen ter smo ga zamrznili

na -20 °C.

4.1.3.2Dolo¢evanje aktivnosti rekombinantnega PGCP in dinkovitost
¢iséenja PGCP

Postopek temelji na cepitvi dipeptida Ser-Met, kh @o reakciji oznd@mo s

fluoreskaminom. (opisano v razdelku 3.3.1 ). Slabesnetode je nizka déhbtljivost. Za

ugotavljanje aktivnosti encima je potrebna hidmhzaj 30 odstotkov substrata.

Vi v

Preglednica 8UcinkovitostciS¢enja rekombinantnega PGCPreglednica prikazujetinkovitost
postopkatistenja.®oncentracija proteina je bila dalena z metodo po BradfordEncimska
aktivnost je bila doléena z dipeptidnim substratom, kot je navedéBpna enota (U) je kalina
encima PGCP, ki katalizira razgradnjarhol substrata Ser-Met na minuto.

Ciscenje Celokupni Celokupna  Speciftna Koefciscenja Donos
postopki protefiimg) aktivnodf (U)  aktivnost (U/mg) (%)
gojisce 610 16,400 27 1 100
hidroksiapatitna 157 10,200 65 2,4 41
anionsko-izm. 37 2920 79 2,9 34

gelska kromat. 9 2200 245 91 11
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4.1.3.3Vpliv kloridnega iona na aktivnost rekombinantnegaPGCP

Vpliv kloridnih ionov na aktivnost PGCP smo dé#di v prisotnosti raztinih koncentracij
NaCl in aktivnosti primerjali z aktivnostjo vzordaez dodatka NaCl. 20 mM raztopina
NaCl je poveéala dipeptidazno aktivnost PGCP za okoli 20 odstgtk60 mM
koncentracija NaCl pa za priblizno 40 odstotkovSj¥ikoncentracije niso bistveno
zviSale ali znizale aktivnosti (Slika 22).
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Slika 22: Vpliv koncentracije kloridnih ionov na aktivnost £8: Stoplci oznaujejo razltne
koncentracije kloridnih ionov: 0 (brez), 20 mM, B0M, 100 mM in 200 mM NaCl v reagé&mem
pufru.

4.1.3.4Meritve inhibicije rekombinantnega PGCP

Vpliv inhibitorjev metaloproteinaz EDTA, DTPA in btina na aktivhost PGCP smo
dolagili s konénimi koncentracijami naslednjih inhibitorjev 0,25WEDTA, 0,1 mM in 1
mM DTPA, 0,25 mM bestatin. Aktivhost smo primerjalidi z 0,25 mM karnozinom in
10 uM tiroksinom (Slika 23).
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DTPA DTPA EDTA  bestatin kamozin tiroksin

Slika 23:Aktivnost PGCP v prisotnosti inhibitorjev DTPA, EA/Tbestatin ter substanc karnozina
in tiroksina. Pri 0,1 mM koncentraciji DTPA aktivnost PGCP ni aijiana, pri 10x visji
koncentraciji 1 mM DTPA in 0,25 mM EDTA pa se znilktivnost na nekaj odstotkov. Bestatin
ucinkovito inhibira PGCP pri koncentraciji 0,25 mMpWa na aktivnost 0,25 mM karnozina in
10 uM tiroksina nismo zaznali.
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Ugotovili smo, da 0,1 mM DTPA ne inhibira PGCP, reed ko 1 mM DTPA in 0,25
mM EDTA maino inhibirata encim. Visoko stopnjo inhibicije smaznali pri 0,25 mM
bestatinu. Dodatno smo opazovali vpliv 0,25 mM kaina in 10 uM tiroksina (T4) na
aktivhost PGCP. V obeh primerih inhibicije nismazali.

4.1.3.5Dolo¢anje aminokislinskega zaporedja rekombinantnega PGE

Plazmidni vektor za heterologno izrazanje PGCPsekinih celicah je vseboval vk§ek

z zapisom z&loveski gen. Med izrazanjem proteina so encimikirsé celic aktivirali
PGCP. S preverjanjem N-terminalnega dela izraze®€g@P smo dolbli novonastala
mesta na aminokislinskem zaporedju rekombinantpegieina. Ugotovili smo, da je pri
aktivaciji rekombinantnega PGCP z encimi insektelic priSlo do nespecifnih cepitev
propeptida encima. Novonastali aminoterminalni kosw na mestu 9 (FEEIK...), na
mestu 10 (EEIKE...), na mestu 14 (EEIAS...) in na méfyGDVAK...). Na sliki 24
SO ponazorjeni novonastali intermediati aktivacifGCP zaradi nespedcifiega
skrajSevanja propeptidnega dela encima.

KNGISKRTFEEIKEEIASCGDVAKAIINLAVYGKAQNRSYERLALL...
FEEIK...
EEIKE...
EEIAS...
GDVAK...

A

Slika 24: N-terminalno aminokislinska zaporedj@i&enega PGCPExperimentalno dokena
zrela oblika encima izoliranega PGCP je farthna. PuSce ozn&ujejo cepitvena mesta na
propeptidnem delu encima, ki tvorijo novonastaldremkonce. Cepitve potejo v goji¥u po
izrazanju proteina v bakulovirosnem sistemu.

4.1.3.6In vitro deglikozilacija rekombinantnega PGCP

Rekombinantni PGCP izrazen v insektnih celicahlijeogiliran. Vrsto glikozilacije smo
dolocali z uporabo endodeglikozidaz Endo H in PNGaze Lksa pri 55 kDa
rekombinantnega PGCP se pri cepitvi z EndoH nenspné Cepitev s PNGazo F pa
povzr@&i opazno znizanje mase encima, kar pomeni, da p@eipr hibridno ali
kompleksno glikoziliran (Slika 25).

kDa

70 +
55 &

35 L
27 8

Slika 25: Deglikozilacija rekombinantnega PGCP izrazenegansektnih celicah.Stolpec 1,
standardni proteini za dalevanje molekulske mase; stolpec 2, rekombinantrCPGstolpec 3,
deglikozilacija z Endo H; stolpec 4, deglikozlagj®NGazo F.
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4.1.4 Priprava rekombinantnega katepsina C v fuziji s fluorescer&énim
proteinom

Rekombinantni¢loveski katepsin C smo pripravili v fuziji z zelemi ali rd&im
fluoresceknim proteinom. Za pomnoZevanje s pdafywoPCR smo uporabili cDNK iz
naSega laboratorij@Paris in sod. 1995. Namnozen produkt smo vstavili v klonirni
vektor pGEM-T-Easy ter novonastali plazmid namnoziklonirnih celicah DH%. Po
preverjanju nukleotidnega zaporedja, smo gen zepkat C vstavili v vektorja pEGFP-
N2 in pDsRed-N1. Poimenovanje nastalih konstrulgopredstavljeno v preglednici 9.

Preglednica 9Pregled pripravljenih fuzij katepsina C s fluoresé&eim proteinomPreglednica
prikazuje pripravijene ekspresijske vektorje zasfakcijo v sesalske celice.

Ime konstrukta OPIS
KatC-RFP ¢loveski katepsin C z rden fluorescetnim fuzijskim proteinom
KatC-GFP ¢loveski katepsin C z zelenim fluores¢aim fuzijskim proteinom

4.1.4.1Restrikcijska analiza in preverjanje nukleotidnegazaporedja
konstruktov PGCP in katepsina C

Slika 26 prikazuje restrikcijsko analizo konstruktatC-GFP (26A) in KatC-RFP (26B).
Uporabili smo restrikcijska encin¥hd in Kpnl.

Slika 26:Agarozna elektroforeza restrikcijske analize kaitggp<C s fuzijskima fluorescemima
proteinoma V 1 stolpcu so naneSeni standardi. V 2 stolpauaj@eSen zligiran pEGFP-KatC (A)
oziroma pDsRed-KatC (B). V tretjiem pa vektorja reza restriktazam#hd in Kpnl. Fragment
okrog 1500 prikazuje cDNKloveSkega katepsina C.

Po dolaitvi prisotnosti vkljutka v velikosti gena za KatC smo vidku preverili tudi
nukleotidno zaporedije v podjetju Macrogen (JuZzneef&).
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4.2 Expresija PGCP in katepsina C v FRTL-5 celicah

4.2.1 Transfekcija cDNK PGCP s fuzijskim proteinom v FRTL-5
celicah

Celice FRTL-5 smo transficirali s pripravljenimi tamti PGCP v fuziji z zelenim
fluorescednim proteinom. Celice smo gojili v mikrotitrskih g&ah z dvanajstimi
vdolbinami. V vdolbine smo predhodno vstavili olijek stekelca in tako omogjo
celicam, da so na njih rasla. Tretji dan po trakdfesmo pripravili citoloSke preparate
ter jih opazovali na fluoresc&mem mikroskopu (Slika 27). 1zrazile so se vse migtan

Slika 27:Transfekcija celic FRTL-5 po 72-ih uraliransfekcija celic FRTL-5, ki izrazajo aktivno
PGCP ter posamezne deglikozilacijske mutante, \w#@enim fluoresamim fuzijskim proteinom
po 72 urah rasti. Transficirane celice FRTL-5 snpazmvali na fluorescénem mikroskopom
Olimpus Xl in celice slikali s CCD kamero. A) mutaN61A ; B) mutant N179A; C) mutant
N353A; D) mutant N356A; E) divji tip PGCP s GFP mutant N396A; G) mutant N3xA; H)
mutant N4xA,; 1) petkratni mutan€rtica predstavlja 10 um.
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4.2.2 Transfekcija cDNK katepsina C s fuzijskim proteinomv FRTL-5
celicah

Plazmida z zapisom za katepsin C s fluorescema fuzijskima proteinoma smo
uporabili za transfekcijo v FRTL-5 celicah, ki s gojili na stekelcih. Tretji dan po
transfekciji smo celice fiksirali in jihoziavali z imunocitokemijskimi metodami. Kot
oznaevalec za jedra (Slika 28A) smo uporabili barvildB). UspeSno transficirane
celice s pEGFP-KatC-GFP so vidne na sliki 28B. &ckmi proti ¢loveskim PGCP
protitelesi smo ozr@di PGCP, kjer smo kot sekundarna protitelsa upitir&bzja proti
kuncja protitelesa konjugirana z Alexa Fluor 546 (eraitrd€o barvo) (Slika 28C)
Transfekcija KatC-GFP v FRTL-5 celicah pokaze kal@acijo obeh proteinov, kar
lahko opazujemo na fluoresa@rem mikroskopom (Slika 28D). Slike smo obdelovali s
pomajo programa Imaging Software for Life Science Mgxopy Cell (Olympus,
Japonska).

Slika 28: Kolokalizacijske Studije transficiranega katepsif@ s fluorescednim fuzijskim
proteinom GFP in s PGCPV celicah, kjer je bila transfekcija uspeSna, §imteina
kolokalizirana. A) Celina jedra ozngena z barvilom DAPI; B) Transficirane celice, kidZajo
katepsin C z zelenim fuzijskim proteinom. C) imuitaloSko barvanje s protitelesi proti PGCP,
ki so ozngena preko sekundarnih kozjih anti kjih protiteles konjugiranimi z Alexa Fluor 546
(emitira rd€o barvo); D) ZdruZene slike A, B in C s po¥jm programa Imaging Software for
Life Science Microscopy Cell (Olympus, JaponsKajica predstavlja 10 pum.
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4.2.3 Imunolokalizacija endogenega PGCP in endogenega leggsina C v
FRTL-5 celicah

Izrazanje endogenega PGCP in endogenega katepsinao@ganijih tirocitih smo lahko
opazovali po ozngvanju z imunocitokemijskimi metodami na fluoresteam
mikroskopu. Pri tem smo uporabljali meSanico Sestgpojin (6H), potrebnih za
proliferacijo celic. Granulirano porazdelitev obehcimov po celici smo spremljali s
specifenimi protitelesi (Slika 29). Pri tem smo uporahljadeSanico Sestih spojin (6H),
potrebnih za proliferacijo celic. Granulirano patalitev obeh encimov po celici smo
spremljali s specifinimi protitelesi (Slika 29). Delna kolokalizacijebeh proteinov je
vidna v ve&ini veziklov (Slika 29A). PodrobnejSi pogled na majcelicno strukturo
organel, ki smo jo dosegli z obarvanjem a@alcev organel, pokaze da sta oba encima
prisotna v endoplazmatskem retikulumu (Slika 2€Bter Golgijevem aparatu (Slika 29
D, E), le redko pa sta prisotna v lizosomih (S@&F, G).
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PDI

Golgin-97

LAMP2

Slika 29:Kolokalizacijske Studije endogenega PGCP in endegarkatepsina C z ozi®valci
PDI, Golgin 97 in LAMP2(A) PGCP (Alexa 488, zelena) in katepsin C (Al&46, rd¢a) sta
vecinoma kolokalizirana, vendar ne popolnoma; (B) PG@#exa 488, zelena) se nahaja v
endoplazmatskem retikulumu, ki je oZea s PDI (Alexa 546, rda); (C) v istih organelah se
nahaja tudi katepsin C (Alexa 488, zelena); (D) PQ@lexa 488, zelena) je kolokaliziran z
Golginom-97 (Alexa 546, rda); (E) tudi katepsin C (Alexa 488, zelena) je lokean v
Golgijevem aparatu, ki je ozden z Golginom-97 (Alexa 546, r&k); (F) PGCP (Alexa 488,
zelena) se le redko nahaja v lizosomih, ki so &eniaz LAMP2 (Alexa 546, rd@); (G) tudi
katepsin C Alexa 488, zelena) in LAMP2 (Alexa 5dfiia) sta le deloma kolokaliziran@rtica
predstavija 10pum.
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4.3 Glikozilacija endogenega PGCP in katepina C

4.3.1 Deglikozilacija z Endo H in PNGazo F

Z uporabo imunoloskih metod za detekcijo proteirsono ugotovili, da se endogena
PGCP in katepsin C poleg granulirane porazdelitveelicah (Slika 30 A in C) tudi

moc¢no izlotata iz FRTL-5 celic pod vplivom TSH, inzulina inmatostatina (Slika 30 B

in D). V odsotnosti teh treh hormonov izémja nismo detektirali. Z uporabo
deglikozilacijskih encimov Endo H in PNGaze F sngotovili, da obe deglikozidazi

delujeta na katepsin C, ki se nahaja v lizatu iioe(Slika 30A).
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Slika 30: Lokalizacija endogeno izrazenega PGCP in katepsihasr podganjih tirocitih v
prisotnosti TSH, inzulina in somatostatina v gaji$er tipa njune glikozilacije z uporabo Western
blota in ustreznih protitelesNa vseh slikah je v stolpcu 1 netretiran proteinstolpcu 2 je
naneSen protein, ki smo ga obdelali z Endo H degidaso, v stolpcu 3 je naneSen protein, Ki
smo ga obdelali s PNGazo F. (A) endogeno izraZatégsin C v cetnem lizatu; (C) endogeno
izrazeni PGCP v calhem lizatu; B) endogeno izraZeni katepsin Cdelov gojig€e celic, (D)
endogeno izraZzeni PGCP i#n v gojige celic.
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Za PGCP je znizanje molekulske mase zaradi degldaje premajhno, da bi dajali
zakljucke (Slika 30C). Za PGCP in katepsin C, ki stadelm iz celic v goji& pa lahko z
zagotovostjo trdimo le, da odstrani sladkorje PN&Gd&z s PGCP (Slika 30D), pri
katepsinu C pa se ne vidi njegova aktivha oblikazlike molekulske mase pri
deglikozilaciji pa so premajhne (Slika 30B). Iz ¢}ehih rezultatov lahko trdimo, da ima
PGCP, ki se nahaja ekstracelularno predvsem hibadirkompleksno glikozilirani tip N-
glikozilacije ter da ima intracelularni katepsim@nozni tip N-glikozidacije.

4.3.2Vpliv TSH, inzulina in somatostatina na izraZzanje
N-acetilglukozaminil transferaze | v podganjih tirocitih

Zaradi razlénega tipa N-glikozilacije na PGCP v gaéjsin katepsinu C v celicah smo
preverili nivo izrazanja N-acetilglukozaminil trdasaze | (GnT1l) v FRTL-5 celicah v
odvisnosti od prisotnosti TSH, inzulina in somadabisia. Ta encim je odgovoren za
modifikacijo N- vezanih sladkorjev na proteinih manoznega tipa v hibridni, oz.
kompleksni tip glikozilacije, saj je iniciatorskneim v mrezi reakcij dodajanja sladkorjev
na glikoprotein€Yip in sod, 1997; Yoko-O in sod.2003. Primerjali smo nivo izrazanja
GnT1 v celicah FRTL-5 gojenih v minimalnem gojiSpotrebnem za prezivetje celic
(3H) in popolnem goji& (6H), ki omogda izlotanje proteinov. Imunodetekcija
celicnega lizata podganjih tirocitov z Western prenosom NaDS-PAGE z uporabo
protiteles proti GnT1 je pokazala veliko viSje izaaje GnT1 v 6H goji&i, v primerjavi s
3H goji&em (Slika 31).

6H 3H

GnT1 E & = | 51KDa

B-acCtin | s *™™=% | 45KDa

Slika 31:Vpliv TSH, inzulina in somatostatina na izrazanjadetilglukozaminil transferaze 1 v
podganijih tirocitih Prisotnost TSH, inzulina in somatostatina v gojipovzr@i poviSanje nivoja
izrazanja GnT1 v FRTL-5 celicah.

4.3.3 Vpliv prisotnosti TSH, inzulina in somatostatina na izlo¢anje
PGCP in katepsina C v iz FRTL-5 celic

4.3.3.1Vpliv prisotnosti TSH, inzulina in somatostatina naaktivnost
katepsina C v lizatu in gojigu FRTL-5 celic

Izlocanje katepsina C iz podganjih tirocitov v go@gSsmo potrdili z imunoloSkimi
metodami, vendar na sliki 30B prepoznamo le praksko obliko katepsina C, ne pa
zrele oblike encima. Fluorimedno sledenje razgradnje substrata Gly-Phe3MK je
pokazalo, da je v odsotnosti TSH, inzulina in sasttina v gojigu (3H) le nizka
aktivnost katepsina C, ki pa se &o poviSa ob dodatku teh treh hormonov (6H) (Slika
32A). Za razliko od goji&a se nivo aktivnega katepsina C znotraj celic adopmosti vseh
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hormonov (6H) le rahlo dvigne (Slika 32B).
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Slika 32: Vpliv prisotnosti TSH, inzulina in somatatina na aktivhost endogeno izraZzenega
katepsina C podganijih tirocitov v ggjisin celénem lizatu. Aktivnost katepsina C v gg@jisin v
celicnem lizatu smo merili s spedifiim fluorogenim substratom Gly-Phe-fMA v odsotnosti
TSH, inzulina in somatostatina (3H), oz. v njihgvisotnosti (6H). (A) aktivnost katepsina C v
goji¥u; (B) aktivnost katepsina C v céiiem lizatu.

