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1. BEVEZETES

A cukorbetegség (diabetes mellitus) genetikai és kornyezeti tényezok egylittes
hatisara alakulhat ki anyagcserezavarok ¢és érrendszeri szovéddmények képében. Az
anyagcserezavart a hiperglikaemia okozza, ami egyiitt jar a fehérje- és zsiranyagcsere,
valamint a s0-viz és sav-bazis haztartas zavaraival. A magas vércukorszintet az inzulin
hidnya vagy a meglévd inzulin hatdstalansdga okozza, aminek a kdvetkeztében a gliikkoz
nem képes belépni a szovetekbe. A szoveti glikozhidny kovetkezményeként
felgyorsulnak a gliikkoneogenetikus folyamatok. A kialakult hiperglikaemia a csokkent
gliikoz felhasznalas és a fokozddo gliikkoneogenézis egyiittes eredménye. A diabétesz
tovabbi tiinete a poliuria, polidipszia, tomegvesztés, emelkedett szérumzsirsav-szint és

ketoacidozis.

A cukorbetegség és szovédményei Eurdpaban és Eszak-Amerikaban a népesség
tobb mint 3 %-at, vilagszerte mintegy 285 millid6 embert érintenek, melynek
eléfordulasat 2030-ra 438 milliora prognosztizaljdk [1]. Az Egészségligyi
Vilagszervezet (1985) osztalyozasanak ajanlasa alapjan a diabétesznek 2 {0 tipusat
kiilonboztetjiik meg: az inzulin-fiiggd diabetes mellitust és a nem inzulin-fiiggo diabetes

mellitust.

Az 1. tipusu diabétesz: inzulin-fliggé diabetes mellitus (IDDM) a [-sejtek
autoimmun eredetli szelektiv és progressziv sejtpusztuldsa, a folyamat mindaddig tart,
amig a [-sejtek teljesen el nem pusztulnak és az inzulinszekrécid megsziinésével
kialakul az inzulinhidny. Megjelenése a fiatalkorra jellemzd. Szerepe Ilehet
meghatarozott HLA-antigén tipus meglétének. A statisztikai adatok szerint a HLA-DR3
¢s a HLA-DR4 tipusi hisztokompabilitasi antigének jelenléte esetén gyakoribb a
diabétesz [2]. Kialakulasadban szerepe lehet egyes virusfertézéseknek is (pl. mumpsz,
influenza, Coxsackie 4B, CMV). A virusok lehetnek direkt B-sejt karositd hatasuak,
vagy megvaltoztathatjdk a sejtek antigén strukturajat, ami neoantigénként aktivalja az
immunrendszert [3]. Terapidja a naponta tobbszori inzulininjekcidval, testmozgéssal és

szigoru diétaval lehetséges.



A 1I. tipusu diabétesz: nem inzulin-fiiggd diabetes mellitus (NIDDM) Iényege,
hogy a hiperglikaemia részben az inzulin szekrécidé csokkent voltanak és/vagy a
periférids sejtekben az inzulinhatds csokkenésének (inzulinrezisztencia ¢&s/vagy
inzulinantagonistak) ereddje [4]. Zsirsejtekben, a majban és az izomban mar a betegség
korai szakaszaban inzulinrezisztencia mutathato ki, melynek eredményeként fokozodik
az inzulintermelés. A koran jelentkezd inzulinhiany el6szor kompenzatérikus
hiperinzulinaemiat, majd csdkkent hormontermelést idéz eld. A koérkép kialakulasaban
orokletes ¢€s kornyezeti tényezdk jatszanak szerepet. Az életmod valtoztatdson alapuld
terapia (diéta, testsuly csokkentése, rendszeres testmozgds) a betegség kezdeti
szakaszaban igen hatasosan befolyasolja a vércukorszintet. Amikor a vércukorszint ily
moédon mér nem 4allithatd be, ordlis antidiabetikumok alkalmazasa valik sziikségessé,
illetve az ujabb terapidkban a betegséget hipoglikaemids gyogyszerek mellett oralis
hipolipidaemias gyogyszerek egyiittes adasaval kezelik. A betegség nem-inzulinfiiggd
formaja (II. tipusu diabétesz) a betegek ~75 %-aban jelenik meg. Ezekben az esetekben
az inzulin nem fejti ki szokdsos hatdsait, azaz a gliikoztermelés csdkkentését a majban,
illetve a glikogénszintézis serkentését az izmokban. Egyes felmérések szerint az
Egyesiilt Allamokban a diabétesz a 2000 utan sziiletettek kb. harmadat fogja érinteni és
megkozelitden 90% tekinthetd II. tipusu diabéteszes betegnek [5, 6]. Ha a betegséget
elhanyagoljak, diabétesz komplikaciéi 1éphetnek fel. Akut szévédményként
hipoglikaemia, ketoacidotikus kdma, tejsavacidézis alakulhat ki. Késéi szovédmény a
neuropatia, a diabéteszes mikroangiopatia és szervi karosodasok.

Mivel a diabétesz legjellemzobb tiinete a vércukor rendellenesen magas szintje, a
tartasa. A hiperglikaemia oralis antidiabetikumokkal kezelendd. Nagyszdmu és
kiilonb6z6 kémiai szerkezeti, valamint eltér6 hatasmechanizmussal rendelkezo
gyogyszerek allnak rendelkezésre sokféle mellékhatassal. A kezeléshez feltétleniil
biztonsadgosabb ¢és hatékonyabb terapidk bevezetése sziikséges.