4.3.3.2Dipeptidazna aktivhost na substrat Ser-Met v goji&u FRTL-5 celic

Za merjenje aktivnosti PGCP zaenkrat Se ni pozrdoem fluorogen ali drugi specién
substrat. Zato smo se omejili na preverjanje digeghe aktivnosti v goji& na
dipeptidni substrat Ser-Met. Meritve dipeptidazngivaosti v lizatih 3H in 6H ter v
goji&u 3H niso merodajne, smo pa lahko zasledili diplatno aktivnost v gojéi, ko so
bili prisotni TSH, inzulin in somatostatin. Slika88 rikazuje dipeptidazno aktivhost 6H
gojis¢a ter delno inhibicijo aktivnosti v prisotnosti 6,tnM EDTA.
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Slika 33:Dipeptidazna aktivhost dafena v gojigu FRTL-5 celic ob prisotnosti TSH, inzulina in
somatostatina. Dipeptidazna aktivnost je bila ddéena na substrat Ser-Met. Inhibicija
dipeptidazne aktivnosti v prisotnosti 0,25 mM EDTA.

4.4 |n vitro cepitev tiroglobulina

4.4.1 In vitro cepitev tiroglobulina s katepsinom C

Pokazali smo, da se je katepsin C d#liz podganjih tirocitov, kjer lahko pride v st
tiroglobulinom (Tg) in povzréi procesiranje N-terminalnega dela. Anali#a vitro
reakcije rekombinantnega katepsina C in Tg izoégan iz pragjih &itnic potrjuje
zmoznost katepsina C, da krajSa amino terminalni deNa sliki 34 je rezultat dotitve
N-terminalnega zaporedja aminokislin Tg pred rgaka pugicami pa po interakciji z
rekombinantnim katepsinom C. Podalj3@s cepitve iz dveh ur na 20 ur ter sprememba
kislosti reakcije iz pH 7,2 na pH 6,0 ni sprememédaultatov cepitve.

NIFERIQVDAQP ELQRERAFLKRADYVPQCAEDGSFQT

Slika 34: Postopna cepitev N-terminalnega dela pepegia Tg s katepsinom @Rri cepitvi
prastjega Tg smo detektirali razha N-terminalna zaporedja. NajkrajSi fragment Jezbi1l2 AK
krajSi od zrelega dela Tg. Tiroksinsko mesto Tw®iné&eno s prvairko Y. Najkrajsi terminalni
dela je ozn&en sérkama RP.
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4.4.2 Spro&Xanje tiroksina pri in vitro cepitvi Tg s katepsinom C

KrajSanje amino terminalnega dela pégga tiroglobulina v prisotnosti rekombinantnega
katepsina C smo spremljali tudi z zasledovanjemckatracije spra®nega tiroksina.
Casovna odvisnost koncentracije sgeriega tiroksina je bila narejena z uporabo ELISA
diagnostinega kita za prosti tiroksirafigl. Free T4 Elisa diagnostic kit) in je prikazana
na sliki 35.
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Slika 35: Casovna odvisnost sprégnja tiroksina pri in vitro cepitvi tiroglobulina s
katepsinom CKatepsin C spra@® tiroksin z N-terminalnega dela tiroglobulina. Elatija
tiroksina je bila narejena z uporabo ELISA diagiio&tga kita za prosti tiroksin.

4.4.3 SproXanje tiroksina pri in vitro cepitvi Tg s katepsinom C in
PGCP
In vitro sproganje tiroksina z N-terminalnega dela tiroglobulim&atepsinom C smo

primerjali z in vitro sproganjem tiroksina iz tiroglobulina z obema encimoma,
katepsinom C in PGCP.

1 2 3 4

Slika 36:1In vitro sproganje tiroksina z N-terminalnega dela tiroglobulin@as reakcije cepitve
je bil eno uro pri pH 7,2. Detekcija sptefega tiroksina je bila narejena z uporabo ELISA
diagnosténega kita za prosti tiroksin. (1) Kontrola, vzoieg brez prisotnih encimov; (2) vzorec
Tg v prisotnosti katepsina C; (3) vzorec Tg v pmasti katepsina C in PGCP; (4) vzorec Tg v
prisotnosti katepsina C, PGCP ter inhibitorja déistlkih proteinaz E-64d.
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Tudi v tem primeru smo detektirali spte®i hormon z uporabo ELISA diagndstega
kita za prosti tiroksin. Ugotovili smo, da je r&adi v rezultatu med cepitvijo Tg s
katepsinom C ali s katepsinom C in PGCP minimaBl&k# 36). Na sliki je prikazana
tudi ustavitev reakcije cepitve tiroglobulina vgwinosti inhibitorja cisteinskih proteinaz
E-64d.

4.4.4 Cepitev Tg s katepsinom C in PGCP na HPLC z reveramfazo

Sproganje dipeptidov z N-terminalnega dela tiroglobulngrisotnosti katepsina C in
nadaljno hidrolizo nastalih dipeptidov s PGCP smpresijali s tekdinsko
kromatografijo visoke ldjivosti (HPLC). Latevanje dipeptidov je potekalo na anafiii
ravni z uporabo kolone z reverzno fazo pri gradiesd 0 % do 50 % acetonitrila v vodi
ob prisotnosti 0,085 % TFA. Spahje produktov cepitve s kolone smo spremljali pri
254 nm. Na sliki 37 lahko vidimo nastale dipeptaiecepitvi tiroglobulina s katepsinom
C in spremenjen kromatogram, ko je prisoten Se RGCP
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Slika 37:In vitro cepitev tiroglobulina v prisotnosti katepa C ter katepsina C in PGCIRd&a

¢rtkana ¢rta prikazuje necepljen tiroglobulinCrna é&rta prikazuje tiroglobulin ceplien s
katepsinom C, Modrérta prikazuje cepitev tiroglobulina s katepsinorm®GCP.

4.4.5 Dolo¢anje vsebnosti joda

Z merjenjem spra@@nje joda pri cepitvi tiroglobulina s katepsinom gtno lahko
kvantificirali delez tiroksina, ki se nahaja na @&thinalnem delu tiroglobulina. Cepitev
Tg je potekala v pogojih podobnindithicnemu lumnu(Jordans in sod2009. 24 urna
cepitev Tg s katepsinom C je bila dovolj dolga,jel@ncim odstranil ves tiroksin z N-
teminalnega dela Tg. Na osnovi umeritvene krivatjg dol@ili, da je na N-terminalnem
delu od 20 % do 22% vsega joda (Preglednica 10).
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Preglednica 10¥sebnosti joda v procesiranem in neprocesiraneoglibulinu s katepsinom.C
Aktivni katepsin C je cepil Tg in spréd@l jod pri razlénih pH-jih. V neprocesiranem in
procesiranem Tg smo daai ostanek joda. Razlika med nepreocesiranim ocgsiranim Tg
pomeni jod, ki se je sprostil z N-terminalnega delalekule tiroglobulina. Vsebnosti prikazujejo,
da je od 20 % do 22 % vsega joda Vv tiroglobuliniNArminalnem delu molekule.

pH Netretiran Tg (mmol J/ mol Tg) Tretirag fmmol J/ mol Tg)
7,2 20,5 1&0,5
6,0 120,5 130,5

4.5 Ex vivo cepitev tiroglobulina v goji&u FRTL-5 celic

4.5.1 SproXanje tiroksina v gojis¢u FRTL-5 celic ter vpliv dodanih
inhibitorjev na njegovo spro&anje

Cepitev dodanega prégga tiroglobulina in posledio spro8anje tiroksina v goji&u
FRTL-5 celic zaradi endogeno izraZzenih proteinand spremljali z uporabo ELISA
diagnostinega kita za prosti tiroksin. Podganji tirociti @fiajo v goji€e veliko Stevilo
proteinaz, zato smo potrebovali za ocenitev deledsepsina C in metaloproteinaz
speciftne inhibitorje. Slika 38 predstavlja kailno tiroksina, ki se je sprostil iz dodanega
praStjega tiroglobulina. Inhibitor cisteinskih protein&z64d je sposoben preiti a&io
membrano in inhibirati tudi znotrajc&fio razgradnjo tiroksina, za razliko od E-64, ki ne
more prodreti v celico in je omejen na interakcgosekretornimi proteinazami. Oba
zmanjSata spréanje tiroksina za priblizno polovico. Spetiii inhibitor katepsina C,
Gly-Phe-CHN, zmanjSa spr@&nje tiroksina za dobro tretjino. Kelatorja koviitslonov
EDTA in DTPA, ki inhibirata metaloproteinaze in meoreta prodreti v celico, znizata
nivo hormona za enak delez kot inhibitor katepsthaKombinacija Gly-Phe-CHNiIn
EDTA inhibira spro8anje tiroksina na polovico. EDTA pa v kombinacijEz64d skoraj
nima vpliva.
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Slika 38: Spro¥anje tiroksina iz tiroglobulina s proteinazami, ke sprostijo iz podganjih
tirocitov ter vpliv razlenih inhibitorjev. Sproganje tiroksina v goji&u FRTL-5 celic zaradi
endogeno izraZzenih proteinaz smo spremljali z UpwrBELISA diagnostinega kita za prosti
tiroksin. Dodani inhibitorji Wasu meritev niso imelidinka na proliferacijo celic.

4.5.2 UtiSanje gena za PGCP

Za dipeptidazo PGCP ne poznamo spe&c#ga substrata ali inhibitorja, s katerim bi
lahko sledili delovanju encima. Zato smo pripra®RRTL-5 celice in utiSali izrazanje
gena za PGCP (Slika 39).V naSi raziskavi smo izbmed tremi zaporedno ra&timi
molekulami shRNK, ki so komplementarne molekulamN#R ki zapisujejo PGCP. Za
kontrolno molekulo smo izbrali molekulo shRNK, z ppaedjem, ki nima
komplementarnosti v genih vretamjev.

Slika 39:UtiSanje izrazanja gena PGCMa sliki lahko primerjamo izrazanje PGCP v neutiSan
in utiSani celici. ImunocitoloSko oztiavanje celice je bilo izvedeno z Kijimi protitelesi proti
¢loveSkemu PGCP in konjugiranimi sekundarnimi pedéisi (Alexa Fluor 488).
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Po laieni transfekciji treh razinih shRNK v FRTL-5 celice smo preverili njihov
ucinek na tatno mRNK. Stevilo Zivih celic FRTL-5 se je prvi d@o transfekciji hitro
znizalo v primerjavi z netretirano skupino celikugino celic tretirano s transfekcijskim
reagentom in s skupino s kontrolno shRNK. Po patiéh se je prezivelost celic drést
zmanijSala in prisotne so bile le Se maloStevilnreaptezne celice. Rezultat nakazuje, da je
gen za PGCP pomemben za delovanje in preziveie cel

4.6 Imunohistokemija miSje itnice

Z uporabo cetine kulture podganijih celic, smo lahko raziskovatilekularni mehanizem
delovanja PGCP in katepsina C na tiroglobulin umigj viogo pri spra&anju tiroksina. Za
dokaz prisotnosti PGCP in katepsina C v folikularcelicah &itnice smo pripravili
imunohistoloSke preparate misjittithic. 1z FVB miSi smo izrezali &tnico in jo
zamrznili v tekéem duSiku. Zamrznjeno tkivo smo rezali na 5 um tebezine in jih
ozna&ili s primarnimi protitelesi proti PGCP ali katepsi C ter sekundarnimi kozjimi
proti kurénimi protitelesi, konjugiranimi z Alexa Fluor 488rfitira zeleno barvo). Jedra
smo ozndili z DAPI (emitira modro barvo). Na slikah je vidmrisotnost PGCP (Slika
40) oz. katepsina C (Slika 41) v tkivuithice. lzrazito sta encima prisotna v tirocitih ob
apikalnem delu calne membrane. V preostalih celicah vezivnega tkiagepbil signal
zmanjsan.

Slika 40:Krio imunohistoloSki preparat misjeifnice. PGCP je ozngen z zeleno barvo. Z modro
S0 0zné&ena jedra.
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Slika 41:Krio imunohistoloSki preparat miSjeifnice. Katepsin C je ozri@n z zeleno. Z modro
SO 0znéena jedra.

Pripravili smo tudi imunohistoloSke rezine za bajeas tehniko ABC. S kufjimi
protitelesi usmerjenimi proti PGCP smo o&tiavzorec. Vidimo, da so protitelesa
zaznala prisotnost PGCP v tirocitih okrog folikmaga lumna (Slika 42).

Slika 42: Barvanje gitnice s ABC tehnikoZ rjavo barvo so oz@ana kuija protitelesa proti
PGCP. Iz slike vidimo, da je PGCP bolje zastopéinoeitih, okrog $itni¢nega folikla.
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5 Razprava

Glikozilacija ima pomembno vlogo pri raatiih celenih funkcijah. Poleg dobro poznanih
vlog N-glikanov pri proteinskem zvitju, usmerjanjuizlo¢anju (Helenius in Aehi2001;
Varki, 1993, N-glikozilacija vpliva na razvoj organizma, honségzo, protein-protein
interakcije in sodeluje pri celmem signaliziranjyloffe in Stanley 1994; Lau in sod.
2007. Sprememba v oligosaharidni strukturi je povezanazlicnimi fizioloSkimi in
patoloskimi procesi, kot so céfia diferenciacija, calna migracija, interakcije med
gostitellem in patogenimi organizmi ter transmembBkam signaliziranjem in
sprog€anjem lizosomskih encimov v zunajesli prostor (Guo in sod. 2003; loffe in
Stanley 1994; Linke in s0d.2002b; Saxon in BertozzZ2001; Wang, X.C. in sod2006.

Namen doktorskega dela je povezati dosedanje znanjeigotoviti, kako vpliva
sprememba glikozilacije na lokalizacijo encima irtesn na njegovo delovanje izven
celice. Kot primer fizioloSke pomembnosti smo rkais viogo plazemske glutamat
karboksipeptidaze (PGCP) pri izven¢akkm spro&anju tiroksina.

Plazemska glutamat karboksipeptidaza (PGCP) jelopetdeinaza, ki cepi dipeptide
na proste aminokislin@VicDonald in sod.1969. Protein je poznan ze vrsto let, le da so
ga imenovali z raztinimi imeni, kot npr. Ser-Met dipeptidagi&icDonald in sod.1972),
ali kasneje lizosomska dipeptidaza (LDR)cDonald in Schwahel977, ko so encim
zasledili v lizosomih. Raziskovalci so odkrili fetfoSko pomembnost PGCP vitsici,
kjier sodeluje pri spréanju hormona tiroksingDunn in sod. 1996, da se nahaja
izvenceléno (Gingras in sod.1999 ter da sta lizosomska dipeptidaza in PGCP ista
encima, le drugmo poimenovanéBethesda2011; Dolenc in Mihelic2003.

Za boljSo karakterizacijo delovanja proteina v @ein izven nje, smo pripravili e
cDNK za izrazanje v razlnih sistemih. Do sedaj poznamo dva poskusa izraZaGCP
(Dolenc in Mihelic 2003; Gingras in sod1999. Protein, ki so ga izrazili v sesalskih
celicah, ni bil namenjeris¢enju temveé znotrajcelkknemu sledenju(Gingras in sod.
1999. Raziskovalci z izrazanjem v bakterijskih celicab pridobili veliko koléino
proteina, a zal netopneg@aolenc in sod.2007).

Priprava PGCP kot fuzijskega proteina z zeleninmiddiim fluoresceinim proteinom
nam omogoa sledenje molekule. Za pripravo deglikozilacijskilutantov smo uporabili
uspesno pripravljen gen za PGCP, v fuziji z¢ae fluoresceginim proteinom ter v
laboratoriju Ze pripravljen PGCP, v fuziji z zelenfluorescetinim. 1z aminokislinskega
zaporedija je razvidno, da PGCP vsebuje pet potaiftimest N-glikozilacije (Slika 12).
Zato smo pripravili posamezne mutacije in nekdjayih kombinacij (Preglednica 4). Po
transfekciji HEK 293 celic s temi mutanti smo ugolip s pomajo fluorescetinega
mikroskopa, da se vsi mutanti izraZzajo (Slika 1@pazili smo manjSe razlike v
zadrZevanju v dokenih organelih. Le-te bodo predmet kasnejSih raxis&aj je potrebno
te razlike opazovati s konfokalnim mikroskopom,ddahko dol@ili to¢no lokalizacijo
izrazenega proteina. Fuzijski protein smo lahkdisleudi z uporabo imunoloskih metod.
Ugotovili smo, da je izrazanje v celici vezikularrazporejeno (Slika 17). Tudi HEK 293
celice so izldale fuzijski protein v medij, pri tem smo opazilia se del GFP molekul
odcepi od PGCP-GFP (Slika 18). Uporaba podganjibcitov (FRTL-5 celice) za
transfekcijo fuzijskega PGCP nam je dala podobenltat (Slika 19), le da je prisotna
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nizja kolicina proteina z mutacijo na mestu 61 (N61A), takeelicnem lizatu, kot v
gojis¢u. Odcepitev dela fluorescémega proteina nam je otezila delo, zato kasnejamis
ve¢ uporabili fluorescetnega proteina za Studije lokalizacije, ampak smormejili na
detekcijo s protitelesi.

Pridobili smo cist in aktivni PGCP, ki smo ga potrebovali za kaeskacijo
encimskega delovanja. Topno obliko izrazene digegté smo dosegli z izrazanjem v
insektnih celicah s pondw bakulovirusnega sistemgZajc in sod, 2011). Z
hidroksiapatitno kromatografijo smo dosegli veldkaristek izolacije, saj smo lahko na
kolono direktno nanesli gojig, na katero se je vezal izrazeni PGCP. Ugotawib,sda se
izlo¢il encim na gelski kromatografiji, pri molekulskiasi 100 kDa, kar nakazuje na
prisotnost homodimerne oblike v mediju (Slika 2B8glo winkovita je bila afinitetna
kromatografija na Phe-Leu-sefarozi. Metodo vezawveirea na imobiliziran dipeptid je
vpeljal Pshezhetsky za izolacijo katepsina(Pshezhetsky in Potiel994). Dipeptid-
sefaroza je odstranila vsedmsoce. Ugotovili smo, da je procesiranje proteina ierega
v bakulovirusnem sistemu nepopolno. Pri dalgu aminokislinskega terminalnega
zaporedja smo zasledili, da je prisotniht uatermediatnih oblik (Slika 24), ki pa jih
nismo uspeli l¢iti. So pa znane intermediatne oblike nekaterihgbmih, heterologno
izrazenih encimov(Hartley in Bennett 2009; Nirasawa in sod.1999. Aktivacijo z
razlicno dolgimi ostanki propeptida so doio Se dvema encimoma iz druzine M28,
kamor spada tudi PGCP, aminopeptidazi Agdlartley in Bennett 2009 in
aminopeptidazi AC(Nirasawa in sod.1999. Oba encima ohranita po izrazanju in
aktivaciji del propeptida.