A glikogén foszforilaz a II. tipust diabétesz gyogyitasaban az egyik, nemrég
felismert lehetséges célmolekula, mivel az enzim alapvetd szerepet jatszik a maj
glikogénanyagcserében ¢és igy a vércukorszint szabalyozasaban. Az értekezésben a
foszforilazhoz specifikusan kapcsolédd 1) glikkdzszdrmazékok gatloképességét

vizsgélva in vitro és in vivo rendszerekben tanulmanyozzuk a hatékony inhibitorok
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antihiperglikaemias hatasat. Az egyik inhibitorvegyiiletet vizsgaljuk a glikogén
metabolizmusra fizioldgiai koriilmények kozott is a diabétesz kezelésére valo

potencialis alkalmazhatosag feltérképezésere.

2. IRODALMI ATTEKINTES

2.1. 1. tipusu diabétesz terapias célpontjai

Az emberi taplalék legfontosabb szénhidratkomponensei a keményitd és a
szacharoz, amelyek kozvetleniil nem jutnak be a sejtekbe, hanem az emésztés soran
monoszacharidokka atalakulva szivddnak fel és jutnak a vérkeringésbe [7]. A diabétesz
kezelésére alkalmas stratégia lehet a gliikoz felszivodasanak gatlasa pl. az a-amildz és
az a-glikoziddz enzimek aktivitasanak csokkentésével. Az elmult években nagyszami
¢s hatékony inhibitor molekulat irtak le €s hatasukat in vitro és in vivo kisérletekben
tanulmanyoztak. Ezen enzimek gétladsaban az imino-cukorszdrmazékok bizonyultak
hatékony hipoglikaemias szereknek in vitro vizsgélatok alapjan [8].

A vese Na'-gliik6z kotranszport-rendszere (SGLT) is tevékeny szerepet vallal a
gliikoz homeosztazisdban, naponta mintegy 180 g gliikkdz reabszorpcidjat végezve a
glomerulus filtracié soran. Az elmult években jelentds figyelmet forditottak az SGLT2
(vesében csak ez a forma talalhaté meg) farmakoldgiai vizsgdlatara és szamos gatloszert
attekinti [9].

A felszivodast kovetden a gliikkdz a sejtekbe jut €s anyagcseréje Osszetett modon

szabalyozodik (/. abra). Szdmos enzim, receptor/transzporter szabalyozza atalakulasat,

crer



1. abra. A gliikkézanyagcsere szabalyozasanak lehetséges célenzimei II. tipusu diabéteszben
[10] alapjan

GRA: gliikkagon receptor antagonista; GR: glilkagon receptor; Gg: aktivalt G-fehérje ; AC:
adenilat-ciklaz; GK: gliikokinaz; GKRP: gliikkokinaz regulator fehérje; PKA: cAMP-fiiggd
protein kinaz; FK: foszforilaz kindz; GFa: glikogén foszforilaz a (aktiv, foszforilalt forma);
GFb: glikogén foszforilaz b (inaktiv); GSa: glikogén szintetdz a (aktiv, defoszforilalt forma);
GSb: glikogén szintetaz b (inaktiv); PK: protein kinazok; PP1: protein-foszfataz-1; G-6-Paz:
glikkoz-6-foszfataz, F-6-P: fruktoz-6-foszfat; F-1,6-P,: fruktdz-1,6-biszfoszfat; F-1,6-bP-az:
fruktoz-1,6-biszfoszfataz; PEP: foszfoenol-piruvat. A szaggatott vonal a GF és GS enzimek
reverzibilis foszforilacidjat, mig a pontozott vonal kozvetett hatasokat mutat.

2.1.1. Gliikagon receptor antagonistak

A méjban torténd gliikoz felszabaduldsért és raktdrozéasért, mint f6 hormonalis
szabalyoz6, a gliikagon a felelds. A gliikkagon receptor az adenilét-cikldz katalitikus
protein kindzon keresztiil foszforilacios kaszkadot indit el. A képzddott aktiv foszforilaz

10



kinaz foszforilalja és ezaltal aktivalja a glikogén foszforilazt, ami glikogenolizist
eredményez. Ezzel parhuzamosan tobbféle protein kinaz foszforildlja és ezzel
inaktivalja a glikogén szintetdzt, leallitva a szoveti glikogén képzddését. A glikogén
szintetdz aktivalasat és a foszforildz inaktivalasat defoszforilacids folyamatok végzik
(1d. bovebben az 2.4.4. fejezetet).

A gliikagon gliik6z-koncentraciora kifejtett hatasa szomatosztatin adéasaval
befolyasolhatd, mivel a szomatosztatin gatolja az inzulin és a gliikkagon szekréciot mind
human szervezetben, mind allati modelleken [11].

Tobb kutatocsoport foglalkozott olyan vegyiiletek szintézisével, amelyek a
gliikagon receptorhoz kotddnek. Az egyik leghatékonyabb vegyiilet egy diazaspiro-
szarmazék, ami dozisfiiggden gatolja a gliikagon kotddését a receptorhoz (ICsp= 34
nM). Elhizott egereket a vegylilettel kezelve az allatok méajadban csokkent a gliikkoz

felszabadulasa [12].

2.1.2 A gliik6z-6-foszfataz inhibitorai

rrrrr

a glikogenolizis és a glilkkoneogenézis. A gliikkoz-6-foszfatdz a majban lejatszodo
gliilkoztermelés, a glikogenolizis és a gliikkoneogenézis utolsd 1épését a glikoz
defoszforilaciojat katalizalja, és ezért az enzim a hiperglikaemia ellenes gyogyszerek
elsédleges célpontjava valt [13, 14]. A glikoz-6-foszfatdz gén expresszioja indukalodik
inzulin hianyaban, valamint hiperglikaemidban [15]. Ezért a gén expresszidja varhatdéan
emelkedik a II. tipusti diabéteszben is. Kisérleti adatok alapjan a gliikk6z-6-foszfataz
mennyisége nagyobb mértékli elhizott ZDF patkanyokban, mint normal Wistar
allatokban ¢és ennek hatasara az allatokban megemelkedik a vér gliikoz-koncentracidja,
bizonyitva az enzim hiperglikaemidra kifejtett hatasat[16].

A gliikoz-6-foszfataz a sejtek endoplazmas retikulumdban talélhat6. Feladata a
defoszforilacion kiviil az enzim szubsztratjanak a gliik6z-6-foszfatnak a citoplazmabol
az endoplazmas retikulum lumenjébe szallitasa egy transzlokator segitségével. Az
irodalomban mind az enzim [17] , mind a transzlokator gatldszerei ismertek [18]. Az
inzulinszer(i hatdssal rendelkezd peroxi-vanadat vegyiiletek, altalanos foszfo-tirozin

protein foszfatdz gatld hatdsuk miatt, a gliikkoz-6-foszfataz katalitikus alegységének jo
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inhibitorai. Az orto-vanadat fenantrénnel kapcsolt szarmazéka dozisfiiggden csokkenti a

gliikagon vércukorszint noveld hatasat, és ezzel parhuzamosan erdteljesen noveli a

crer

crer

vezethet. A gliikkdz-6-foszfatdz gatlasa jelentdsen ndveli néhany gén mRNS szintjét,
tobbek kozott a Glut-2 transzporter, a glikogén szintetdz, a gliilkoz-6-foszfataz
katalitikus alegysége ¢és az enzimhez tartozd transzlokator, tovabba a glikolizis és a
lipogenézis néhany enzimét (pl. piruvat kinaz, glilkokinaz, acetil koenzim-A karboxilaz,
zsirsav szintetaz) [20].
Osszegezve a gliikdz-6-foszfataz inhibitorai koncentraciotol fiiggden két
lehetséges modon hatnak a II. tipust diabéteszre:
- kis koncentracioban csokkentik a vér gliikkoz-koncentraciojat és megvaltoztatjak
a lipogenézis néhany génjének az expresszidjat;
- nagy koncentracidoban hipoglikaemids hatasuk van, mivel a gliikkdz-6-foszfataz

aktivitasa nélkiilozhetetlen a glilkoneogenézisben és a glikogenolizisben.

2.1.3 A gliikoneogenézis gatlasa a fruktoz-1,6-biszfoszfataz inhibitoraival

A gliikoneogenézis enzimeinek (foszfoenol-piruvat karboxikinaz és fruktoz-1,6-
biszfoszfataz) aktivitdsat a gliikagon és az inzulin szabalyozza. Az enzimek aktivitasa
megemelkedik inzulinrezisztens és diabéteszes allatmodellekben, ezért a két enzim az
antihiperglikaemias kutatasok lehetséges célpontja [21, 22].

A fruktdz-1,6-biszfoszfataz a majban és a vesében expresszalodik: a fruktoz-1,6-
biszfoszfat defoszforilacidjat katalizalja fruktoz-6-foszfattd. Az enzim tetramer
szerkezetl €s két fontos fiziologiai inhibitora van: az AMP ¢és a frukt6z-2,6-biszfoszfat,
amelyek az enzim allosztérikus és katalitikus kotOhelyéhez kapcesolodnak. Az els6 ilyen
gatloszer az AICAR-monofoszfat (rib6éz 5-amino-4-imidazol-karboxamid szarmazéka),
amely a majban AMP analdggd, a vegyiilet foszfat szarmazékava alakul, ami gatolja az
enzim katalitikus aktivitadsat [23]. Ezzel parhuzamosan egy masik kutatocsoport olyan
AMP szarmazékokat vizsgalt, amelyek az enzim allosztérikus helyéhez kotddve

gatoljak az aktivitast. A vegyiiletek primer hepatocitdkban és elhizott ZDF allatokban
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csokkentették a vércukor koncentracidjat [21]. A glilkoneogenézis gatlasaval
parhuzamosan a glikogenolizis aktivalodik. A metabolitok elemzése emelkedett fruktoz-
1,6-biszfoszfat szintet mutatott és a glilkoneogenézis més intermedierjeinek a szintje is
megemelkedett (pl. glicerol-3-foszfat), ellenben a gliikoz-6-foszfat szintje nem
valtozott.

Elhizott ZDF patkanyokat (II tipust diabétesz, vércukorszint 12 mmol/L) két
hétig 40 mM MBO06322-vel (fruktdz-1,6-biszfoszfataz inhibitor) kezelve
normalizalédott az &llatok plazma gliikéz-koncentracidja. Hat hét kezelés utan
novekedett az allatokban a plazma inzulin koncentracioja €s csokkent a vér szabad
zsirsav ¢és triglicerid koncentracidja. A kezelés nem volt hatdssal az allatok
izulinszenzitivitdsara [21]. A rendelkezésre all6 adatok alapjan elmondhato, hogy a
diabétesz kezelése fruktdz-1,6-biszfoszfatdz inhibitorral normalizalja a hiperglikaemia

tiineteit, stimuldlva a glikogenolizist és gatolva a glilkoneogenézist.

2.1.4 A gliikokinaz aktivatorai

A glikokinaz a glikolizis els6¢ 1épését katalizdlja a majban: a gliikoz
foszforilacidjat a hatodik szénatomon. Az enzim a majban a pankreasz B sejtjeiben €s
egyéb gliikozszenzitiv sejtekben expresszalddik, ahol egyfajta gliilkdzszenzorként
viselkedik, ami az inzuliszekréciot aktivalja [24]. A gliikokindz viszonylag magas Ky
értéke magyarazza, hogy a vércukor-koncentracié kismértékii emelkedése fokozza a
gliikoz foszforilacidjat, vagyis a majban a gliikkézfelhasznalast, ami a vércukorszint
csokkenéséhez vezet [25]. Ennek megfelelden a gliikokindz aktivitdsanak a valtoztatasa
felhasznaldsat a diabétesz kezelésében az is alatamasztotta, hogy az enzim egyik
természetes mutacidja csokkenti a gliikkdz iranti érzékenységét és ezzel diabétesz alakul
ki (MODY, Maturity-Onset Diabates of the Young) [24], [26].