PGCP smo izolirali v relativno veliki kdiini (8 mg/l goji&a), vendar je bil encim
nestabilen in smo ga morali sproti izolirati, daosga uporabili za encimske teste.

Bakulovirusni sistem je zelo ¢inkovit pri izrazanju ¢loveSkih proteinov. Se pa
razlikuje v N-glikozilaciji, ki je vc¢asih zelo pomembna. Tako nekateri oligosaharidi
vsebujejo samo tri ali celo dva manozna ostagémann in sod. 1999. Razlika je
najbolj opazna pri lizosomskih encimih, ki vsebajejisoko manozne sladkorje. Pri
¢loveskih proteinih, ki se izl@mjo, je razlika manjSa, saj je v obeh primerih qnsa
hibridna ali kompleksna glikozilacija. PGCP, izrazeinsektnih celicah, vsebuje hibriden
ali kompleksen tip N-glikozilacije (Slika 25) in sntahko sladkorje odcepili s PNGazo F,
ne pa z EndoH endoglikozidazo, ki odceplja visokanozne sladkorjéTarentino, A. L.
in sod, 1985; Tarentino, Anthony L. in Maley974).

Izoliranemu PGCP smo daiti nekatere lastnosti, ki so potrdile podobnost
izoliranemu encimu iZloveskih ledvic(Dolenc in Mihelic 2003. Encim je bil sposoben
katalizirati hidrolizo dipeptida Ser-Met, hidrolizza se je ustavila v prisotnosti EDTA,
DTPA in bestatina (Slika 23). Zanimivo je, da im&joridni ioni aktivacijski &inek na
dipeptidazo (Slika 22). Podobeninek kloridnih ionov so opazili pri delovanju katepa
C (McDonald in sod.1966).

V nadaljevanju smo se usmerili na raziskave, kapojujejo molekularno delovanje
PGCP. Narava encima je kataliziranje hidroliziradjpeptidov. Delovanja dipeptidaz v
celicah ne poznamo in se omejujemo na dejstvopdiipeptidaze verjetno zadwjien v
razgradnji proteinov do aminokislin.

Zaradi dejstva, da PGCP hidrolizira dipeptide, agenostavneje karakterizirati sistem,
kjer PGCP deluje skupaj z encimom, ki sgeo&lipeptide s konca polipeptidne verige.
Delovanje PGCP smo povezali s katepsinom C (digippeptidazo 1), ki odceplja
dipeptide z N-terminalnega dela proteif@utman in Fruton1948. Tako smo pripravili
rekombinantni katepsin C v fuziji s fluores¢aim proteinom. Kolokalizacijo PGCP in
katepsina C v fuziji s RFP smo pripravili s traksig v FRTL-5 celicah in ugotovili, da
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sta kolokalizirana.

Visok nivo izrazanja obeh encimov nam je omélgala smo lahko spremljali njuno
prisotnost v podganjih tirocitih z uporabo imunok#mijskihn metod s pond
fluorescekinega mikroska (Slika 30). Pri tem smo uporabili ciipgna poliklonska
protitelesa, sekundarna protitelesa pa so bilaugirgna z razéinima fluoroforoma. Oba
encima sta prisotna v veliki kéini v endoplazemskem retikulumu (ER). Velik delez
obeh proteinov naméekolokalizira s protein disulfid izomerazo (PDIYigdtnost v ER so
do sedaj pokazali tudi pri drugih lizosomskih kai@fh, npr. za katepsin BSpiess in
sod, 1994, katepsin H(Nishimura in Katp 1987 in katepsin W(Wex in sod, 2007).
PodrobnejSi pogled na znotrajéelo porazdelitev, s poudarkom na nahajanju v
endoplazemskem retikulumu dree endosomsko-lizosomskih proteinov, se nahaja na
spletni strani projekta »The Human Protein Atlassw.proteinatlas.orgUhlen in sod.
2010. PGCP in katepsin C kolokalizirata tudi z Golgin®® markerjem Golgijevega
aparata, saj sta rioo prisotna tudi v predelu celic (Slika 30), kjatgka kokna stopnja
N-glikozilacije in se dolda o tipu N-glikozilacije proteino@Varki, 1993. Da sta encima
glikozilirana, so ze pokazalDahl in sod. 2001; Gingras in sod1999. Prisotnosti obeh
encimov pa nismo zasledili v lizosomih, saj ne kalirata z LAMP-2 proteinom,
markerjem lizosomov. Ko smo primerjali kolokalizaciobeh proteinov v FRTL-5
celicah, smo ugotovili, da se nahajata skupaj VilEBA, ne pa v vseh veziklih. Ker ti
vezikli niso lizosomi in smo opazili, da se encinzéocata iz celic (Slika 30), smo
zakljwili, da se izl@ata z razkinimi sekretornimi organelami. Obstaja namret vrst
sekretornih veziklov, ki jih grobo razdelimo v dtipa izlatanja(Brunner in sod.2009;
Kim in sod, 2006. Nekateri vezikli se izltajo kontinuirano, drugi vezikli pa se pmejo
izlocati po stimulaciji celic. V naSem primeru jéitmo, da gre za drugi tip izéanja, saj
je za sekrecijo potrebna stimulacija s TSH, inzutim/ali somatostatinom (Slika 32). Ko
smo opazovali prisotnost katepsina C in PGCP v 8}iau (hidrokortizon, transferin,
Gly-His-Lys) z uporabo NaDS-PAGE in prenosa po Wasi, ju nismo zasledili.
Dodatek treh hormonov (TSH, inzulin, somatostakir®H goji&u sproZi njuno izldanje
iz celice (Slika 32). Podobno se obnaSa tudi katepssaj se izlda iz celic v prisotnosti
6H v gojigu (Linke in sod, 2002h. Aktivni katepsin C v celicah in njegovo izianje v
gojiste smo lahko zasledovali s spedifim fluorogenim substratom Gly-Ph@MNA
(Planta in Gruber1963. Te moznosti nismo imeli za PGCP, saj zaenkrapomnamo
specifénega niti fluorogenega, niti kromogenega substzdata encim. Primerjava
aktivnosti katepsina C ob prisotnosti komponentrgdmnih za prezivetje celic (3H) ter
hormonov, ki sprozijo izltanje lizosomskih proteinaz (TSH, inzulin, somattsja
prikazuje, da sta za poviSano &mje potrebna le dva od hormonov. Prisotnost inauli
pri izlocanju iz tiroidnih celic je skoraj tako pomembna kosotnost TSH. Ni pa nujna,
saj v primeru, ko smo zamenjali inzulin s somatirsten, vidimo le malo niZjo aktivnost
katepsina C v mediju (Slika 32).

PGCP in katepsin C nista edini cisteinski proteinki se izl@ata iz tirocitov pod
vplivom 6H. Katepsin K, L in B se izt@jo tako iz¢loveskih epitelijskih celic &tnice,
kot tudi iz FRTL-5 celigBrix in sod, 2001; Linke in s0d.2002a; Linke in sod.2002b;
Tepel in sod.2000. Avtorji ¢lankov so pokazali, da se katepsini pod vplivorminamnov
ne usmerijo v lizosome, ampak se transportiraj@pi&alno stran tirocitov, kar povafio
njihovo izloatanje v folikle pod fizioloSkimi pogoji.

Pomembnost N-glikozilacije proteinov opazimo v iagju raznih funkcij glikozilacije
(Ohtsubo in Marth2006. Ker sodeluje med drugim tudi pri prenosu proteipo celici
in izlo¢anju iz celic(Bidey in sod,. 1984, smo predpostavili, da je za izbnje PGCP in
katepsina C odgovorna sprememba glikozilacije $ok® manozne v hibridno oziroma v
kompleksno glikozilacijo. Deglikozilacijo visoko mazne oblike N-glikozilacije
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proteinov smo dosegli z odcepljanjem N-vezanih lgbg@v z endoglikozidazo Endo H,
ker cepi samo visoko-manozne oligosaharide, nippgabna odstraniti drugih dveh tipov
sladkorjev (glikozilacije)(Tarentino, Anthony L. in Maley1974. Hibridne oziroma
kompleksne oligosaharide lahko s proteinov odstRNiGaza F, ki cepi ne glede na
sestavo oligosahariddfarentino, A. L. in s0d.1985.

Analiza glikozilacije s pomfo NaDS-PAGE in prenosom po Westernu, nam
prikazuje, da vsebuje PGCP, ki je i#m v goji€e, hibriden, oz. kompleksen tip N-
glikozilacije (Slika 30). Proteinu, ki se je nahajacelicah, nismo nat&no dolcili tipa
N-glikozilacije, saj je bila razlika v molskih mdsg@o odstanitvi sladkorjev minimalna,
kar lahko pomeni, da je N-glikozilacija visoko mana. Hibriden in kompleksen tip N-
glikozilacije pokaze veliko wgo razliko v masi (Slika 30). Pri analizi katepsi@a iz
goji&a smo zaznali le pro-obliko encima z molekulsko &6 kDa. Razlike v masi
zaradi deglikozilacije z EndoH in PNGazo F smo adizv primerjavi z originalno maso
proteina, vendar je le-ta tako nizka, da nismo lisgmtoviti tipa glikozilacije. V celicah
smo lahko detektirali tudi zrel encim, ki je se§@v iz treh verig(Dolenc in sod.1995.
Ker so bila poliklonska protitelesa narejena prekki verigi katepsina C, z maso okoli 25
kDa, smo opazili zmanjSanje mase zaradi deglikogdaz Endo H in PNGazo F. To
nakazuje, da vsebuje katepsin C znotraj celicekeisnanozen tip N-glikozilacije.

Razlike v tipu N-glikozilacije nastanejo zaradi alednja vrste encimov v medialnem
golgiju (Varki, 1993. Encim, ki je odgovoren za &stek hibridne ali kompleksne
glikozilacije, je N-acetilglukozaminil transferatdGnT1). Kodirana je z Mgatl genom
(loffe in Stanley 1994; Metzler in so¢.1994. Tako smo z uporabo NaDS-PAGE in
prenosa po Westernu ugotovili, da je izrazanje GaTcklicah, ki rastejo v 3H gojis
veliko nizje, kot pa v 6H goj& (Slika 31). TSH, inzulin in somatostatin poag
izrazanje transferaze v FRTL-5 celicah, ta paneakaskado sladkornih transferaz in
hidrolaz(Lau in sod. 2007, kar se kaze v spré&nju lizosomskih encimov iz celic.

Do sedaj smo pokazali, da sprememba glikozilac@ECP in katepsina C omogo
njuno izlatanje iz FRTL-5 celic, kar pomenil, da se dgitSici lahko encima izlgata v
notranjost foliklov, kjer se nahaja tudi tirogloloulV notranjosti foliklov je fizioloSki pH
okrog pH 7,21n vitro Studije so pokazale, da so lizosomski encimi vraévem okolju, v
nasprotju s kislim pH okolice, manj stabilni, ka primer katepsin L, ki je stabilen le
nekaj sekund v kolikor ni prisotna visoka koncecijeasubstrata ali inhibitorja (Turk, B.
in sod., 1993; Turk, B. in sad1999. Tudi aktivnost lizosomskih proteinaz, ki so
maksimalno aktivne v rahlo kislem pH, se v nevteainzelo zniza. Pred kratkim so
pokazali, da so cisteinski katepsini B, K in L &kii v kislem okolju, medtem ko je v
nevtralnem pH aktiven le katepsin(&rdans in sod2009. Po predhodnem delovanju
katepsina S na tiroglobulin so sposobni sgmofa tiroksina iz tiroglobulina tudi katepsini
B, K in L. Za katepsin C so pokazali celo, da spgaimaravo svojega delovanja in v
nevtralnem postane transferaza ter dodaja dipeptieN-terminalni del peptidov
(McGuire in sod.1992; Planta in sod1964).

Do sedaj Se ni bilo objavljene Studije, ki bi vkigvala delovanje katepsina C, so pa Ze
pokazali, da lahko PGCP sodeluje pri hidrolizi gifiga s tiroksinom, ki se sprosti iz
tiroglobulina (Dunn in sod. 1996. Po ugotovitvi, da se po indukciji s hormoni oba
proteina izl@éata iz celice, nas je zanimalo, ali je sploh mogapitev tiroglobulina s
katepsinom C in ali so razlike cepitve zaradi rewiega pH, v primerjavi z optimalnim
rahlo kislim okoljem. Sele ko katepsin C odcepiegifid s tiroksinom z N-terminalnega
dela tiroglobulina, lahko PGCP nadaljuje hidrol@ipeptida do prostega tiroksina.

Hormon tiroksin je nestandardna aminokislina inigdrtirozina. Ker stranska veriga
aminokisline vsebuje dva fenilna obey ki sta dodatno Se Stirikrat jodirana, lahko
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njegova velikost predstavlja st&mb oviro za encim. Katepsin C mora sprejeti in
prepoznati substrat ter biti sposoben katalizedhimk peptidne vezi. Da je katepsin C
tega sposoben, smo lahko predpostavili iz njegdmektsire (Turk, D. in sod. 2007J).
Dipeptidil peptidaza ima v primerjavi z drugimi emc papainove druzine zelo globok
hidrofobni S2 aktivni Zzep, na dnu katerega mora lridni ion, da je encim polno
aktiven (Slika 43). V ta zep sede stranska veriggeriinalne aminokisline substrata.
Karakterizacije aktivnosti katepsina C prikazujeja, je lahko kloridni ion, ki je potreben
za polno aktivnost encima, uspesno nad@eres jodidnim ionom(Gorter in Gruber
1970.

Slika 43:Aktivno mesto katepsina 8a osnovi objavljene strukture katepsina C (Trkin sod.,
2001) vidimo zelo globoko aktivno mesto S2, kamervsede stranska veriga N-terminalne
aminokisline substrata.

Cloveski tiroglobulin je edina aktivna molekula, ¥ebuje jodidne jone, ti pa se
nahajajo na hormonogenih mestih (Sorimachi in sb874). Tudi pragji tiroglobulin
vsebuje tiroksin na petem mestu, po odcepitvi Sighaekvence, saj je ohranjenost
aminokislinskega zaporedja tiroglobulina zelo vesaoked posameznimi organizmi (Slika
44).

Katepsin C ne more odcepiti dipeptida, kadar seajaaha N-terminalnem delu Arg,
niti kadar je na drugem mestu Pro. V primeru tiobgilina pa se pojavi kombinacija obeh
aminokislin pri vseh visjih vrete&arjih, ki imajo tiroglobulin.

Tiroksin na N-terminalnem delu tiroglobulina imarje¢no najpomembnejSo viogo od
vseh tiroksinov na makromoleku(Dunn in sod. 1998. Ce upoStevamo, da ima
tiroglobulin le tri mesta, ki so polno jodirar®edieu in sod. 2011, vidimo, da je
delovanje katepsina C in PGCP zelo pomembno pd&sanju tiroksina. Tudi merjenje
koli¢ine spro8enega joda pri delovanju katepsina C je pokazaosalsprosti priblizno
petina vsega joda.
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1 [Homo sapiens] 1 NIFEYQVDADPLRPCELQRETAFLKQADYVPQCAEDGSFQ 40
2* [Pan troglodytes] 1 . .. . B . . .. ... ee e e e e e e 40
3 [Macaca mulatta] 1 B .. . - B oo vn on on o oo on v as 40
4 [Macaca fascicularis] 1 . . . ... ... .. B oo s e e e as w s s 40
5* [Nomascus leucogenys] 1 . .. . B . . ... BI: o s we s e B B a5 40
6* [Callithrix jacchus] 1 [ . ... .. . .. .. R. vt e ot ve va s - 40
7 [Sus scrofal 1 SR . . . BN .. .. Ri o oRan o o o5 95 o5 9 40
8 [Bos taurus] 1 . .. B . .....R....RE......c.04040 40
9 [Mus musculus] 1 N . . . . . N...... B i o s B in s S ws e 40
10 [Rattus norvegicus] 1 O . . . ... . .. .. |, DE..... Sies as a 40
llx[Capra hircus] 1 EEEE. .. . B ... .. B AR B s s e 56 9 e 40
12 [Canis lupus familiaris] 1 Boaes....0eeen...... R....G.E.......... Y. 40
13k [Cavia porcellus] 1 EEEEEE. . . . B .. ... R....RME.I...S...... 40
l4*[Loxodonta africanal 1 B . - - MBS . . .. .. R.:ii :BRE: o v s S e s R 40
15 [Heterocephalus glaber] 1 L........ - e K...TRMN.I...S...... 40
léx[Gallus gallus] 1 . T . SR . . . ... K..TGGET..... 5...0.R 40
17* [Monodelphis domestica] 1 L....E..S...oi...... Q....KE.HI...LA..R.R 40
18d[Oryctolagus cuniculus] 1 L........ ISR . . Q. .MOSIMXSQPXGSVXXSQPACE 40
19k [Trachemys scriptal 1 0.....AEF. ... .ELAETGLNLLLEELYDLLTAEGSYEE 40

Slika 44: Primerjava c¢loveSkega N-terminalnega dela tiroglobulina z zaaljir iz razlénimi
Zivalskih vrstPredstavljenih je prvih 40 aminokislin z N-terminefja dela tiroglobulina. Znak *
ozna&uje napovedano aminokislinsko sestavo. Znak @ @gede znani del zaporedja. Vrste si
sledijo: 1)Clovek; 2) Navadni Simpanz; 3) Rezus opica; 4) Dudgo makak; 5) Belodini gibon;

6) Navadna marmozetka; 7) Divji pr&s8) Domae govedo; 9) HiSna mis; 10) Siva podgana; 11)
Domaa Koza; 12) Doma pes; 13) Morski prasek; 14) AfriSki savanski slon; 15) Goli peskar;
16) Domaa koko$; 17) Brazilski kratkorepi oposum; 18) Didginec; 19) Zelva rdevratka

Pri delovanju katepsina C na tiroglobin se odcepi dipeptid, ki vsebuje tiroksin.
Casovna odvisnost spi&nja tiroksina, ki smo ga merili z diagnésiim kitom Elisa
Free T4 in je posledica krajSanja N-terminalnegéa deoglobulina s katepsinom C,
poteka linearno (Slika 35). Se pa sga§e ne spremeni bistveno ob prisotnosti PGCP
(Slika 36). Da lahko PGCP cepi dipeptid T4-GIn prasti hormon so pokazali s HPLC
analizo(Dunn in sod. 1996. Ker je diagnostini kit za prosti tiroksin (ELISA free T4)
zaznal tudi dipeptid T4-GIn, nas je zanimate, je PGCP sploh aktiven na produkte
cepitev tiroglobulina s katepsinom [.vitro cepitev tiroglobulina s katepsinom C je dala
produkte, ki smo jih ldevali na koloni C18 z reverzno fazo. Spremembaijskega
kromatograma v prisotnosti PGCP nam prikazuje ed@GCP aktiven in sposoben cepiti
vse produkte, ki jih je tvoril katepsin C (Slika)3Tiroksin ne vpliva na aktivhost PGCP,
niti na aktivnost katepsina C. Zaldjii smo, da diagnostni kit prepozna tako hormon
tiroksin, kot tudi dipeptid s tiroksinom (T4-GlIn).