A m4j gliikokinaz szabalyozasaban egy 68 kDa tomegili fehérje jatszik szerepet,
ami a gliikézzal kompeticioban fejti ki a hatasat. A gliikokinaz és a regulator fehérje
kotodése fligg a glikoz, és a fruktoz-1-foszfat koncentraciojatol. A glilkokinaz a

regulator fehérjéhez kotddve alacsony gliilkdz-koncentracio esetén (<5 mM) a magban
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talalhat6 inaktiv allapotban, viszont ha novekedik a gliikdz koncentracidja a gliikokinaz
disszocialddik a regulator fehérjérdl €s a citoplazmaba transzlokalodik [27].

A gliikkokindz aktivalasanak az egyik lehetséges modja, hogy az enzim és a
enzim aktivalodasdhoz nem elég levalasztani a regulator fehérjérél, mivel az enzim
konforméacidvaltozasa is sziikséges a gliikoz foszforilaciojahoz: a gliikokinaznak az
inaktiv nyitott konforméciobol egy aktiv, zart konformacioba kell 4talakulnia. Jelenleg
megvaltoztatni.

Ismeretes olyan gliikokinaz aktivator (Ro-281675), ami masfélszeresére fokozza
diabéteszes allatokban és 40 hetes kezelés megeldzi a hiperglikaemia kialakuldsat HFD
etetett egerekben [29].

Azonositottak egy triszubsztitualt benzolszarmazékot is, ami noveli a glilkokinaz
aktivitasat [30]. A vegyiilet hatdsa Osszetett, mivel hepatocitdkban stimulalja a gliikkoz
a sejtmagbol a citoplazmaba [31].

Ismert olyan vegyiilet is (triazol-benzamid szarmazék), amely a gliikkokinaz
glikéz irdnti affinitasat €s a reakcid sebességét is jelentdsen fokozza. A vegylilet
hepatocitdkban noveli a glilkdz foszforilacidjat, a glikogén szintézist és gatolja a

gliitkoneogenézist dihidroxi-acetonbdl [32].
2.2. A glikogénanyagcsere altalanos bemutatasa

Az emberi szervezetben a gliikoz lebontasa/raktarozasa/felhasznéldsa bonyolult
enzimatikus és hormonalis szabdlyozas ala esik. A gliikoz a majban és az izomban
glikogén formajaban raktarozodik. A glikogén egy eldgazasokat tartalmazd polimer,
ahol a lancban a gliikézmolekuldk a-1,4 kotéssel, az eldgazdsokban pedig o-1,6
kotésekkel kapcsolddnak egymashoz. Az izom- ¢és majglikogén funkcidja az
anyagcserében kiilonbozik egymastol, igy a glikogén metabolizmus szabalyozéasa is

eltérd a majban és az izomban.
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Az izomban a glikogénbdl felszabadulo gliikoz-1-foszfat a glikolizisbe kertil. Az
izomglikogén az izomsejt energiaraktara, amely a fokozott izommukodés
megndvekedett energiasziikségletét fedezi. A szervezet vércukorszintjét és a glikogén
metabolizmusat tanulmanyozva a mdj az egyik legfontosabb szerv, mivel a méajban 1évo
szinten tartasaban, itt szabalyozodik a gliikoz atalakitasa glikogénné és trigliceridekke.

Sziikség esetén a gliikkoz szintézise is a majban jatszodik le glikogenolizissel és
gliilkoneogenézissel. A szabad glilkozmolekuldk a gliikdztranszporter-fehérjék (GLUT)
segitségével jutnak at plazmamembranon, majd a kiilonb6z6 sejtekben mas és mas
atalakulasokban vesznek részt. A legjelentdsebb gliikkdztranszporter a GLUT2, ami a
majsejtekben, hepatocitdkban taldlhat6 [33]. Ez a transzporter kétirdnyl és szerepe a
m4j szinuszoidban a gliik6z-koncentracié egyensulyanak fenntartésa.

A glikogénszintézis és lebontas két kulcsenzime a glikogén foszforildz (GF) és a
glikogén szintetaz (GS). Mindkét enzim foszforilalt és defoszforilalt formaban egyarant
1étezhet, és a foszforilacid ellentétesen befolyasolja a két enzim aktivitasat. A glikogén
szintézise magaban foglalja a gliik6z gliikokindz altal katalizalt 4talakulasat gliikoz-6-
foszfattd, majd a gliik6z-6-foszfat atalakulasat gliik6z-1-foszfaton keresztiil UDP-
gliikozza, ami a glikogén szintetdz kozvetlen szubsztratja. Majban gliikkdz keletkezhet

gliikoneogenézisen keresztiil is pl. laktatbol és egyéb prekurzor molekulakbol (2. dbra).

GLIKOGENOLIzIS
 ——— GLUKOZz

24
[11]
/—\ z
]
GLIKOGEN GLUKOZ-1-P — GLUKOZ-6-P o
A =
I 2
fs |
1 —
o
LAKTAT,
ALANIN...

2. abra. A gliikdz és a glikogén atalakulasainak sémaja majban
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Mgjban, az adenilat-ciklaz mikodését stimulalé glikagon a cAMP

crcr

kinaz foszforilacigjat kovetden GFa képzddéséhez vezet és ez altal a glikogén lebontasa

beindul.
2.3. A glikogén foszforilaz jellemzése

A GF a glikogén lebontasanak elsé 1épését katalizalja:

glikogéng,+;) + P &—= glikogén,) + G-1-P

A reakcidegyenletben n a glikozilegységek szamat jeloli. Mivel a katalizalt
reakcid egyensulyi allandoja K= [P; ]/[G-1-P]=3,6 és a sejtekben a P; nagy feleslegben
van, a reakcid in vivo a glikogén lebontasanak iranyédban jatszodik le. A Pi/G-1-P arany
csokkentésével (pl. a G-1-P koncentracié novelésével) in vitro a GF a glikogén

szintézisét is képes katalizalni.

Az enzim szisztematikus neve: 1,4-a-D-gliikozil-transzferaz (EC 2.4.1.1),
felfedezéséért C. F. Cori és G. T. Cori 1947-ben orvosi Nobel-dijat kapott. Az enzim
orvosi Nobel-dijat két kutaté vehette at megosztva: E. H. Fisher és E. G. Krebs [34, 35].
Kisérleteik bebizonyitottdk, hogy a GF enzimaktivitdsat reverzibilis foszforilacio
iranyitja. A glikogén mobilizalasa (szintézis és lebontds) két enzim (GF és GS)

aktivitdsanak foszforilacioval és defoszforilacioval torténd modositasan alapszik.

A GF glikogénnel 0sszekapcsoldodva un. protein-glikogén-komplexben taldlhato.
Legnagyobb mennyiségben, az izmokban és a majban fordul eld, de kis mennyiségben
szinte minden szovetben megtaldlhatdo. Az emlésokben a GF harom szervspecifikus
izoenzimje ismert: vazizom-, maj-, és agyfoszforilaz. Ez utdbbit szivtipusu vagy fotélis
izoenzimnek is nevezik [36]. Az aminosavszekvencia Osszehasonlitdsa alapjan
megallapitottak, hogy az izoenzimek szerkezete nagymértékben megdérzédott az

evoluciod soran és masodlagos szerkezetiik is jelentdsen hasonlit [37].

A GF enzimekrdl 0sszegytijtott ismeretanyag jelentds részben a nyal vazizombol

szarmaz0 enzim vizsgalatan alapszik, 1ényegesen kevesebb adat all rendelkezésiinkre
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mas szdvetekbdl, ill. mas €161ényekbdl nyerhetd foszforilazokrol. Alegységenként egy
piridoxal-5'-foszfat prosztetikus csoportot és egy foszforilalhaté helyet (Ser-14)
tartalmaz [38]. Fiziologias koriilmények kozott két azonos alegységbdl allo dimer
formajaban fordul eld, de in vitro inaktiv tetramert is képezhet. A dimer egy-egy

alegységének a molekulatomege 97000 Da.

crcr

enzimrendszere szabalyozza. A felvett gliik6z elsdsorban glikogén formajaban

raktarozddik, foként a méajban, az izomban és mas szdvetekben.

2.3.1 A foszforilaz szerkezete: kontaktfelszinek és kotéhelyek

A nyul vazizom GFb haromdimenzids szerkezete rontgendiffrakcids vizsgalatok
alapjan valt ismertt¢ [39]. Egy alegység két {6 szerkezeti egységre oszthatd: az N-
termindlis doménre (1-485 aminosav) és a C-termindlis doménre (486-841 aminosav),
melyek talalkozasi helyénél van az aktiv centrum.

Rontgenkrisztallografias vizsgalatokkal 6t ligandk6td helyet mutattak ki az enzim
felszinén [40]. Az aktiv centrumhoz kotddnek a szubsztratok, valamint az ezekkel
kompetitiv modon hat6é inhibitorok. Itt taldlhaté a piridoxal-5’-foszfat koenzim is,
melynek foszfatcsoportja esszencialis az aktivitds szempontjabol, ugyanis részt vesz a

sav katalizalta foszforolitikus reakcidban (3. abra).
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3. abra. A dimer glikogén foszforilaz szerkezete és kotohelyei [41]

A vizsgalatok ramutattak arra a tényre, hogy a glikogén kotddését utanozod
oligoszacharid egy, az aktiv centrumtdl tavolabb taldlhato glikogén kdotohelyhez
kapcsolodik. Valosziniisitik, hogy a GF ezen a kotdhelyén kapcsolodik nagy
molekulatomegli szubsztratjdhoz a protein-glikogén komplexben is. Az igy rogzitett
enzim képes bontani a nem redukald végeket az elagazd szerkezetli glikogénben. A
poliszacharid bontasara azonban csak a glikogén 1-6 eldgazéasi pontjatdél szamitott
negyedik gliikoz egységig képes a GF, a tovabbi lebontashoz az elagazast megsziintetd

segédenzim jelenléte sziikséges.
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1. tablazat. Ligandok kotédése a glikogén foszforilazhoz

Ligand Aktiv AMP purin Glikogén Indol
centrum kotéhely nukleotid kotéhely  kotohely
kotohely
Szubsztrat

vagy termék

G-1-P + (+) - - -
P; + +) - - -
glikogeén + ) - ) -
Aktivator
AMP - + (+) - -
IMP - + (+) - -
Inhibitor
ATP, ADP - + ) - -
G-6-P - + +) - -
gliikéz + - - - -
UDPG + +) - - -
adenozin - + - - -
koffein - @) + - -

+erGs kotddés; (+) gyenge kotddés; - kotddés nem figyelhetd meg.