Z imunohistokemijskimi metodami smo pripravili reei misjih itnic. Po
ozna&evanju s protitelesi proti PGCP in katepsinom C srgotovili, da se oba encima
nahajata v folikularnih celicahcignice (tirocitih), kar pomeni, da se izlata iz celic v
lumen (Slika 40, Slika 41 in Slika 42).

Sprog€anje tiroksina iz tiroglobulina smo potrdili v g8&ju podganjih tirocitov
(FRTL-5), ki smo jim dodali pra§j tiroglobulin. FRTL-5 celice namgeniso sposobne
jodirati tiroglobulina, zato moramo za poskuse datiairoglobulin izoliran iz drugih
organizmov. S pomio raznih inhibitorjev (Slika 38) smo ugotovili, #atepsin C sprosti
okoli 30% tiroksina, medtem ko cisteinske protemagkupaj sprostijo okoli 60%
tiroksina. Inhibitor metaloproteinaz zmanjSa spawge tiroksina za okoli 30%. Z
merjenjem dipeptidazne aktivnosti v gdjiScelic in inhibicije metaloproteinaz z EDTA
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pa smo videli, da so prisotne tudi druge dipeptdame le metaloproteinaze, med katere
spada PGCP. Potrdili smo, da gre pri cepitvi Tgedgd relativno veliko Stevilo proteaz
razliénih katalitenih tipov, kar préa o kompleksnosti procesa sgaaja tiroksina.

Ker ne poznamo speaifiega inhibitorja niti substrata za PGCP, smo padbkutssati
izrazanje PGCP in s tem kvantificirati vpliv PGCHRRripravili smo tri pare
oligonukleotidov, ki so se vezala na ramk mesta mRNK. Metoda ni primerna, saj so vsi
pripravljeni konstrukti sprozili celno smrt, kar potrjuie na velik pomen PGCP pri
delovaniju celic.

Sprememba visoko manozne glikozilacije lizosomskilcimov v celicah&tnice pod
kontrolo TSH, v sodelovanju z inzulinom, sprostoéanje lizosomskih encimov iz celic
pod fizioloSkimi pogoji. Za spr@&nje tiroksina to pomeni, da ni potrebna endocitoza
tiroglobulina, ampak reakcija p@ Ze v lumnu foliklov &tnice. Spro&anje lizosomskih
encimov iz celic zaradi spremembe glikozilacije @gm@ bolj kontrolirano spr@&nje
tiroksina iz tiroglobulina in s tem lazjo regulaxipjegovega nivoja. 1z vseh dostopnih
podatkov lahko sklepamo, da je proces sfapf tiroksina koordiniran z ¢eazlicnimi
proteinazami. Proces sptadja tiroksina je uravnan z aktivnostjo proteinafolklih.
Lizosomski encimi niso obstojni v nevtralnem pFurk, V. in sod, 2012 in se njihova
aktivnost izven celic niza, dokler ni potrebe zagdaktivnosti. Takrat poviSan nivo TSH
preko spremembe N-glikozilacije inducira sekrediposomskih encimov iz celic v
lumen foliklov.

Za boljSe razumevanje spt@adja lizosomskih encimov iz celice, je potrebnihvée
raziskav. Zelo verjetno je, da obstajajo prenosoigini, ki pa Se niso bili odkriti.
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6 Zaklju &K

V sklopu doktorskega dela, kjer smo prewali vpliv N-glikozilacije na delovanje
plazemske glutamat karboksipeptidaze v sistemujeelitamnega procesiranja prohormona
tiroglobulina smo ugotovili:

 Katepsin C in PGCP delujeta zunajéeb na tiroglobulin in sodelujeta pri
sproganju tiroksinan vivoter v celéni kulturi FRTL-5.

» Katepsin C katalizira hidrolizo N-terminalnegaladg@rastjega tiroglobulina in
odceplja najvé 12 aminokislin, med drugim tudi dipeptid s tiraksin na mestu 5.

* Encima katepsin C in PGCP se iz FRTL-5 celicdata po raztinih sekretornih
veziklih pod vplivom TSH, inzulina in somatostatina

e TSH, inzulin in/ali somatostatin prisotni v g@ji§ vplivajo na izrazanje
N-acetilglukozaminil transferaze I.

e Hormon tiroksin nima vpliva na aktivhost rekomdnega PGCP ali
rekombinantnega katepsina C.

* Rekombinanti PGCP ne cepi dipeptidnega nevrotnitegia karnozina.
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7 Zahvale

Najvesja zahvala gre vsekakor mojemu mentafjulztoku Dolencu, ki me je sprejel za
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moja raziskovalna pot mnogo tezja, najverjetneje tpdi popolnoma drugaa.
Zahvaljujem se mu za dobro sodelovanje, strokovoim@, kriticen pregled in tehtne
predloge pri izdelavi doktorske disertacije.
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Se posebej gre zahvala tymtbf. ddr. Borisu Turku , predstonjiku odseka Biokemije,
Molekularne in Strukturne Biologije, za vse pon@epriloznosti v raziskovalnem delu.
Zahvaljujem se mu tudi za kidtie pripombe in strokovne diskusije.

Komisiji v sestaviprof. ddr. Boris Turk, prof. dr. Hrvoje Petkovi¢, prof. dr.
Veronika Stoka se zahvaljuiem za potrpeZljivost in kEitiost pri pregledu moje
doktorske naloge.

Prof. dr. Rogerju Painu se zahvaljujem za njegov hiter pregled in Ené& pripombe
angleskih besedil. Hvala tudi za pregled angleSkeyaetka k doktorski disertaciji.
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neposredno sodelovanje se zahvaljujem flajani Zajc. Zahvaljuiem se ji tudi za
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Georgyju Mikhailovu s katerimi sem sodeloval in mi je bil v veliko patrpri pripravi
imunohistoloskih rezin &tnice in Ani Miklavzin za pomd& pri pripravi konstruktov.
Skupaj smo reSevali marsikatere metodoloSke initeknzagate ter imeli kvalitetne
diskusije o tem.
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izvedbi eksperimentalnega dela. Se posebej hvalain Mojci, za neseldho pomea, s
svojimi konstruktivnimi komentatrji in prijetne tratke, ki smo jih preziveli skupaj.
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Kazalo slik

Slika 1:Shematski prikaz in histoloski preparéitSice (Glandula thyroidea)A)
Sitnica se nahaja v vratu pod grlom. B) HistoloSieégarat prikazuje sloj
&itnice. Ozné&ene so celicecinice-tirociti in folikli, ki jih tvojrijo (povze
PO: SNULEEISTOCK, 2011). .iiiiiiiii e ee ettt eeee e 1

Slika 2:Shematski prikaz polipeptidne verige tiroglobuliRaikazana so N-
glikozilacijska mesta (Y), hormonegenska mesta piargev (T4 in T3) in
donorjev tirozinSKin 0StANKOV. ...........ooiiiceeeer e e 2

Slika 3:Modelni prikaz &itni¢nih hormonov tiroksina in trijodotironinaHormona
se razlikujeta v Stevilu jodov vezanih na moleki8csivo je 0zné&eno
ogljikovodikovo ogrodje. Jod je oz&en z vijolicno barvo (povzeto po:
[2T0] 1(o] o N1 Yo To D2 00 1 ) 3

Slika 4:Modelni prikaz prekrivanja eksopeptidaznih katepsina osnovi strukture
katepsina LNa osnovi strukture katepsina L so dodane: zappamka
katepsina B, mini zanka katepsina X, mini veriggegaina H in izkljditvena
domena katepsina C (povzeto po: Turk, D. in SOBDIY.........cooevviviiiieiiiiiieeeeiiinne, 7
Slika 5:Kristalna struktura katepsina Kristalna struktura prikazuje tetramerno
obliko encima. Vsaka podenota je sestavljena iapappodobne domene in
izkljuc¢itvene domene. Ozgai so tudi strukturni sladkor, harpinska zanka in
Zepek aktivnega mesta (povzeto po: Turk, D. in,S@D1). ....c.ovvniiiiiiiiiiiiiiiineee, 9

Slika 6:Shema plazemske glutamat karboksipeptidA@EP..............ccoveeeeiiiiieeeinnnn. 11

Slika 7:Shema kristalne strukture aktivnega mesta Amindgeepe AplShema
prikazuje aktivno mesto aminopeptidakeromonas proteolytica

(aminopeptidaza Apl) (Chevrier in s0d., 1996). . .ccvvieeiiiiiiieeiiiieeeeiieeeeeenn, 12
Slika 8:Shematski prikaz sinteze in transporta proteirgivema prikazuje mozne

transportne poti po celici. (povzeto po: Lodistsad., 2000). ..........ccevvneeeiirnnenns 14
Slika 9: Shematski prikaz N-glikozilacij@ostopna tvorba rahih tipov glikanov

(povzeto po Hamilton in sod. 2006)..........ccueeeiiiiieeiiii e e 16

Slika 10:Shematski prikazetvernega in peternega mutanta v vektorju pGem-T-
Easy Postopek priprave mutantov s pafjooorodij molekularnega
KIONITANJA. ... ettt e e et ee e e e e e 27

Slika 11:Priprava rekombinantnega proteina PGCP s fuzijsgimoteinom.A) PCR
PGCP; B) Restrikcijska analiza PGCP vstavljenegaktor pGEM-T-Easy;
C) Restrikcijska analiza PGCP vstavljenega v vegiosRed-monomer-N1.
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Slika 12:Potencialna mesta N-glikozilacije encima PGQ@Rd&o barvo so
oznaeni asparaginski ostanki, ki tvorijo peptidno skomaporedje (Asn-
Xaa-Ser/Thr) (ozngeno z modro), kjer obstajad&ot 50 odstotna verjetnost,
da bi lahko prislo do N-glikozilacije. Stevilke pistavljajo aminokislinske
ostanke vkljgno s signalno sekvenco. Ozeaa mesta so Asn61, Asnl79,
ASN353, ASN356 IN ASNSBO6. ..ottt e e e ea e 36

Slika 13:Restrikcijska analiza enojnih mutantdrestrikcijska analiza enojnih
deglikozilacijskih mutantov z restriktaza&d in Kpnl na 0,8 % agaroznem
gelu. Preverili smo vstavitev fragmenta v vektanes fragmentov DNK
standardnih velikosti (stolpec 1), v stolpcih 243n 5 so naneSeni zprodukti
Xhd in Kpnl rezanih klonov. Fragment velikosti priblizno 1560 je
zaporedje cDNK PGCP, fragment pri priblizno 300gépneariziran vektor,
v katerega je bil vstavljen fragment. Klon 4 predta pravilno vstavljen gen..... 37

Slika 14:Restrikcijska analiza pripravéetvernega mutantaRestrikcijska analiza z
restriktazamahd in Bglll na 0,8 % agaroznem gelu. Rezan fragment 1)
pGem-PGCP-N61A (1000 bp) smo ligirali z rezaningfreentov 2) (pGem-
PGCP-N3xA) (3500 bp). Na ta &a smo dobili pGem-PGCP-N4xA. ................. 38

Slika 15:Restrikcijska analiza cDNK PGCP mutant®estrikcijska analiza
deglikozilacijskih mutantov z restriktazar{hd in Kpnl na 0,8 % agaroznem
gelu. Preverili smo prisotnost inserta okrog 15p0Ky predstvavlja cDNK
PGCP v vektorju pPEGFP-N2 cDNK si sledijo po vrsteradu 1) N61A; 2)
N179A; 3) N353A; 4) N356A; 5) N396A 6) N353A/N356A,

7) N353/356/396A; 8) N61/353/356/396A; 9) N61/1B8BB56/396A in 10)
iVji P PGCP-GFP. ... e 39

Slika 16:Transfekcija celic HEK 293 po 72-ih urafiransfekcija celic HEK 293, ki
izrazajo aktivno PGCP ter posamezne deglikozilkeijmutante, vse z
zelenim fluorescammim fuzijskim proteinom po 72 urah rasti. Transfcie
celice HEK 293 smo opazovali na fluorestigam mikroskopu Olimpus Xl in
celice slikali s CCD kamero. A) Mutant N61A ; B) kit N179A; C) Mutant
N353A; D) Mutant N356A; E) divji tip PGCP s GFP Mutant N396A; G)
Mutant N3xA; H) Mutant N4xA; 1) Mutant N5xACrtica predstavlja 10pum......... 40

Slika 17:Imunoloska detekcija prisotnosti deglikozilacijskilutantov v cedinem
lizatu HEK 293 celicPrisotnost fuzijskega proteina PGCP-GFP smo
opazovali s protitelesi proti zelenemu fluorestemu proteinu. 1) N61A; 2)
N179A; 3) N353A; 4) N356A; 5) N396A; 6) petkratnumant; 7) PGCP-GFP;
8) kontrola brez transfeKCIJe. ...........uvut e e e 41
Slika 18:Imunodetekcija transficiranih deglikozilacijskih tantov PGCP v gojifu
HEK 293 celicPrisotnost fuzijskega proteina PGCP-GFP smo oizev
protitelesi proti zelenemu fluorescagm®mu proteinu. 1) kontrola brez
transfekcije; 2) N61A; 3) N179A; 4) N353A; 5) N3568) N396A; 7)
petkratni mutant; 8) PGCP-GFP. .............t e 41
Slika 19:Imunodetekcija prehodno transficiranih deglikozijskih mutantov
PGCP v celinem lizatu in goji& FRTL-5:Transfekcija celic s posameznimi
deglikozilacijskimi mutanti in detekcija PGCP z Kyimi protitelesi proti
¢loveSkemu PGCP. 1) N61A; 2) N179A; 3) N353A; 4) B855) N396A; 6)
petkratna mutacija; 7) PGCP-GFP; 8) kontrola brazdfekcije. (A) Slika
predstavlja cetini lizat. (B) Slika predstavlja proteine iziene v gojige. ............ 42
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Slika 20:Superpozicija elucijskih kromatogramov rekombinagen PGCP in
proteinskih standardov za dalevanje molekulske mase na koloni za gelsko
kromatografijo Superdex-200la kromatogramu je z odebelje¢rdo ozn&en
eluiran PGCP, grtkanocrto so ozn&eni standardni proteini (tiroglobulin 667
kDa, gamma globulin 158 kDa, ovalbumin 44 kDa, robg 17 kDa in
vitamin B12 1,35 kDa). Na sliki je prikazana logamska odvisnost elucije
standardnih proteinov od njihove molekulske masedoiena masa za

Slika 21:NaDS-PAGE déscenega rekombinantnegéoveskega PGCFStolpec 1,
proteinski molekulski standardi; stolpec 2, zrefikaa PGCP z molekulsko
maso 55 kDa; stolpec 3, pro-PGCP z molekulsko md@s65 kDa....................... 44

Slika 22:Vpliv koncentracije kloridnih ionov na aktivhost £8: Stoplci
ozna&ujejo razltne koncentracije kloridnih ionov: 0 (brez), 20 mB0, mM,
100 mM in 200 mM NaCl v reagénem PUTU. ...........coiiereeiiiiiiiiiiie e 45

Slika 23:Aktivnost PGCP v prisotnosti inhibitorjev DTPA, EB&Toestatin ter
substanc karnozina in tiroksinBri 0,1 mM koncentraciji DTPA aktivnost
PGCP ni zmanjSana, pri 10x visji koncentraciji 1 rBNIPA in 0,25 mM
EDTA pa se zniza aktivnost na nekaj odstotkov. &@siLinkovito inhibira
PGCP pri koncentraciji 0,25 mM. Vpliva na aktivnOs25 mM karnozina in
10 pM tiroksina NiSMO ZAZNAUI. ..........eeei et 45

Slika 24:N-terminalno aminokislinska zaporedja&enega PGCP.
Experimentalno dokena zrela oblika encima izoliranega PGCP je
poctartana. Pudce ozn&ujejo cepitvena mesta na propeptidnem delu
encima, ki tvorijo novonastale amino konce. Ceppivégejo v goji€u po
izrazanju proteina v bakulovirosnem SiStemu. ..........ccooovviiiiiiiiiiin 46

Slika 25:Deglikozilacija rekombinantnega PGCP izrazenegasektnih celicah.
Stolpec 1, standardni proteini za d@ganje molekulske mase; stolpec 2,
rekombinantni PGCP; stolpec 3, deglikozilacija zl&i; stolpec 4,
deglikozlacija s PNGAzZO F. ........iiiiiiiiie e 46

Slika 26:Agarozna elektroforeza restrikcijske analize kaiegp€ s fuzijskima
fluorescednima proteinomaV 1 stolpcu so naneSeni standardi. V 2 stolpcu
je naneSen zligiran pEGFP-KatC (A) oziroma pDsRedikK(B). V tretjem pa
vektorja rezana s restriktazandhd in Kpnl. Fragment okrog 1500 prikazuje
CDNK cloveskega KatepsSina C. .........oooiiiiiiiiiicememmm e e 47