A GF-ben két regulator helyet talaltak. Az aktiv centrum kapujahoz kozel
talalhatd6 ezek egyike: a nukleozid kotdhely. Az ide kotddd anyagok gatoljak a
szubsztrat bejutasat az aktiv helyre, mely az enzim gatladsahoz vezet. Tavolabb a két
alegység kapcsolodasi pontjahoz kozel taldlhaté a nukleotid kotéhely, ahova a GF
aktivatorai az AMP ¢és az IMP kotdédnek. Az aktivatorokkal kompetitiv modon kotddo
inhibitorok képesek az aktivatorokat errdl a helyrdl leszoritani, ezéltal fejtve ki gatlo

hatdsukat. A nukleotid kotéhely kozelében taldlhaté az N-termindlis farok a Ser-14
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oldallanccal, mely a foszforilaz kinaz altal katalizalt reakcidban foszforilalodik, ill. a
protein foszfataz-1 altal katalizalt reakcidban defoszforilalodik. A kiilonb6zo ligandok
kotédését a GF jellemzd kotohelyeihez az 1. tabldzat foglalja dssze.

Az enzim Uujonnan felfedezett indol kotdhelyéhez hosszabb oldallancot és
heterociklusos gytriit tartalmazé vegyiiletek kapcsoldodnak nagy affinitassal. Az ide
kapcsolodo inhibitorok nagyon kis gatlasi allandoval rendelkeznek [40, 42, 43].

A GF nativ form4jaban két azonos alegységbdl allo dimert képez. A dimerben az
alegységek egymassal komplementer felszinei egy kétforgdsi szimmetriatengely
mentén érintkeznek egymassal. A dimer enzim alegységeinek kapcsolddasat elsésorban
ionos, valamint hidrogén- és van der Waals-kotésekkel a ,,sapka” és a nukleotid
kotdhely biztositja [44].

In vitro koriilmények kozott az enzim tetramert is képezhet. A GFb elsdsorban
dimer, nagy koncentracioban, AMP jelenlétében tetramert alkothat. A tetramer
képzddés Osszhangba hozhatdo az enzim allosztérikus, ill. foszforilaciéval torténd
aktivitdsaval. A képzddott GF tetramer formaban nem mutat katalitikus aktivitast [45].
Tetramerizacidjat fokozza a ndvekvd enzimfehérje-koncentracié és az alacsony
hémérséklet [46]. A hoémérséklet emelése, glikogén, gliikoéz, koffein és a nagy
sokoncentracié a dimerizaci6 irdnyaba hat [47]. A glikogén hatasatol eltekintve
megallapithatd, hogy az enzim aktiv R (relaxed, lazitott) konformacidja inkabb képez
tetramert mint az inaktiv T (tight, szoros) konformaci6. A glikogén az un. glikogén
kotohelyen keresztiil kapcsolodik az enzimhez €s nem a konforméciovaltozas, hanem a
nagy térigénye miatt gatolja a tetramer képzddést. Ez azt jelenti, hogy fizioldgias

kortilmények kozott a GF dimer formaban taldlhaté a protein-glikogén komplexben.

2.4. Reverzibilis foszforilacio jelentosége a glikogénanyagcserében

Szamos enzim ismert, melynek foszforilalt és defoszforilalt alakja eltérd
katalitikus aktivitassal bir. Ennek legrégebben ismert és legalaposabban tanulmanyozott
példaja a glikogénlebontds kulcsenzime a GF, harom egymadsba alakithatdé forméban

létezik, melyek egymastol foszforilaltsaguk mértékében kiillonboznek (4. dbra).

20



A nem foszforilalt b forma (GFb) 6nmagaban inaktiv. Aktivitdsa csak AMP vagy
IMP jelenlétében mutathatd ki. A dimer fehérje egy alegységén részlegesen foszforilalt

ab forma mar részben aktiv, ami fokozhat6 a fent emlitett aktivatorokkal [48, 49].

foszforilaz kinaz foszforilaz kinaz
ATP ATP | P ATP ATP | P
P, H,0 Q p. H0 |P
foszforilaz foszfataz-1 foszforilaz foszfataz-1
b ab a

4. abra. A glikogén foszforilaz kiilonbo6z6 alakjai: defoszforilalt b, részlegesen foszforilalt

(hibrid) ab és foszforilalt a; [ foszforilalt, aktiv alegység; O nem foszforilalt, inaktiv alegység.

Teljes katalitikus aktivitdssal a maximalisan foszforilalt GFa rendelkezik. A
harom forma foszforilacios-defoszforilacids folyamatok révén alakulhat at egymasba. A
foszforilaciés folyamatot a foszforilaz kinaz enzim katalizalja, mely egyetlen
foszfatcsoportot épit be az ATP-bdl a fehérje N-termindlis szakaszan talalhatd Ser-14
oldallancra. A beépiilés olyan konformaciovaltozast idéz el az alegységben, amely

megnyitja a katalitikus centrumhoz vezet6 utat, igy az enzim aktivalodik.

2.5. A glikogén szintetaz

A glikogén szintézisének kulcsenzime a GS egy 85 kDa tomegii oligomer, amely
a(1,4)-gliikozid kotések kialakulasat katalizalja a glikogén primerhez, UDP-gliikozt
hasznalva donorként. Az enzimnek két izoformdja 1étezik az izom és a méj specifikus.

A majj izoforma 70 % azonossagot mutat az izom formaval és hét foszforilacids helyet
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azonositottak, kettot az N-terminalis szakaszon, 6t6t az enzim C-terminalis szakaszan
[50]. A GS regulacidja  harom mechanizmus szerint  torténhet:
foszforilacidval/defoszforilacioval, allosztérikus effektorral pl. gliikdz-6-foszfattal, ami
az ¢lo szervezetben a fo fiziologiai regulatora az enzimnek [51], valamint az enzim
szintézisével.

A GS foszforilacioval/defoszforilacioval a GF-hez képest ellentétesen
szabalyozhat6: a GS foszforilalt formaja inaktiv (GSb) és defoszforilalt forméja aktiv
(GSa). A GS in vitro koriilmények kozott szamos kinazzal foszforilalhatd tobbek kozott
cAMP-fiiggd protein kinaz, PKC, kazein kindz 1 és 2, foszforilaz kindz és GSK-3
enzimek [52]. Ezen foszforilaci6 inaktivalja az enzimet és csokkenti az enzim szubsztrat
(UDP-gliikoz) iranti affinitdsat. Az enzim foszforilalt, inaktiv forméja aktivalhato
allosztérikus aktivatorral, a gliik6z-6-foszfattal, amely az enzim aktiv centrumahoz
kotodve szerkezetvaltozast hoz létre: a GS aktiv centruma ,,nyitott” allapotba keriil
elinditva a glikogén szintézisét [51].

A gliik6z-6-foszfatnak nemcsak mint allosztérikus aktivatornak van szerepe a
glikogén szintézisében, hanem a foszforillt, inaktiv enzimhez kotddve is segiti annak
defoszforilaciojat (aktivalodasat), mivel a térszerkezeti modositasok hatadsara az enzimet
a PP1 konnyebben tudja defoszforilalni [51, 53]. A gliikkdz-6-foszfat aktivalo és
defoszforilaciot eldsegitd hatdsat a szervezetben a hormonok miikddésével (gliikkagon,

adrenalin) megndvekedett aktiv, foszforilalt GFa gatolja [53, 54].

2.6. A glikogénanyagcsere szabalyozasa

A foszforilacidos reakcidsorozatban szerepld protein kindzok aktivitasat
elsédlegesen a cAMP és a Ca’’-ion szabdlyozza. A méjban a GF aktivalodasanak
(foszforilaciojanak) f6 hormonalis serkentdje a gliikkagon. A gliikkagon stimulalja az
adenilat-ciklaz miikodését, mely emeli a cAMP koncentraciot. Ez utobbi aktivalja a
cAMP-fiiggd protein kinazt, ami a foszforilaz kindz foszforilaciojat kdvetéen a GFa
képzddéséhez vezet, igy a glikogén lebontasa beindul. A foszforilaz kindz aktivitasat a
Ca”*-koncentracié modositja, pl. majban vazopresszin hatasara is fokozodik az enzim

aktivitdsa [55]. Az adrenalin hatdsdra megemelkedd Ca*"-ion koncentracioval szintén
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fokozhaté az enzim aktivitasa. Hasonld hatasi a vazopresszin, az oxitocin €és az
angiotenzin II is [56].

A maj GFa allosztérikusan is szabalyozodik a gliikoz altal. Emelkedett vérgliikdz-
koncentracid6 esetén a glikoz bekerilve a majsejtbe a GFa-hoz kdotddve
konformaciovaltozast okoz. A konformaciévaltozas miatt a PP1 konnyen tudja

defoszforilalni a GF enzimet és a glikogén lebontas leall (5. dbra).
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5. abra. A glikogénanyagcsere vazlatos sémaja majban

A glikogén lebontasanak (és szintézisének) sebességét nemcsak a foszforilacios
reakciok hatdrozzak meg, hanem a defoszforilacios folyamatok is. fgy a szabalyozasban
szerepet jatszanak a foszfoprotein foszfatazok 1is. A glikogén mobilizalasa
szempontjabol kiilondsen jelentds a GFa defoszforilacioja (inaktivalasa), mivel ez
biztosithatja a szovetekben képzodott GFa ,élettartamat™ és ezzel a glikogénlebontas
mértékét. Az inzulin hatdsara bekovetkezd defoszforilacios folyamatok fontos
résztvevije a PP1 enzim. A PP1 katalizalja a GF aktiv formajanak a defoszforilaciojat

(inaktivalodasat) és vele parhuzamosan a GS aktivalodasat [57]. Ez a defoszforilacios
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kaszkad ledllitja a glikogén lebontasat és elinditja a glikogén szintézisét. A PP1
specificitasat a glikogénkotd alegység kotddése a foszfatdz katalitikus alegységéhez
befolyasolja. Ez a szdvetspecifikus fehérje (izomban Gp, méajban Gy) irdnyitja a PP1
katalitikus alegységét a GF-hez, a foszforilaz kinazhoz vagy a GS-hez [58].

A m4j glikogénanyagcserében a foszforilaz kinaz, a GFa és a GSb
defoszforilaciojat a PP1 enzim katalitikus alegységének és a glikogénkoto alegységének
komplexe katalizalja. Mig a m4j foszforilaz kinaz defoszforilacidjarol keveset tudunk, a
majban a GF és a GS aktivitasanak 6sszehangolt szabalyozasi mechanizmusa jol ismert.
A majban a GS aktivitdsaban latencia figyelheté meg, mivel a GFa allosztérikus
gatloszere a szintetaz foszfataznak: a GS defoszforilacidja csak akkor kezddédhet meg,
amikor a GFa koncentracigja mar jelentésen lecsokkent [53, 59]. A latencia
csokkenthetd a GFa defoszforilacigjdnak fokozasaval, pl. glikéz vagy
gliikozszarmazékok hozzaadasaval [60]. A latencia oka kettds: a GFa természetes
gatloszere a GS-nek (az 1Csp nanomol koncentracidtartomanyba esik) [61]. A masodik
ok egy kicsit 0sszetettebb: a GFa megkdti a majban a glikogénkotd alegységet (Gr), igy
nem tud létrejonni a Gr-PP1 komplex ilyen moédon ,.gatolva” a PPl GS foszfataz

aktivitasat [58].

2.7. A glikogén foszforilaz inhibitorai

A GFa a glikogén lebontasanak az elsd 1épését katalizalja, ezért kozvetleniil
glikogén foszforilazt, mint lehetséges célmolekulat, mivel gatlasaval csokkenthetd a
majglikogénbdl felszabadulo gliikkoz mennyisége. Az enzim dimer formajan 6t olyan
helyet fedeztek fel (3. dbra), amely alkalmas arra, hogy megfeleléen tervezett

gatloszerekkel az enzim katalitikus aktivitasat gatoljuk.