Slika 27:Transfekcija celic FRTL-5 po 72-ih uralransfekcija celic FRTL-5, ki
izrazajo aktivno PGCP ter posamezne deglikozilkeijmutante, vse z
zelenim fluoresaim fuzijskim proteinom po 72 urah rasti. Trangtrie
celice FRTL-5 smo opazovali na fluores¢eam mikroskopom Olimpus Xl
in celice slikali s CCD kamero. A) mutant N61A ; Butant N179A; C)
mutant N353A; D) mutant N356A; E) divji tip PGCR5&P F) mutant
N396A; G) mutant N3xA; H) mutant N4xA,; |) petkratmiutant.Crtica
Predstavija 10 M. ... e e 48
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Slika 28:Kolokalizacijske Studije transficiranega katepsida fluorescesnim
fuzijskim proteinom GFP in s PGCW celicah, kjer je bila transfekcija
uspesna, sta proteina kolokalizirana. A) @dijedra ozngena z barvilom
DAPI; B) Transficirane celice, ki izrazajo katepsire zelenim fuzijskim
proteinom. C) imunocitoloSko barvanje s protitelesiti PGCP, ki so
oznaena preko sekundarnih kozjih anti kjih protiteles konjugiranimi z
Alexa Fluor 546 (emitira rd® barvo); D) Zdruzene slike A,BinC s
pomaijo programa Imaging Software for Life Science Mgwopy Cell
(Olympus, Japonskagirtica predstavlja 10 LM, ......cccceeueiueereeeee e 49

Slika 29:Kolokalizacijske Studije endogenega PGCP in endegarkatepsina C z
ozna'evalci PDI, Golgin 97 in LAMP2A) PGCP (Alexa 488, zelena) in
katepsin C (Alexa 546, rda) sta véinoma kolokalizirana, vendar ne
popolnoma; (B) PGCP (Alexa 488, zelena) se nahajadoplazmatskem
retikulumu, ki je ozn&en s PDI (Alexa 546, rda); (C) v istih organelah se
nahaja tudi katepsin C (Alexa 488, zelena); (D) PG&lexa 488, zelena) je
kolokaliziran z Golginom-97 (Alexa 546, r&#®); (E) tudi katepsin C (Alexa
488, zelena) je lokaliziran v Golgijevem aparatyelozn&en z Golginom-97
(Alexa 546, rdea); (F) PGCP (Alexa 488, zelena) se le redko nahaja
lizosomih, ki so oznzeni z LAMP2 (Alexa 546, rd®@); (G) tudi katepsin C
Alexa 488, zelena) in LAMP2 (Alexa 546, t@@ sta le deloma
kolokalizirana.Crtica predstavlja LOHM............cocueeivereeeeeeeeeceeeeeeeseeeseee s 51

Slika 30:Lokalizacija endogeno izrazenega PGCP in katepSivapodganjih
tirocitih v prisotnosti TSH, inzulina in somatostet v gojig'u ter tipa njune
glikozilacije z uporabo Western blota in ustrezpibtiteles.Na vseh slikah je
v stolpcu 1 netretiran protein, v stolpcu 2 je riameprotein, ki smo ga
obdelali z Endo H deglikozidaso, v stolpcu 3 jeet@n protein, ki smo ga
obdelali s PNGazo F. (A) endogeno izraZzeni kate@sinceltnem lizatu; (C)
endogeno izrazeni PGCP v ¢elem lizatu; B) endogeno izrazeni katepsin C
izlocen v gojige celic, (D) endogeno izrazeni PGCP &do v goji€e celic......... 52

Slika 31:Vpliv TSH, inzulina in somatostatina na izrazanjadétilglukozaminil
transferaze 1 v podganijih tirocitiPrisotnost TSH, inzulina in somatostatina
v goji&u povzr@i poviSanje nivoja izrazanja GnT1 v FRTL-5 celicah............ 53

Slika 32: Vpliv prisotnosti TSH, inzulina in somatatina na aktivnost endogeno
izrazenega katepsina C podganijih tirocitov v gojig celiénem lizatu.
Aktivnost katepsina C v gojisi in v celénem lizatu smo merili s spegifiim
fluorogenim substratom Gly-Phe-MA v odsotnosti TSH, inzulina in
somatostatina (3H), oz. v njihovi prisotnosti (6kA) aktivnost katepsina C v
gojiku; (B) aktivnost katepsina C v asiem lizatu. ..........coooeeeeiiiiiiiiiiiineciieeen 54

Slika 33:Dipeptidazna aktivnost dafena v gojigu FRTL-5 celic ob prisotnosti
TSH, inzulina in somatostatinBipeptidazna aktivnost je bila dékena na
substrat Ser-Met. Inhibicija dipeptidazne aktivinogtrisotnosti 0,25 mM
E D T A i ——————— 55

Slika 34:Postopna cepitev N-terminalnega dela pegga Tg s katepsinom @ri
cepitvi pradtjega Tg smo detektirali razha N-terminalna zaporedja.
NajkrajSi fragment je bil za 12 AK krajSi od zretedela Tg. Tiroksinsko
mesto Tyr5 je ozrigno s prvarko Y. NajkrajSi terminalni dela je ozéen s
CIKAMA RP. ..ottt e et eeaeee 55
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Slika 35:Casovna odvisnost sprégnja tiroksina pri in vitro cepitvi tiroglobulina s
katepsinom CKatepsin C spra@& tiroksin z N-terminalnega dela
tiroglobulina. Detekcija tiroksina je bila narejenaporabo ELISA
diagnosttnega kita za prosti tiroKSIN. .............oewmmmeeeei e 56

Slika 36:In vitro sproganije tiroksina z N-terminalnega dela tiroglobulirizas
reakcije cepitve je bil eno uro pri pH 7,2. Det¢kaprogenega tiroksina je
bila narejena z uporabo ELISA diagnoetga kita za prosti tiroksin. (1)
Kontrola, vzorec Tg brez prisotnih encimov; (2) keao Tg v prisotnosti
katepsina C; (3) vzorec Tg v prisotnosti katepsina PGCP; (4) vzorec Tg v
prisotnosti katepsina C, PGCP ter inhibitorja arstkih proteinaz E-64d.............. 56

Slika 37:In vitro cepitev tiroglobulina v prisotnosti katapa C ter katepsina C in
PGCP. Rdea ¢rtkanacrta prikazuje necepljen tiroglobulifirnaérta
prikazuje tiroglobulin cepljen s katepsinom C, Madrta prikazuje cepitev
tiroglobulina s katepsinom C in PGCP. .......occcceeiiiiiie e 51.

Slika 38:Spro&anije tiroksina iz tiroglobulina s proteinazami,d@ sprostijo iz
podganjih tirocitov ter vpliv raztinih inhibitorjev. Sproganje tiroksina v
goji&u FRTL-5 celic zaradi endogeno izraZzenih protesrap spremljali z
uporabo ELISA diagnostinega kita za prosti tiroksin. Dodani inhibitorji v
¢asu meritev niso imelidinka na proliferacijo celiC................ooieeeeieiieeiiennnnns 59

Slika 39:UtiSanje izrazanja gena PGCRa sliki lahko primerjamo izraZzanje
PGCP v neutiSani in utiSani celici. ImunocitoloZfkmaevanje celice je bilo
izvedeno z kugjimi protitelesi proti¢cloveSkemu PGCP in konjugiranimi

sekundarnimi protitelesi (Alexa FIuor 488). ..occeeoeeveiiiieeie e, 9.5
Slika 40:Krio imunohistoloski preparat misjeifnice. PGCP je ozng&n z zeleno

barvo. Z modro SO 0ZBANA JEATA. ..........ueeiiiiii e e e 60
Slika 41:Krio imunohistoloski preparat misjeifnice. Katepsin C je ozrign z

zeleno. Z modro SO 0ZE@NA JEATA. .........ceeveviieeiiiie e e e e eeaaa 61

Slika 42:Barvanje gitnice s ABC tehnikaZ rjavo barvo so ozrana kuwja
protitelesa proti PGCP. Iz slike vidimo, da je PGaflje zastopan v tirocitih,
okrog Eitnicnega foliKIa. ............uiiiiiii e 61

Slika 43:Aktivno mesto katepsina 8a osnovi objavljene strukture katepsina C
(Turk, D. in sod., 2001) vidimo zelo globoko aktvmesto S2, kamor se
vsede stranska veriga N-terminalne aminokislinessata...............ccccc.occeinens 67

Slika 44:PrimerjavacloveSkega N-terminalnega dela tiroglobulina z zagliriz
razlicnimi zivalskih vrstPredstavljenih je prvih 40 aminokislin z N-
terminalnega dela tiroglobulina. Znak * ozog napovedano aminokislinsko
sestavo. Znak @ oztaje le znani del zaporedja. Vrste si sledijoClgvek; 2)
Navadni Simpanz; 3) Rezus opica; 4) Dolgorepi makaBelolicni gibon; 6)
Navadna marmozetka; 7) Divji prasB) Dom&e govedo; 9) HiSna mis; 10)
Siva podgana; 11) Donsa Koza; 12) Domé pes; 13) Morski pragek; 14)
AfriSki savanski slon; 15) Goli peskar; 16) Data&kokos; 17) Brazilski
kratkorepi oposum; 18) Divji kunec; 19) Zelva éderatka ...............c..cceeuvennenn.... 68
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Kazalo preglednic

Preglednica 1Pregled katepsinov po druzini in delovanfoznamo 15loveskih
katepsinov, od teh jih je 11 cisteinskih in po deeinski in aspartatni.
Vecinoma imajo endopeptidazno aktivnost (Turk, V.@ds 2012). .........cceevvnnnenens 7

Preglednica 2Nacrtovani oligonukleotidi za pripravo PGCP brez aliuzijskim
proteinom Preglednica prikazuje &etni oligonukleotid (PGCP-N1) in tri
kon¢ne, ki se razlikujejo v stop kodonu (odebeljenolpialnem okvirju
(odebeljeno in potitano) PoSevno in pddano je ozn&eno restrikcijsko
MeSto zaXNa ali KPNl. .....eii e e eeeees 24

Preglednica 3Nacrtovani oligonukleotidi za pripravo katepsina Cugzifskim
proteinom V preglednici vidimo en z&tni oligonukleotid (KC-N1) in dva
kon¢na oligonukleotida, ki se razlikujeta v bralnem iokwv(velike ¢rke).
Podirtano je restrikcijsko mesto 28hd in Kpnl.........oooveeeviiiiiiiiiiieeccee e 25

Preglednica 4Nacrtovani oligonukleotidi za pripravo glikozilacijgkimutantov
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The release of a thyroid hormone from thyroglobulin is controlled by a complex regulatory system. We
focused on the extracellular action of two lysosomal enzymes, cathepsin C {catC, dipeptidyl peptidase I}
and PGCP (lysosomal dipeptidase), on thyroglobulin, and their ability to liberate the hormone thyroxin.
Cathepsin C, an exopeptidase, removes dipeptides from the N-terminus of substrates, and PGCP
hydrolyses dipeptides to amino acids. In vitro experiments proved that cathepsin C removes up to 12
amino acids from the N-terminus of porcine thyroglobulin, including a dipeptide with thyroxin on
position 5. The newly formed N-terminus, Arg-Pro-, was not hydrolysed further by cathepsin C. Cell
culture experiments with FRTL-5 cell line showed localization of cathepsin C and PGCP and their
secretion into the medium. Secretion of the active cathepsin C from FRTL-5 cells is stimulated by TSH,
insulin, and/or somatostatin. The released enzymes liberate thyroxin from porcine thyroglobulin added
to media. The hormone liberation can be reduced by synthetic inhibitors of cysteine proteinases and
metalloproteinases. Additionally, we show that TSH, insulin, and/or somatostatin induce up-regulation of
N-acetylglucosaminyltransferase 1, the enzyme responsible for the initiation of biosynthesis of hybrid

and complex N-glycosylation of proteins.

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

Regulation of mammalian development depends on the libera-
tion of the thyroid hormones triiodothyronine (T3) and thyroxin
{T4) and on maintenance of their constant levels [1]. Their release
from the thyreid gland is controlled by a complex regulatory
system. Thyroglobulin (Tg) is a protein in the thyroid gland that
provides the physical backbone for the synthesis of these thyroid
hormones. It is produced exclusively by the thyroid gland.
Following synthesis, and transport through endoplasmic reticulum
and Golgi apparatus, where glycosylation, and phesphorylation
occur, the protein is secreted inte the lumen of thyroid follicles,
where it is pooled and covalently cross-linked. Additional post-

Abbreviations: T3, triiodothyrenine; T4, thyroxin; Tg, thyroglobulin; TSH,
thyroid stimulating hormone or thyrotropin; 3H, three compenents added; 6H, six
components added; catC, cathepsin C; PGCP, blood plasma glutamate carboxy-
peptidase; FRTL-5, Fischer Rat Thyroid Low Serum 5%; GnT1, x-13-mannosyl-
glycoprotein  2-B-N-acetylglucosaminyltransferase 1 protein; Mgatl, «-13-
mannasyl-glycoprotein 2-B-N-acetylglucosaminyltransferase 1 gene; DTPA, dieth-
ylene triamine pentaacetic acid; E-64, [(253S5)-3-carboxyoxirane-2-carbonyl]-t-
Leucyl-4-(guanidebutyllamide (-trans-epoxys uccinyl-Leu-agmatine; E-64d,
[(25.35)-3 -carboxyoxirane-2-carbonyl]-t-leucine(3-methylbutyl Jamide.

* Corresponding author. Tel.: +386 147 73 776; fax: +386 147 73 984.

E-mail address: iztok.delenc@ijs.si (1. Dolenc).

0300-9084/$ — see front matter © 2011 Elsevier Masson SAS. All rights reserved.
doi: 10.1016/j.bicchi. 2011.10.018

translational modifications of Tg such as sulfatation, oxidation,
and iodination take place at the cell colloid interface [2]. The
iodination of tyrosyl residues leads to the iodine-rich mature form
of Tg. Very recent studies on Tg iodination showed only three T4
hormonogenic sites [3], the most important being on position 5 at
the N-terminus of the protein [4].

The intracellular route of micro-vesicles that contain Tg has been
traced [5], showing that some Tg molecules are transported through
early endosomes to lysosomes [6]. In vitro experiments showed that
various endo-lysosomal proteinases cleave Tg and liberate hormones
[7.8]. The hormone depleted Tg molecules are also cleaved at other
discrete sites resulting in structural alterations. The polypeptides
however remaining bound together [9]. The acidic pH in the organ-
elles provides a suitable environment for the action of lysosomal
proteinases to degrade proteins [ 10,11]. Hydrolysis of Tg is probably
controlled by the macromolecule itself [9,12]. Tg is a medular protein,
containing 11 domains of Tg type-1 repeats [ 13] that are also present
in some thyropin protein inhibitors of cysteine and aspartic
proteinases [14—16]. After initial cleavage of Tg by lysosomal
proteinases, structural alterations probably result in the exposure of
Tg type-1 repeats [17,18], which then act as inhibitors and protect Tg
from uncontrolled action of proteinases.

Initial studies of Tg degradation were limited to degradation in
an acidic environment. However cathepsins B and L, found on the



104

Priloge

720 D. Suban et al. / Biochimie 94 (2012) 719-726

cell surface of the thyrocytes, were able to liberate thyroxin [19].
Extracellular action of lysosomal enzymes requires them to be
secreted from thyrocytes and to be active at neutral pH. It was
shown that thyreid stimulating hormone (TSH) regulates extra-
cellular proteolysis of Tg by enhancing the rate of exocytosis of
lysosomal proteins at the apical pole of thyrocytes [20]. Cysteine
cathepsins B, K, L and S are localized in the endo-lysosomal system
of thyroid epithelial cells. Additionally, they are present in the
extracellular space, on the apical pole of thyrocytes and within the
follicular lumen of the thyroid gland [17,20—23].

In in vitro degradation studies of Tg it was shown that the release
of thyroxin is the result of concerted action of cathepsin B and
lysosomal dipeptidase I, now known as plasma glutamate
carboxypeptidase (PGCP} [7]. It is well established that catC, an
unusual oligomeric enzyme from the papain family [24,25],
removes dipeptides sequentially from the N-termini of granzymes
A and B, elastase, cathepsin G, and chymase from T cells, NK cells,
neutrophils and mast cells respectively [26]. CatC is localized in
endo-lysosomal compartments, although it has also been detected
in an apical extracellular lacuna [27].

Plasma glutamate carboxypeptidase is localized in vesicular
compartments, as well as being secreted to extracellular space [28].
‘When isolated from human kidney [29] it was found to be identical
to the enzyme isolated from human placenta [28]. Human PGCP is
a metallopeptidase with five potential glycosylation sites [28],
whose activity depends on dimerization [39]. It has been reported to
be a carboxypeptidase [28], although earlier described as a dipepti-
dase [7]. The enzyme isclated from thyroid gland has the ability to
release the hormone from T4-CIn [7]. It is predicted to play a role in
hepatitis C virus associated hepatocellular carcinoma, because of its
high levels in the plasma of patients with this disease [31]. The
enzyme has been heterologously expressed in mammalian cells [28],
in Escherichia coli [30], and in a baculovirus system [32].

In the present study we have investigated the release of the
hormone thyroxin by the action of catC and PGCP secreted from
FRTL-5 cells.

2. Materials and methods
2.1. Materials

Rabbit and mouse antibodies directed against human PGCP were
prepared in our laboratory, monoclenal anti-human catC antibodies
mapping to the heavy chain of catC, and anti-LAMP2 were from
Santa Cruz (USA}, anti-GnT1 antibodies were from Sigma {Germany},
rabbit anti-PDI, and anti Golgin-97 antibodies were from Abcam
{UK), HRPO conjugated goat anti rabbit and goat anti mouse anti-
bodies were from Jackson ImmunoResearch (UK), goat anti rabbit
and goat anti mouse antibodies were Alexa Fluor 488 (green} and
Alexa Fluor 546 (red) conjugated secondary antibodies from Dianova
{Germany). E-64 and E-64d were from PeptaNova (Germany}, DTPA
was from Sigma {Germany), Gly-Phe-CHN2, Gly-Phe-4MfBNA, and
Ser-Met were from Bachem (Switzerland). All other reagents, unless
otherwise stated, were from Sigma (Germany}.

2.2. Cell culture and treatment conditions

Fischer Rat Thyroid Low Serum 5% (FRTL-5) cells from the
European Collection of Cell Culture (ECACC, UK}, were maintained
in F-12 Ham Coon’s modified medium with 5% newborn calf serum,
10 mM NaHCOs3, and a six component mix (1 mU/ml bovine TSH,
2 pg/ml bovine insulin, 5 nM hydrocertisone, 5 pg/ml transferrin,
10 ngfml somatostatin, and 2 ng/ml r-glycyl-histidyl-lysine} with
the combination of 100 U/ml penicillin, 100 mg/ml streptomycin
and 2 pg/ml Amphotericin B. Where stated, a three component mix

(5 nM hydrocortisone, 5 pg/ml transferrin, and 2 ng/ml v-glycyl-
histidyl-lysine) was used. Unless otherwise specified, stock flasks
were transferred for culture twice weekly or as required, to main-
tain optimal cell growth. Two days after the onset of cultures, the
medium was withdrawn and replaced for metabolic experiments
with fresh “serum-free” medium containing Nutridoma-SP (Roche,
Germany) in the presence of a three or six component mixture. The
cells were maintained in a 37 °C humidified incubator with 5% CO-.

2.3. Immunofluorescence

Immunoflucrescence was performed by the following procedure.
Cells were fixed in 4% paraformaldehyde and blocked with 3% BSA in
permeabilizing buffer (0.1% Triton X- 100, 3% BSA in PBS) for 1 h. After
incubation with primary antibodies for 1 h, cells were washed with
PBS buffer followed by 1 h incubation with conjugated secondary
antibodies. Slides were mounted with ProLong Gold antifade reagent
(Invitrogen, Germany). All immunolabelled proteins were detected
and visualized with an Olympus IX81 microscope (Olympus, Japan).

2.4. Western blot analysis

Total proteins were electrophoresed in 12.5% SDS-PAGE gel,
transferred to nitrocellulose NC-45 membranes (Serva, Germany),
and probed with specific antibodies. Immunoreactive polypeptides
were detected by chemiluminescence using enhanced Electro-
Chemiluminescence (ECL) reagents (GE Healthcare, Germany}
developed on films (Kodak, USA).

2.5. In vitro deglycosylation of PGCP and cathepsin C

To remove N-linked glycans, endoglycosidases PNGase F (New
England Biolabs, UK) or EndoH (New England Biolabs, UK} were
used under reducing conditions according to the manufacturer’s
instructions. All reactions were performed in duplicate. Deglyco-
sylated lysates and media were characterized by SDS-PAGE analysis
and Western blotting.

2.6. Cathepsin C activity assay

CatC activity was measured fluorometrically by monitoring
hydrolysis of Gly-Phe-4MBNA (Bachem, Switzerland) as described
[24], with the following modification. Cells were grown in a 12-well
plate with 500 pl medium supplemented with several components
(1 mU/ml bovine TSH, 2 pgfml bovine insulin, 5 nM hydrocortisone,
5 pgfml transferrin, 10 ngfml somatostatin, and 2 ng/ml v-glycyl-
histidyl-lysine). For the activity measurement 150 pl of medium
was sampled. Cells were dissolved in 150 pl of non-denaturing
buffer supplemented with 0.5% detergent Nonidet P-40 (Roche,
Germany ), and 50 pl was sampled. Each sample of the enzyme was
mixed with reaction buffer (100 mM Na2HPO4, 20 mM NacCl, 1 mM
EDTA, 2 mM DTT, pH 6.0} and, after 1 min, substrate was added to
a final concentration of 200 uM (final concentration of DM50 was
1%). Product release was then monitored continuously at excitation
and emission wavelengths of 335 and 415 nm. Each measurement
was repeated at least five times and results were averaged.

2.7. In vitro cleavage of Tg with cathepsin C

Porcine Tg was isolated according to [33]. 50 pg of Tg was mixed
with 0.25 g of catC in a two-component buffer system of 200 mM
citric acid and 200 mM dibasic sodium phosphate as described in
[8] and incubated at 40 °C for 2 and 24 h. Liberated free thyroxin
levels were measured by the enzyme-linked immunosorbent assay
(ELISA) using the ELISA free T4 kit (Calbiotech, USA} according to
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PDI

Golgin-97

LAMP2

Fig. 1. Localization of PGCP and cathepsin C in FRTL-5 cells. The enzymes are partially colocalized (A). Co-localization is seen in endoplasmic reticulum (B, C) and in Golgi (D, E).
Delivery to lysosomes was rare (F, G}, because both enzymes were secreted. Bars represent the micrometre (pmj scale.
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the manufacturer’s instructions. Absorbance was measured on
Tecan Safire fluorescent plate reader (Tecan, Switzerland). Each
measurement was repeated at least five times. Arithmetic average
and the intra- and inter-assay CVs (Coefficients of Variability}
were calculated from raw data. Human catC was expressed as
reported [34].

2.8. N-Terminal sequencing

The protein band of degraded Tg on SDS-PAGE gel was elec-
troblotted onto a polyvinylidene difluoride Sequi-Blot membrane
{Bio-Rad, USA). The membrane was stained with 0.1% (wjfv} Cooc-
massie Brilliant Blue R250 {(Merck, Germany} in 40% (v{v) ethanol
and 1% {v{v) acetic acid, and destained with 50% (v{v} ethanol. The
N-terminal sequence was determined on an Applied Biosystems
liquid phase Sequenator model 475 A, connected on-line to
a 120A phenylthichydantoin-derivative analyser from the same
manufacturer.

2.9. Reverse-phase HPLC analysis

The removal of dipeptides from Tg by catC, and their subsequent
hydrolysis was followed by RP-HPLC (Waters, USA). Dipeptides
were separated on an analytical scale using a 4.6 x 7.7 mm Sym-
metryC18 3.5 column (Waters, USA). The column was equilibrated
with 10 column volumes of water containing 9.1% trifluoroacetic
acid (TFA) at a flow rate of 1 ml/h. 100 pl of sample was loaded on
the column which was washed with an additional two celumn
volumes of equilibration sclvent. Bound cleavage products were
eluted with a linear gradient (2—50%) of acetonitrile with 0.85%
TFA. Cleavage products were detected by absorbance at 215 nm.

2.10. Free T4 assay

Free thyroxin levels were measured by the enzyme-linked
Immunosorbent assay (ELISA) using the ELISA free T4 kit (Calbio-
tech, USA) according to the manufacturer's instructions. Each
measurement was repeated at least five times. Arithmetic average
and the intra- and inter-assay CVs {Coefficients of Variability} were
calculated from raw data. The sensitivity of the assay was 0.05 ng/
dl. The intra- and inter-assay CVs were 3.4 and 6.3%, respectively.
The statistical significance of the experimental results was deter-
mined by Student’s ¢-test. For all analyses, p < 0.05 was accepted as
asignificant probability level. FRTL-5 cells were used for cell culture
experiments on thyroxin liberation from Tg. Porcine Tg was added
to cell culture medium at a final concentration of 30 nM. The
concentration of free T4 was measured after 1 h incubation. When
inhibitors were used, their concentrations were: 10 uM E-64, 10 uM
E-64d, 250 pM EDTA, 1 mM DTPA, 10 uM Gly-Phe-CHN2.

Thyroxin liberation in in vitro experiments was determined with
the diagnostic kit. Final concentrations of Tg, catC, and PGCP were
1.5 uM, 10 nM, and 10 nM, respectively. Human PGCP was expressed
as reported [32].

2.11. Dipeptidase activity

Dipeptidase activity was determined by assay as described [32].

100 pl of 6H supplemented cell culture medium was added to
the reaction mixture at 37 °C and the non-hydrolysed dipeptide
Ser-Met (Sigma, Germany)} was determined. One unit was defined
as the amount of enzyme required to convert 1 pmol of substrate
per minute under the described conditions. Inhibition of dipepti-
dase activity was measured in the presence of 20 mM EDTA. Each
measurement was repeated five times and results were averaged.

0.2 4
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Fig. 2. Control of active cathepsin C by components added to the media, monitored by
the hydrolysis of the specific substrate Gly-Phe-4MBNA. All samples include hydro-
cortisone, transferrin and v-glycyl-histidyl-lysine (3H). Addition of thyrotropin (TSH),
insulin (I}, and/or somatostatin (S} is marked. (A) Intracellular activity of catC under
the control of added components. (B) Secretion of active catC under the control of
added components.
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Fig. 3. Expression of N-acetylglucosaminyltransferase 1 (GnT1), the starting enzyme in
complex N-glycosylation, under the presence of three (3H) or six components (6H)
supplemented to the media (A). TSH, insulin andjor somatostatin induced up-
regulation of N-acetylglucosaminyltransferase 1 expression, while the level of f-
actin remained constant (B).
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212, lodine content determination

The procedure used for determining iodine content is based on
treatment of the sample with bromine in an acidic solution, fol-
lowed by measuring the rate of decrease of the cerium (IV}) colour
due to iodine as published [35], with the following modifications.
100 pg of Tg was combined with 0.5 pg catC under conditions
described for in vitro cleavage in Section 2.7. Proteins were
precipitated with 4 M ammonium sulphate, and the precipitant
dissolved in water, then acidified. A blind sample was performed in
the same way, except that no catC was added.

3. Results and discussion

In the present study we show the extracellular action of two
lysosomal enzymes, catC and PGCP, on Tg and their ability to liberate
a thyroid hormone, thyroxin from position 5 of Tg. It is known that
only three fully iodinated hormonogenic sites on thyroglobulin are
occupied by iodine [3]. Tyrosine 5 is the preferential thyroxin
forming site in all vertebrate species examined and its importance
has been shown [4,36]. The involvement of PGCP and cathepsin B in
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the release of thyroxin from Tg has been shown in vitro 7], but the
participation of catC has not previously been reported.

The role of PGCP and catC in Tg hydrolysis was demonstrated,
using FRTL-5 cells. The endogenous distribution of both enzymes in
the cells was observed by fluorescence microscopy, using specific
antibodies. PGCP and catC were observed to be partially colocalized
in the cells (Fg. 1A). They were enriched, particularly in the
endoplasmic reticulum and Gelgi apparatus (Fig. 1B—E}, organelles
where N-glycosylation of proteins takes place. N-glycosylation of
catC and PGCP has already been reported [28,34]. N-glycosylated
proteins in lysosomes have the same dependence on the ER — Golgi
network localization as classically secreted proteins. Subsequently,
multiple pathways and endesomal stations in trafficking routes
exist for lysosomal and secretory proteins. Indeed, PGCP and catC
are rarely directed into lysosomes (Fig. 1F and G). They were even
segregated in different vesicles of secretory nature.

Secretion of endosomal—lysosomal enzymes from FRTL-5 cells
was realized by using six compenents: (6H) TSH, insulin, hydro-
cortisone, transferrin, somatostatin, L-glycyl-histidyl-lysine in the
medium [23]. The intracellular accumulation of glycosylated PGCP
observed with three components (3H) hydrocortisone, transferrin

procatC
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Fig. 4. Deglycosylation and Western blot of cathepsin C and PGCP in FRTL-5 cells and their secretion from the cells. EndoH deglycosylation of catC and PGCP enzymes from cell
lysates (A, C) indicates the presence of high-mannose N-glycosylation. The secreted cathepsin C (B) showed only the proenzyme form of the protein. The secreted PGCP (D) hybrid or

complex N-glycosylation, as determined by endoglycosidase PNGase F.
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and r-glycyl-histidyl-lysine was accompanied by significantly
decreased secretion. When only 3H were present in the culture
medium secretion of catC or PGCP was not detected by Western
blot. When activity was monitored by the specific substrate Gly-
Phe-4MpBNA however, secretion of catC was detected in the pres-
ence of 3H and also found to be greater in the presence of 6H. No
difference in catC activity was observed in lysates, except on
addition of insulin to 3H medium, where catC activity was
increased (Fig. 2A). Observing the influence of T5H, insulin, and/or
somatostatin on the secretion of catC from FRTL-5 cells however
showed that cathepsin C activity is higher when two of these three
components are included in 3H media (Fig. 2B). These findings
clearly demonstrate that catC and PGCP are directed out of cells
under the control of TSH, insulin, and/or somatostatin (Fig. 4B and
D), similarly as reported for some cathepsins. Secretion of cysteine
cathepsins B, K, L from thyroid epithelial cells has been shown in
thyroid gland and from FRTL-5 cells [17,20,21,23]. The cathepsins
were shown to have been excluded from the endosomal—lysosomal
trafficking route and were transported to the apical pole of thyro-
cytes. This resulted in subsequent secretion to the extracellular
follicle lumen under physiological conditions [21].

As N-glycosylation has been shown to be important for a variety
of functions of glycoproteins, including trafficking, we speculated
that the secretion of endosomal—lysosomal enzymes is caused by
the complex N-glycosylation of proteins. The enzyme responsible
for the initiation of biosynthesis of hybrid and complex glycosyla-
tion is N-acetylglucosaminyltransferase 1 (GnT1), encoded by the
Mgatl gene [37,38]. We checked for expression of the protein in
FRTL-5 cellsin the presence of 6H and compared it to that where 3H
were used. We found an increase in GnT1 expression when all six
components were added to the medium of FRTL-5 cells (Fig. 3). To
focus on the nature of N-glycosylation of catC or PGCP in cell lysates
and in media, Western blot analysis was performed following
enzymatic deglycosylation (Fig. 4). The intracellular catC and PGCP
were deglycosylated with EndoH and PNGase F. However, only
PNGase F was effective in deglycosylating the secreted PGCP. This
indicates that the intracellular forms of PGCP and catC were
modified mainly by mannose-type glycans, whereas the secreted
PGCP was modified by hybrid or complex type oligosaccharide
chains. The Western blot for catC showed the enzyme to be present
only in the precursor form. The difference in molecular weight due
to deglycosylation was too small to draw significant conclusions.
Nevertheless, the low amount of active enzyme was detected in the
medium using the specific fluorogenic substrate Gly-Phe-4MpBNA,
as shown in Fig. 2.

Lysosomal enzymes, such as cathepsin L, are relatively stable at
acidic pH, but unstable at neutral er higher pH [39], allowing rapid
and continuous activity in the endosomal—lysosemal environment.
When exposed to the extracellular milieu they act differently.
Recently, it was shown that cathepsins B, L, and K do not liberate
thyroxin from Tg at neutral pH without the addition of cathepsin S
[8]. The influence of pH can be even greater; for example, catC is
able at neutral pH to shift the direction of the reaction from
hydrolytic to transferase activity [40]. As shown, the secretion of
catC and PGCP from FRTL-5 cells is greatly increased in the presence
TSH, insulin andjor somatostatin. However the ability of catC to
hydrolyse Tg has never been shown. We therefore performed
in vitro experiments to show the functionality of catC at neutral pH.
The ability of catC to remove the N-terminal amino acids from
isolated porcine Tg at pH 7.2, as well as at pH 6.0, demonstrated that
catC is an appropriate enzyme to release thyroxin from Tg. The
conditions in the experiment were chesen to simulate the natural
environments in thyroid follicle lumen and in endesomal condi-
tions, as is recommended for enzyme action in vitro [8]. N-Terminal
sequencing of the product resulted in progressive truncation of Tg.

A 0.16

0.08

T4 [ngfdl]

0.04

t [min]

Cc
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Fig. 5. Gradual cleavage of the N-terminal part of porcine thyroglobulin by human
cathepsin C. (A) Time depended liberation of thyroxin from thyroglobulin by cathepsin
C. Thyroxin was assayed with the free T4 Elisa diagnostic kit. (B} HPLC analysis of
thyroglobulin (dashed line), its hydrolysis with cathepsin C (dotted line) or its
hydrolysis with cathepsin C and PGCP (solid line}. (C) N-Terminus of porcine thyro-
globulin. Newly formed terminals after cleavage with cathepsin C are marked by
arrows, as determined by protein sequence analysis. Thyroxin on position 5 is marked
as an inverse Y. The reaction is stopped at Arg-Pro-, marked by inverse RP.

Dipeptides were removed rapidly, as observed using the ELISA free
T4 kit (Fig. 5A) and HPLC analysis (Fig. 5B), from the N-terminal part
of Tg, including the thyroxin on Tyr5 (Fig. 5C). The reaction was
terminated at Argl3-Prol4. Higher concentrations or prolonged
action of catC did not cleave Tg any further. Termination of Tg
hydrolysis by catC is expected, since substrates having a terminal
arginyl residue with a penultimate prolyl residue are resistant to

0.3 4

0.2

fT4 [ng/dL]

1 2 3 4

Fig. 6. Liberation of free thyroxin by cathepsin C and PGCP from porcine thyroglobulin
in vitro. Porcine thyroglobulin was treated for 1 h at pH 7.2 without enzymes (1), or
with recombinant human cathepsin C(2) or with cathepsin C and PGCP (3). Liberation
was stopped by adding 10 mM E-64d (4). Thyroxin was assayed with the free T4 Elisa
diagnostic kit.
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Fig. 7. (A) Free thyroxin liberated from porcine thyroglobulin in the presence of
inhibitors in cell culture experiments using FRTL-5 cells. Thyroglobulin was added to
the cell culture and the liberation of thyroxin was observed. Control — represents the
level of released hormone without inhibitors. Control + represents the level of
thyroxin at the beginning of incubation (f = 0). Thyroxin was assayed with the free T4
Elisa diagnostic kit. (B) (1) Hydrolysis of the substrate Ser-Met in medium proved
dipeptidase activity. (2) EDTA reduced dipeptidase activity. One unit is defined as the
amount of enzyme required to convert 1 pmol of substrate per minute.

cleavage by catC [41]. Sequence comparison of Tgs from higher
vertebrates indicates that they possess conserved N-terminal
sequences, including thyroxin on position 5, and could be expected
in all higher vertebrates.

The structure of the thyroxin molecule suggests that an enzyme
with a very particular active site pocket is required for docking of
the substrate. The ability of catC to liberate thyroxin can in fact be
explained by the structure of its active site [42]. The active site cleft
is designed to bind the N-terminal amino acid of the substrate at
the S2 binding site. This site comprises a deep hydrophobic pocket
with a chloride ion at the bottom. The thyroxin can thus be
accepted correctly and the dipeptide with its large residue cleaved.
The level of the released thyroxin was measured with Free T4 Elise
diagnostic kit assay (Fig. 6). Addition of PGCP made only a small
difference in rate, because the kit was unable to distinguish
between free T4 and T4-Cln. However, it has already been shown
that the dipeptide T4-Cln is rapidly degraded by PGCP [7]. Possible
feedback inhibition of catC with thyroxin, as additional regulation,
was considered. However, when thyroxin in 5 mM concentration
was added to active catC, no inhibition was observed. Additicnally,
the effectiveness of N-terminal hydrolysis of Tg by catC was
confirmed by determination of released iodine. Measuring iodine
content before and after the enzyme action on Tg showed that catC

released 20—25% of the iodine. The result emphasizes the impor-
tance of catC in thyroxin liberation from position 5 at the N-
terminus of Tg (Fig. 3).

Secretion of proteinases from FRTL-5 cells is required for the
liberation of thyroxin from Tg, however, the cells are not capable of
iodinating the hormone residues within the Tg they synthesize
[43], therefore porcine Tg was added to the medium. The ability of
catC and PGCP secreted from the cells to liberate thyroxin was
evaluated in cell culture experiments. The released hormone was
quantified by the diagnestic kit Free T4. The ratio of catC to PGCP
was determined using general inhibitors of cysteine proteinases E-
64 and cell permeable E-64d, and of metalloproteinases (cell non-
permeable EDTA and DTPA), and the specific inhibitor of catC
(Gly-Phe-CHN2) (Fig. 7). We observed no influence of inhibitors on
cell viability. Comparing the residual proteolytic activities after
application of inhibitors, it is evident that E-64d and EDTA cannot
abolish the action of proteinases on Tg. Other types of proteinases
are obviously present, however we can conclude that involvement
of catC in the process is important, because more than half of the
activity ascribed to cysteine proteinases is attributed to catC, based
on inhibition by its specific inhibitor. The substrate Ser-Met was
used to confirm dipeptidase activity in the FRTL-5 cell culture
medium (Fig. 7B).

In conclusion, it is difficult to speculate about the contribution of
a particular proteinase to thyroxin liberation. Nevertheless, the
experiments presented here provide evidence that PGCP and catC
may indeed have an important role in this process. Furthermore,
our data support the earlier findings about the secretion of endo-
somalflysosomal enzymes to the medium, controlled by six
components {(6H). The mechanism of release of these enzymes is
still not known. Understanding this mechanism should increase our
understanding of the proteolysis that results in the liberation of
thyroid hormones.
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The human-blood plasma glutamate carboxypeptidase (PGCP)is a proteinase that acts on the unsubstituted
N- and C-termini of dipeptides. It has been suggested that this PGCP is involved in the release of thyroxine.
Furthermore, research has suggested that its activity is up-regulated in hepatitis-C-virus-infected patients
with hepatocellular carcinoma. In this study expressed human PGCP in the baculovirus expression system
was produced by a $f9insect cell line with aim to prepare sufficient amounts of active recombinant enzyme
fora subsequent biological characterization. Recombinant PGCP was expressed and secreted into the med-
ium in the form of an inactive proenzyme. It was gradually converted into an active form in the medium
after three days, with the highest expression of the active form on day six. The protein was sequentially
purified by a combination of varicus liquid chromatographies, such as hydroxyapatite, ion exchange, and
gel chromatography, and as final step with affinity chromatography on Phe-Leu-Sepharose. The human
PGCP was purified as an active enzyme in the dimer form and as inactive precursor protein. The dipeptidase

activity was confirmed by measuring the hydrolysis of the Ser-Met dipeptide at a slightly acidic pH.

© 2010 Elsevier Inc. All rights reserved.

Introduction

The human PGCP {blood plasma glutamate carboxypeptidase) is
a metallopeptidase belonging to the M28 family of the MH clan [1].
The peptidase family M28 contains aminopeptidases and carboxy-
peptidases. All the enzymes are cocatalytic zinc metallopeptidases,
where each zinc ion is coerdinated with three amino acid ligands
and water milieu. Two additional residues, an Asp and a Glu, are
important for catalysis [2]. The amincpeptidases of the family are
able to release a variety of unsubstituted N-terminal amino acids.
IAP aminopeptidase [3] and aminopeptidase Y [4] preferentially
release basic amino acids. Carboxypeptidases from M28, glutamate
carboxypeptidase Il [5] and plasma glutamate carboxypeptidase
[6], efficiently hydrolyze dipeptides and each was formerly
believed to be only a dipeptidase. The inhibiters of the family
illustrate the two roles of the catalytic zinc ions, i.e., stabilization
of the tetrahedral intermediate and the activation of the water
molecule. EDTA and 1,10-phenanthroline, as the metal chelators,
are general inhibitors of the family. In addition, glutamate carboxy-
peptidase Il is inhibited by replaced phosphonylglutamates [7]. The
most characterized enzyme of the family is glutamate carboxypep-
tidase IL It is also known as a marker in prostate cancer and an
intracellular form may be responsible for the cell resistance of
some tumors to methotrexate, the antifolate drug used in cancer
treatment [8]. The tertiary structures have only been confirmed

* Corresponding auther. Fax: +386 1 4773984
E-mail address: iztok delenc@ijs.si (1. Delenc).

1046-5928/% - see front matter @ 2010 Elsevier Inc. All rights reserved.
doi: 10.1016/j.pep.2010.10.005

for aminopeptidase S [9], glutamate carboxypeptidase Il [10], and
aminopeptidase Ap1 [11].

PGCP requests Zn?" ions for activity, which is common to all the
members of the metalloproteinase gene family. It has been shown
that the protein is a homodimer glycoprotein with a molecular mass
of about 100 kDa, determined under native conditions [6], and
56 kDa under denaturing conditions [12]. The recombinant PGCP,
expressed without propeptide, was able to form the dimer [13],
and it was demonstrated that PGCP has carboxypeptidase activity
[12]. However, it was also shown that PGCP more efficiently cata-
lyzes the hydrolysis of dipeptides with unsubstituted terminals [6].

The exact physiclogical substrates of PGCP are unknown,
although this enzyme may play an important role in the hydrolysis
of circulating peptides [12]. It was suggested that PGCP partici-
pates in the thyroid gland in the release of the hormone thyroxine
(3,5,3,5-tetraiodothyronine) from the 660 kDa thyroglobulin [14].
PGCP also takes part in hepatitis-C-virus-associated hepatocellular
carcinoma [15]. The authors showed a pronounced up-regulation
of the enzyme in the bloodstream of about 60-70% of all the tu-
mors. Due to the possibility of a serological analysis of the hepati-
tis-C-virus-infected patients with hepatocellular carcinoma, the
PGCP might be a good candidate as a target for a diagnostic marker.
In addition, the results of animal studies on rats indicated that
PGCP is involved in liver regeneration when its expression is finely
regulated during proliferation [16].

High levels of PGCP were found in plasma [12] and in the thy-
roid gland [14]. The protein was isolated from a bovine spleen
and a rat liver [17], a human placenta [12], human kidneys [6],
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and a thyreid gland [14]. It was expressed in small quantities in
African green monkey kidney cells COS-1 [12]. A Western Blot
analysis showed that the proenzyme was synthesized as a precur-
sor of 62 kDa and within six hours activated to a mature form of
56 kDa, containing two Asn-linked cligosaccharide chains. PGCP
was also expressed in bacteria without propeptide in an insoluble
form and refolded in a high salt concentration [13]. However, all
these methods resulted in poer yields.

Here, we present for the first time a successful expression and
purification of the mature form of human PGCP from baculovi-
rus-infected insect cells. The recombinant protein was purified
through different chromatographic columns, resulting in the yield
of a high-purity protein of 8-10 mgjl. Such a yield allows us to con-
duct a further biological characterization and structural studies.

Materials and methods
Materials

The cligonucleotide primers were synthesized by Eurofins
MWG Operon (Germany) and the restriction enzymes were from
New England Biolabs, UK The plasmid pFastBacl, Escherichia coli
DH10Bac cells, and insect cell lines Sf9 were purchased from Invit-
rogen, Germany. The insect cell-culture medium HyQ SFX - Insect
MP was from Thermo Scientific, Germany. The hydroxyapatite
resin was from HA Ultrogel; Pall Corporation, USA. All the other
chromatography media and the FPLC system were from GE Health-
care, USA. The gel filtration standards were from Bio-Rad, USA. The
dialysis tubes were from Serva, Germany.

cDNA cloning of PGCP

The ¢DNA encoding preproPGCP from human clone DNA (RZDP,
Germany) was used as a template to amplify the human PGCP
{1.4 kb) using the polymerase chain reaction. The 5’-sense primer
{5-ATCTCGAGLCGCCACCATGAAATTCCTTATCTTCG-3') introduced a
consensus Kozak translation initiation sequence (underlined) and
a Xho! restriction site to facilitate cloning. The 3’-antisense primer
{5’-TAGGTACCCCTAGGACCTAGGCA GCATTTC-%') introduced a Kpnf
restriction site after the stop codon. The fragment was digested
with Xho! and Kpn! and cloned into the pFastBacl expression vec-
tor. The nucleotide sequence was confirmed by DNA sequencing.

Site-directed mutagenesis £336G of PGCP

A mutation of glutamic acid in the predicted active site of PGCP
into glycine (merops.sanger.ac.uk/cgi-bin/ffamwrap/famcards/aln/
m28b_xalhtm)was done. The sets of oligonucleotides, each harbor-
Ing a mutation for a single amino acid, were used (5-GCTCTGG
ACTGCAGGAGAACAAGGTGGAG-3, 5-CTCCACCTTGTTCTCCTGCAGT
CCAGAGC-3). The amplification of the pFastBac1 vector comprising
the gene for the PGCPwas performed. The polymerase chain reaction
products were treated with the restriction enzyme Dpnfto digest the
parental template DNA. The reaction mixture was directly trans-
formed into E. coli for amplification. Sequencing analysis was per-
formed to verify the mutation. The expression was carried out
following the same procedural way as is described for the original
protein.

Insect cell culture

The Sf9 insect cells were maintained and propagated at 27 °C in
either a monolayer or as 400 ml suspension cultures in roller
bottles (1-2 1 volume). The suspension cultures were grown at a
constant orbital shaking speed of 97 rpm in a filtered, serum-free,

liquid medium, without the addition of fetal bovine serum. The
stock cells grown in suspension were seeded at 1 x 10° cells/ml
and the cells were passaged every 2-3 days while still in the log
phase (4-6 x 10° cells/ml). The viable cell counts were determined
by Trypan blue exclusion (Sigma) and cultures with viabilities be-
low 97%. The cell density at the time of infection was
2.5 x 10° cellsfml.

Preparation of recombinant baculovirus

The recombinant viruses were analyzed for their ability to ex-
press active PGCP. The transfection of the 5f9 cells with the
pFastBac1-PGCP and the pFastBacl as a control was performed
according to the manufacturer's instructions (Bac-to-Bac, BEVS
Manual, Invitrogen). The virus extracted from well-isolated pla-
ques was used to infect the 5f9 cells in the culture and the sam-
ples of the culture medium were used to produce the stocks.
Selected isolates were purified by one additional round of plaque
purification, and the master virus stocks were prepared by a
subsequent amplification on the $f9 cells in the culture medium.
The high titer viral stocks (from 107-10% pfujml) used for the
production of recombinant PGCP were obtained by amplification
on the SO cells in the suspension using the multiplicity of infec-
tion MOI=0.01-1.05. The virus titers were determined by plaque
assay.

Expression of recombinant mature PGCP in insect cells

For the optimization of the experiments, a 2 ml culture of 59
cells in the monolayer (6-well plates) was infected with the recom-
binant baculovirus. The cell densities at the time of infection were
varied in the range 1 x 10% to 2 x 10° cells/ml. For the optimiza-
tien assay, the multiplicity of infecticn (MOI) at 2, 5 and 10 pfuf
ml was used. The cells were harvested at regular intervals from
day 1 to day 8 and samples were collected and analyzed for PGCP
activity on each day from day 1. The PGCP enzyme activity was
measured in the clarified medium (14,000g, 2 min) but not in the
cell extracts. The crude extracts were prepared by resuspension
of the cell pellets in the Sf9 lysis buffer (20mM Tris/HCl,
150 mM Nacl, 1% Triton X-100, and pH 7.5), mixed on ice, and cen-
trifuged at 14,000g for 30 min. The media and supernatants {crude
extracts) were analyzed by SDS-PAGE and Western Blot for the re-
combinant PGCP expression.

In the purification procedure, the recombinant PGCP was ex-
pressed in a 400 ml suspension culture. The cells were seeded to
a density of 2.5 x 10° cells/ml with a viability above 98% and in-
fected with an MOI of 10 with the recombinant human PGCP bac-
ulovirus. The infected cells were harvested at 1-8 days post-
infection. After six days post-infection the culture medium was
purified from the cells and collected by centrifugation (10,000g,
7 min, at room temperature).

Expression of recombinant pro-PGCP in insect cells

The whole procedure was performed in the same way as de-
scribed for the mature recombinant PGCP, except that the cells
were harvested on day three post-infection to obtain the precursor
form of PGCP.

Purification of recombinant PGCP

The serum-free and clarified supernatant (400 ml) centaining
the recombinant enzyme was collected on the 6th day after infec-
tion. The recombinant PGCP in the supernatant was first purified
by the hydroxyapatite column. All the purifications, including
subsequent steps, were performed at room temperature, if not
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declared differently. The column was pre-washed with 2 1 of wash
buffer (0.05 M NaH, PO, buffer, pH 5.9, 0.2 M NaCl). After loading of
the sample (with a flow rate of approximately 1 ml/min), unbound
proteins were washed away until the absorbance at 280 nm, mea-
sured against the buffer, fell to zero. After washing, the proteins
were eluted with an elution buffer (0.5 M NaH,PO4 buffer, pH
59, 0.2M Nadl) at a flow rate of 0.5 mlfmin, with monitoring
absorbance at 280 nm. The highest abserbance samples were col-
lected and dialyzed overnight at 4 °C against 20 mM Tris/HCI buf-
fer, pH 7.0.

The dialyzed sample after the hydroxyapatite chromatography
was further purified by anion exchange chromatography on a Mon-
o0Q Sepharose using FPLC. The column was pre-washed with the
elution buffer (20mM Tris/HCl buffer, pH 7.5, 0.5M Na(Cl) and
pre-equilibrated with the equilibration buffer (20 mM Tris/HC]
buffer, pH 7.5). The proteins were eluted with a linear gradient of
the equilibration buffer to the elution buffer in 30 min at a flow
rate of 1 mlymin. The fractions with dipeptidase activity against
the dipeptide Ser-Met were collected, concentrated and further
purified.

The next step of the purification was gel filtration chromatogra-
phy on the FPLC. The pool from the anion exchange chromatogra-
phy was separated in the gel filtration FPLC using a Superdex 200
HR column. The running buffer used for the protein elution was
20 mM Tris{HCl, pH 7.5, containing 0.15 M Na(l at a flow rate of
0.1 ml/min. Fractions of about 100 kDa were collected and assayed
for PGCP activity.

To completely separate the active form of PGCP from the inac-
tive, affinity chromatography was performed on the Phe-Leu-Se-
pharose column. The binding of the dipeptide to the matrix was
slightly modified from the described method [18]. One gram of
Epoxy-activated Sepharose (GE Healthcare) was washed on a
glass filter with 200 ml of distilled water and incubated for 24 h
at 37°C with 5ml of 0.25M Phe-Leu dipeptide (Sigma) in
0.02 M NaOH, under constant stirring. Unreacted epoxy groups
were blocked by the further incubation of the gel in 1 M ethanol-
amine, pH 10.8, for 4 h. The prepared gel was put in a glass col-
umn and washed with distilled water, 0.1 M sodium bicarbonate
buffer, pH 8.0 and 20 mM sodium acetate buffer, pH 4.75, with
0.15 M NaCl

The purification of the PGCP in the Phe-Leu-Sepharose col-
umn was performed in a similar way to that described in [12].
The dipeptide-Sepharose was equilibrated with the wash buffer
(20 mM sodium acetate buffer, pH 4.75, containing 0.15 M NaCl).
The concentrated PGCP fraction (6 ml) was acidified to pH 4.75
with the addition of approximately 2 ml of 0.1 M sodium acetate
buffer, pH 3.5 which included 1 M NaCl. The mixture was centri-
fuged (16,000rpm, 4°C) for 15min and applied to the pre-
washed column. The unbound proteins were washed from the
column with 30 ml of the wash buffer. The adsorbed PGCP was
eluted from the affinity column with 20 mM Tris/HCl buffer,
pH 7.5. The PGCP activity was eluted as a single peak in the first
2 ml of the elution buffer. The PGCP was concentrated to 3 mg/ml.
Typically, the final yield of high-purity PGCP was 3 mg of
active enzyme per 400 ml of culture media, which corresponds to
8-10 mg/l. Purification efficiency of the recombinant PGCP is
shown in Table 1.

Each step of the purification process was analyzed by SDS-PAGE
analysis and Western Blotting. The pure active form of the PGCP
was unstable and the protein lost activity within 2 days. In con-
trast, the proenzyme was stable after freezing at —20 °C.

Enzyme activity assay

The PGCP activity was measured on a Perkin-Elmer LS-50 spec-
trofluorimeter using 96-well titration plates at excitation and

emission wavelengths of 390 and 475 nm, respectively. The fluo-
rescence was determined by spectrofluorimeter measurements of
the initial rate of hydrolysis of the fluorogen substrate Ser-Met
(Sigma) at 37 °C. One unit was defined as the amount of enzyme
required to convert 1 pmol of substrate per minute under the de-
scribed conditions. To measure the activity of the samples from
the culture medium the assay was performed as follows: to 25 pl
of enzyme sclution 910 pl of 0.1 M sodium acetate buffer, pH 5.5
including 15 mM zinc acetate was added, followed by the supple-
mentation of 25 pl of 10 mM substrate Ser-Met. The samples of
20 ul were collected at the beginning of every two minutes, and la-
ter on every 10 min, for about 1h. At each incubation time the
reaction was stopped by the addition of 700 pl of 20 mM sodium
borate buffer, pH 8.5, and 50 ul of fluorescamine solution
(0.2 mg/ml) was added. The contents in the tube were immediately
mixed and the change in absorbance at 475 nm was measured. The
control was tested in the same way, except that the substrate was
added after the borate buffer. A qualitative test for PGCP activity of
the sample represents the difference in fluorescence between the
sample and its blind probe.

The effect of chloride ions on dipeptide hydrolysis with PGCP
was validated by addition of NaCl in concentration up to 0.2 M.
The inhibition of PGCP was measured with final concentrations
of following inhibitors: 0.25 mM EDTA buffer, 0.1 mM and 1 mM
DTPA (diethylenetriamine pentaacetic acid), 0.25 mM bestatin.
Additionally, the effects of carnosine as well as the thyroid hor-
mone, thyroxine, on the PGCP activity were examined. The solution
concentration of carnosine was 0.25 mM, whereas the concentra-
tion of thyroxine was 10 uM. An impact of different divalent metal
ions on activity was observed. Final 5 mM reaction solutions of
CoCl,, CdCl,, Mg(l,, MnCl,, or CuSQO,4 were used to compare the
activity to above described 5 mM zinc acetate solution in the
buffer.

Inn Vitro Maturation of PGCP Pro-Form

The pro-PGCP activation assay was the same as the above-de-
scribed enzyme-activity assay, and 2 pg of cathepsin L {or cathep-
sin B, or cathepsin K) was added together with 2 mM DTT. The
reaction was stopped after 5 min. Control assays were prepared
without cathepsin or without pro-PGCP.

Deglycosylation of recombinant PGCP

Expressed recombinant PGCP was deglycosylated under dena-
turing conditions with Endo H and PNGase F according to the man-
ufacturer's recommended protocol (NEB, UK). The resulted protein
was analyzed using Western blot.

Mass spectrometry analysis

Purified proteins were applied to SDS-PAGE and the bands were
excised and prepared for identification using mass spectrometry.
The protein bands were reduced by DTT, alkylated and digested
by trypsin. The digested samples were analyzed using a MSD Trap
XCT ultra mass spectrometer {(Agilent) coupled to an Agilent 1200
HPLC unmit. The database searches were performed using the
NCBInr protein database and the Spectrum Mill database search
algorithm.

N-terminal amino acid analysis

The N-terminal sequencing was carried out using automated
Edman degradation with an Applied Biosystems liquid pulse se-
quencer 475 A (USA) connected online to a phenylthiohydantoin
analyzer 120 A from the same manufacturer.
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Table 1

Purification efficiency of the recombinant PGCP.
Purification steps Total protein® (mg) Total activity®© (U) Specific activity (U/mg) Feld purificatien Yield (%)
Culture media 610 16,400 27 1 100
Hydroxyapatite column 157 10,200 65 2.4 41
Anjon exchange chromategraphy 37 2820 79 29 34
Gel filration chromatography 9 2200 245 9.1 11

# Protein concentration was determined by Bradford protein assay.

® Enzyme activity was determined with the dipeptide substrate Ser-Met as described in “Materials and methods”.
€ One unit (U) is the amount of enzyme PGCP that catalyzes the reaction of 1 umol of substrate Ser-Met per minute.

Results and discussion
Expression strategy for recombinant human PGCP

So far, two descriptions of the preparation of the enzyme have
been reported. A mammalian cell culture system [12] was not used
for the protein purification, whereas the bacterial expression sys-
tem yielded insoluble material [13]. Here, the production of recom-
binant human-blood plasma glutamate carboxypeptidase {PGCP)
using the baculovirus expression system was demonstrated. The
baculovirus expression system has a number of potential benefits,
including high level expression, correct folding, post translational
modification and the production of biologically active proteins
for analysis. One of the potential disadvantages of this system is
the virus lytic system, when proteases are released into the med-
ium by the insect host cells, and the resulting proteolysis could
be a problem for a secreted recombinant PGCP protein [19]. There-
fore, in the experiments a serum-free medium was used, thus
reducing the level of extraneous proteins in the culture medium
and facilitating the purification of the secreted recombinant
products.

PGCP is a lysosomal metallopeptidase of 472 amino acids and
has the unique physiological characteristics of catalyzing the
hydrolysis of dipeptides with unsubstituted terminals on the ami-
no acids, which indicates its involvement in protein turncver [6].
Due to the potential problems of recombinant PGCP, fast proteoly-
sis and/or autolysis, the use of a secreting baculovirus system was
applied. The transfer vector pFastBac-PGCP was constructed to
carry the sequence encoding the entire preproenzyme. As a precau-
tion to preserve full activity, no tags for simplified purification
were fused to the PGCP. It is known that the protein terminals
could be involved in substrate recognition, as in some exopeptidas-
es. The N-terminal Asp of the polypeptide chain of cathepsin C [20],
which is homotetramer [21], positions the substrate into the en-
zymes active site cleft, which reflects in the dipeptidylaminopepti-
dase activity [22]. The C-terminal of the human glutamate
carboxypeptidase II, from the same protease family, was found to
be critical to the hydrolytic activity of the enzyme. The tag at-
tached to the C-terminal seriously reduced the enzyme activity
[23]. Later it was shown that C-terminal truncation disrupts the
PSMA dimerization [10]. Any similar behavior of the PGCP would
result in the influence of a fusion tag on the protein’s termini,
and would interrupt the enzyme activity.

Optimization of recombinant PGCP expression

Experiments were carried out to determine the optimum condi-
tions for recombinant PGCP expression in terms of cell type, cell
density, medium, multiplicities of infection (MOI), and time of har-
vest. Good results were achieved with Sf9 suspension cells grown
in a serum-free medium. However, the High Five insect cells have
a tendency to form aggregates. Consequently, the serum-free med-
ium reduces the level of extraneous proteins in the culture med-
ium and facilitates the purification of the secreted recombinant
products. By optimizing the batch size, the MOI, and the time of

harvest, the conditions were obtained for a reproducible protein
expression of human recombinant PGCP. A freshly prepared virus
was used for the optimization of the full-length PGCP expression.
AMOI of 2, 5 and 10 in time-course experiments was applied on
monolayer cultures of the 59 insect cells. Regular intervals started
on day 1 and lasted until day 8, and the total and viable cell counts
were monitored. The yield of PGCP in all the multiplicities was ele-
vated. However, a slight increase was evident at MOI 10. After
being analyzed by SDS-PAGE and Western Blot, the detected PGCP
had a protein band with an apparent Mw at 60-65 kDa and an
additional row of lower molecular bands in the 55 kDa region
(Fig. 1). The protein cleavage, which yielded an active protein,
was observed in serum-free conditions when the cell viability
was low (<50%). The baculovirus expression system used does
not require multiple rounds of plaque purification due to the ab-
sence of the parental virus DNA during a site-specific transposition
to generate the recombinant bacmid DNA according to the manu-
facturer’s manual (Bac-to-Bac, Invitrogen). Therefore, cne round of
plaque purification was carried out, as suggested in the manual,
which amplifies the recombinant virus from a single viral clone
in order to remove any non-recombinant virus that may be pres-
ent. One round of plaque purification was found to improve the
reproducibility of the results. Positive samples clearly turned yel-
low after incubation at 37 °C for 24-48 h, while negative controls
(from plaques of wild-type pFastBacl) were only slightly colored.
The test revealed that most of the plaques forming viruses led to
an expression of the active recombinant PGCP.

Expression of recombinant PGCP in insect cells

The cultures of suspension Sf9 insect cells were infected with
the recombinant baculovirus obtained from pFastBacl, using MOI
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Fig. 1. The expression of human PGCP performed in monclayer insect 5f2 cells was
optimized by MOI and time and followed by Western Blot. The expressions of the
pro-form and mature form of PGCP are seen at 60-65kDa and a thin band at
55 kDa, respectively. The expressed PGCP was first observed after three days at
different multiplicities of infection (2, 5 and 10).
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10. The expression was analyzed by Western Blot, using a poly-
clonal antibody raised against the PGCP. The pellets coming from
pFastBac-PGCP infected insect cells between the 1st and the 8th
day were analyzed, washed to remove residues in the cell culture,
and lysed by the $f9 lysis buffer. After centrifugation, as judged by
SDS-PAGE and Western Blot, no PGCP remained in insoluble frac-
tions, but a large amount of PGCP was discovered in the medium.
Overexpressed bands for an approximate molecular weight of
60-65 kDa and 55 kDa were detected in the culture medium and
corresponded to the pro-PGCP and the mature PGCP (Fig. 2). A sim-
ilar level of secreted pro-PGCP was obtained for the first three days
post-infection. The expression peak of mature PGCP was obtained
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in the medium of Sf9 infected cells after day 3 until day 8, as a band
of Mw of about 55 kDa. Comparing our data to the fluorograph of
pulse chase labeling and of PGCP expressed in COS-1 cells [12]
show the same electrophoresis pattern. In both experiments the
proenzyme is rapidly transferred into a mature form. The non-cel-
lular accumulation of expressed PGCP indicated that the native hu-
man signal peptide was efficiently recognized by the insect cells.
No expression was found in the uninfected cell extracts.

When the expressions of PGCP in the monolayer culture (Fig. 1)
and the suspension culture (Fig. 2) were compared, a much higher
accumulation of pro-PGCP in the monelayer culture was observed.

Purification and identification of the human recombinant mature PGCP

The main goal was to produce purified recombinant human
PGCP in sufficient quantities for further characterization and struc-
tural studies of this interesting, but unexplored, enzyme. The ma-
ture enzyme was purified six days after infection. Optimization of
the infection and the purification conditions was essential to ob-
tain a substantial, reproducible yield of recombinant PGCP. The
protein was purified by a combination of various liquid chromatog-
raphies. After removing the cells, the medium was directly applied
to hydroxyapatite chromatography. PGCP was bound to the resin
under a low phosphate concentration, and eluted with a high phos-
phate concentration. Pooled and dialyzed fractions were then ap-
plied to anien exchange chromategraphy. The elution with a salt
gradient gave a high purification yield. During this purification step
the active PGCP was separated from the majerity of the inactive
proteins. An additional purity was reached with the gel filtration
chromatography. The protein composition and the purity of the
fracticns from the gel filtration chromatography were analyzed
by SDS-PAGE (Fig. 3) and Western Blot analysis. The mass-spec-
trometry analyses proved that the purified protein was PGCP.
When these fractions were analyzed for dipeptidase activity, an
active protein peak with a retention time corresponding to a Mw
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Fig. 2. Time course of human PGCP expression, followed by Western Blot, was
cbserved after eight days in a suspension insect Sf9 cells. The expression of the pro-
form of PGCP is seen at 60-65 kDa for the first three days. The protein is converted
to the mature form (55 kDa). This activation is rapid from day four on, which means
that proenzyme is not seen anymore,

1 2 3

Fig. 3. SDS-PAGE of purified recombinant human PGCP after gel chrematography
celumn. Line 1, molecular weight standards; line 2, mature PGCP with melecular
weight 55 kDa; line 3, pro-PGCP with melecular weight 60-65 kDa.

of about 100 kDa was observed (Fig. 4), indicating that the active
PGCP consists of two subunits. This Mw corresponds to previously
published data [6,12]. The N-terminal amino acid sequence analy-
sis showed a mixture of different truncated N-terminal sequences
of PGCP, which represents intermediates between the pro-PGCP
and the mature PGCP (Fig. 5).

Similar to the PGCP, amincpeptidase Ap1 [ 24] and the aminopep-
tidase AC[25], members of the same M28 family, show the appear-
ance of these intermediates from the proregion of the enzyme.
‘Whether the intermediate forms of PGCP affect the dipeptidase
activity remains unclear. When a purified sample from the gel chro-
matography step was applied to the Phe-Leu-Sepharose column,
the enzyme activity was highly increased. The active PGCPwas com-
pletely separated from impurities (Fig. 3 ). However, the highly puri-
fied enzyme was unstable and rapidly lost enzyme activity.

Deglycosylation of recombinant PGCP

Deglycosylation of the recombinant protein was performed
with Endo H and PNGase F. The change in the molecular weight

100 kDa

mAU

V [mi]

Fig. 4. Gel filtratdon chromategraphy on the Superdex-200 celumn and the
molecular-weight analysis of mature PGCP. On the lower panel is the chromato-
gram of eluted mature PGCP (solid line) and the superimposed chromatogram of
standard proteins (dotted line). The calculation diagram is shown using gel
filtration standards (thyreglebulin 667 kDa, gamma globulin 158 kDa, evalbumin
44 kDa, myoglobin 17 kDa, and vitamin B12 1.35 kDa). The enzyme is eluted as a
dimer with a molecular mass 100 kDa.
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Fig. 5. The N-terminal amine acid sequence analysis shows isolated mature PGCP
with different cleavage peints (arrows) of maturation. The experimentally deter-
mined mature enzyme from isclated PGCP is underlined. The different truncation,
as result of activation, is caused by the unspecific action of insect protease(s) on the
expressed protein.

produced with PNGase F shows a complex or hybrid N-glycosyla-
tion structure of the recombinant PGCP (Fig. 7).

Purification and identification of the human recombinant pro-PGCP

Additionally, the pro-PGCP was isolated (Fig. 3), using the same
purification techniques as described above, but with one minor
change. To achieve a higher yield of pro-form, a three-day expres-
sion was used. The inactive PGCP eluted on the gel filtration at a
later retention time, with a Mw of about 50 kDa (data not shown).

Activation of pro-PGCP into mature form

The dipeptidase activity of the PGCP was assayed for the cleav-
age of the dipeptide substrate Ser—-Met during purification and
activation from pro-PGCP procedures. The disadvantage of the
method is its low sensitivity. More than 30% of the substrate
should be hydrolyzed to detect the activity. The enzyme activity
is higher in the presence of chloride ions (Fig. 6). As PGCP is a
metalloproteinase, we observed the substrate degradation in the
presence of different divalent metal ions. Zn®* ions have the high-
est impact here. Mn?* and Co®" ions restored approximately one
fifth of the zinc activity. No activity of PGCP was detected using
Mg?*, Cu®* or Cd*" ions. These results show that the PGCP activity

can be modulated by the identity of the divalent metal ion. Several
chelating reagents are able to remove catalytic ions. The inhibitory
effect of 0.25 mM EDTA buffer demolished the enzyme activity
immediately. Diethylenetriamine pentaacetic acid (DTPA), a mem-
brane impermeable metal chelator, which can be used in cell secre-
tion experiments, also inhibited the enzyme efficiently at 1 mM
concentration. A ten times lower concentration of the same inhib-
itor showed no effect. In Fig. 6 is shown that bestatin, a small
molecular weight dipeptide, strongly inhibits PGCP. Bestatin is
used as a drug and can prolong the disease-free interval and sur-
vival period in adult acute or chronic leukemia [30]. Carnosine
has the same peptide backbone as bestatin [31], but shows neither
influence on Ser-Met hydrelysis, nor is it degraded. PGCP is in-
volved in the processing of the thyroid hormone, thyroxine, from
thyroglobulin [14], therefore a possible inhibition feedback effect
of the hormone was investigated. Anyhow, there was no change
in Ser-Met degradation at 10 uM thyroxine concentration.

As shown in Fig. 2, the PGCP was activated after secretion into
the media. Autoactivation would require endopeptidase activity.
The PGCP possesses only dipeptidase and carboxypeptidase activ-
ity [6,12,17], indicating that autoactivation will not proceed. How-
ever, insect cells express several endogenous cathepsin-like
activities, which are secreted and could function as activators of
proenzymes. They are good candidates for the maturation and acti-
vation of PGCP [19]. The expression of the procathepsin C in insect
cells resulted in the successful activation to mature cathepsin C by
cathepsin L [26]. In view of these results, the activation of the
purified PGCP precursor was performed by recombinant cathepsins
B, L, and K in a slightly acidic environment (Fig. 6). Human
recombinant cathepsins B, L, and K were expressed in bacteria or
yeast and purified, as reported in [27-29]. The activation, using
cathepsin L, was only partially successful, due to the low activity
yield from the precursor form. On the other site, using cathepsin
B and K, we could not detect any maturation, indicating that these
two enzymes might not be involved in the maturation process of
PGCP.

A 100 B 100

80 80

60 80

40 40

20 ﬂ 20

o + 2 s a4 s e 7 g ° 0 oimM 1mM 025mM

DTPA  DTPA bestatin

C 100 D 100

80 80

60 60

40 40

20 20

pi BB ENEE gl W ]

0 20mM 50mM 100mM 200mM
[c]

Zn2+ Mn2+ Mg2+ Cu2+ Co2+ Cd2+

(5 mM]

Fig. 6. (A) Purified pro-PGCP was activated by the recombinant human cathepsins L, B, and K in a slightly acidic environment. Relative activities are presented. Line 1,
recombinant mature PGCP; line 2, recombinant pro-PGCP; line 3, pro-PGCP activated with cathepsin L; line 4, cathepsin L; line 5, pro-PGCP activated with cathepsin B; line 6,
cathepsin B; line 7, pro-PGCP activated with cathepsin K; line 8, cathepsin K. (B) Inhibition of PGCP with DTPA and bestatin. (C) The influence of increasing concentration of
chloride ions on PGCP activity. (D) The influence of 5 mM concentration of different divalent ions on PGCP activity.
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Fig. 7. Deglycosylation of recombinant PGCP expressed in insect cells Sf9. Line 1,
molecular weight standards; line 2, recombinant PGCP; line 3, deglycesylation with
Endo H; line 4, deglycosylation with PNGase.

It was shown previously that dimer formation is required for
the completion of the activation process [13]. Based on the pro-
PGCP processing, a plausible mechanism for PGCP maturaticn
can be assumed. Zymogene monomers, which are formed during
the biosynthesis, are transported to the medium. Catalytic process-
ing of the zymogene is initiated by the cleavage in the region of the
monomer propeptide. This cleavage results in the removal of the
propeptide. The dimerization process simultaneously occurs with
the activation of the enzyme [13]. These results may stimulate fur-
ther studies on the activation of pro-PGCP in vive and the possible
impact of this process on the dipeptide hydrolysis.

Site-directed mutagenesis E336G

The glutamic acid on position 336 (E336) of PGCP is an analogue
to the glutamic acid 151 (E151) of the aminopeptidase from Vibrio
proteolyticus from the same family M28 [24]. It has been shown
that this amino acid is catalytically essential for the substrate
hydrolysis. E151 acts as the general acid/base during the catalytic
mechanism of peptide hydrolysis. Substitution of E151 with
histidine resulted in an active enzyme, but substrate hydrolysis

kDa
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55 —
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1 2

Fig. 8. Expression of recombinant PGCP mutant E336G in insect cells Sf3. The
expression was performed four days in a suspension insect Sf9 cells and analyzed
by Western Blot. The expressed mutant was unable to hydrolyze the dipeptide Ser—
Met.

was much slower [32]. Site-directed mutagenesis of the analogue
active site residue in glutamate carboxypeptidase Il into glutamine
had a similar effect [33]. Both residue changes yielded functional
proteins and during substrate hydrolysis they still have a role of
a proton shuttles to the leaving group of the substrate. No muta-
tion into non-reactive amino acid { e.g. glycine) has been performed
so far. The mutant E336G of PGCP was expressed in insect cells
(Fig. 8) with the same procedure as for the principal protein (see
above). The activity assay on the substrate Ser-Met showed that
the expressed protein was inactive. The experiment demonstrated
that the glutamic acid also in the PGCP functions as proton shuttle
removing a proton from the zinc-bound catalytic water and, during
or after substrate cleavage, transfers it to the leaving group as was
proposed for glutamate carboxypeptidase II [33]. The mutation on
position 336 of PGCP into glycine interrupted the shuttle process
and the enzyme became inactive.

In conclusion, the baculovirus expression system in Sf9 insect
cells can be efficiently used for the production of soluble and active
human PGCP. The purification procedure resulted in an active en-
zyme and sufficient quantities to carry out further functional and
structural studies.
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