2.7.1. Az aktiv centrum gatloszerei

Az inhibitorok tervezésének egyik Ilehetséges modja, hogy az enzim
szubsztratjanak a szerkezetét alapul véve hasonld szerkezetli molekuldkat terveznek,
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amelyek az enzimek aktiv centruméahoz kapcsolddva fejtik ki gatlo hatasukat. Mivel a
GF természetes gatloszere a gliikoz ¢és katalitikus miikodése soran glikogénbdl gliikkdz-
1-foszfatot készit, igy egyértelmii volt, hogy a gétldszerek tervezésénél a kiilonb6zo
munkacsoportok a gliikoz szerkezetli molekuldkat részesitik elényben.

A gliik6z az enzim aktiv centrumahoz kotddve, képes az enzimet gatolni (a-D-
gliikoz, K; = 1,7 mM; B-D-gliikoz, K = 7,4 mM) [62]. A gliik6z gyenge inhibitor, ezért
szamos kutatdcsoport a gliikkozbol kiindulva olyan molekuldkat szintetizalt, amelyek a
GF jobb gatloszerei.

Az elsé glikozalapt inhibitor, amelynek gatldsi dallanddéja a mikromol
koncentraciotartomanyban volt (K; = 32 uM) az N-acetil-B-D-gliikopiranozil-amin (6.
abra 1 molekula) [63]. Ezt kdvetden a gliikoz 1-es C-atomjan végzett modositasokkal
allitottak elé hatékonyabb inhibitorokat. Ezeknek a modositasoknak kdszonhetden az 1-
es C-atomon hidantoin-gytiriit tartalmazé vegyiiletet (6. abra II molekula) [64], illetve
egy O-atom S-atomra cserélésével tiohidantoint tartalmazo molekuldt szintetizaltak
(6.abra III molekula) [65]. A kéntartalmii analdog gatlasi allandoja hasonlo, de
szintézise gyors, sztereoszelektiv és hatékony [66]. A vegylilet biokémiai és élettani
jellemz6it az FEredmények fejezetben mutatjuk be. Hatékonyabb gatloszerek
szintetizalasdhoz nem feltétleniil kell ) csoportot kapcsolni a gliikoz 1-es C-atomjahoz,
hanem a mar korabban emlitett acetil-B-D-gliikopiranozil-amin molekul4jaban a
metilcsoport cseréjével szamos 1j hatékony gatloszert allitottak eld [67-69]. Az utobbi
években tobb munkacsoport szamos gliikkdzalapu vegyiiletet tervezett és szintetizalt,

amelyek gatlasi allandodi igen széles tartomanyba esnek [68-70].
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6. dbra. A glikogén foszforilaz aktiv centrumahoz kotodo inhibitorok és gatlé hatasuk (K;

vagy 1Cs) nyul vazizombdl preparalt GFb-re

A gliikkdzanalog vegyiiletek mellett iminocukrok hatasat is vizsgaltdk a
foszforilaz enzim aktivitasara. A kereskedelmi forgalomban kaphat6 didezoxi-imino-D-
arabinitol (DAB), az enzim jo gatloszere (6. dbra IV molekula). A molekula a
rontgenkrisztallografias adatok alapjan a GF aktiv centruméhoz kotédik nagy
affinitassal (K; = 400 nM a glikogén lebontas iranyaban és K; = 180 uM a glikogén
szintézis iranyaban [71, 72]. Egy masik hasonl6 vegyiilet az izofagomin (6. abra V.
molekula) és N-szubsztitudlt szdrmazéka (6. dbra VI molekula), amely vegyiiletek
szintén a GF aktiv centrumahoz k&tddnek (izofagomin: 1Csp = 1,21 uM, szarmazéka:
ICso = 840 nM). Mindkét vegyiilet mar mikromol koncentracioban gatolja a glilkagon
aktivalt glikogenolizist patkany majbol izolalt hepatocitdkban [73, 74].

2.7.2. Az AMP kotéhely inhibitorai

Az AMP a GF allosztérikus aktivatora. A nukleotid az enzim feliilet¢hez
kotddve olyan szerkezeti valtozast hoz létre, amely az enzim inaktiv forméjanal

megnyitja az aktiv centrumot és aktivadlja az enzimet [67]. Az AMP a GF aktiv
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foszforilalt forméjahoz (GFa) is kotédik, és annak katalitikus aktivitasat tovabb noveli.
Néhany munkacsoport olyan vegyliletek szintézisével probalkozott, amelyek az
allosztérikus kotéhelyhez kapcsolodva olyan térszerkezet valtozast hoznak 1étre, amivel
az enzim katalitikus aktivitasa gatolhato.

Kutatok egy dihidropiridin szarmazékot allitottak el6 (BAY W 1807), ami az
enzim AMP koétohelyéhez kotddik és stabilizalja a T-szerkezetet (7. abra VII molekula:
Kj = 1,6 nM) [75]. A rontgenkrisztallografias adatok alapjan a molekula a GFb-hez
kotddve kiszoritta az AMP-t és stabilizdlja a T-allapotot, gatolva ezzel a
glikogénlebontast.

Mas kutatod csoport is probalkozott hasonld vegyiiletek szintézisével és talaltak
egy modositott dihidropiridin szdrmazékot, ami szintén az enzim allosztérikus AMP
kotdhelyéhez kapcsolddva fejti ki gatlo hatasat (7. dbra VIII molekula: 1Csyp = 4 nM
humén m4j GFa-ra) [76].

Mindkét molekula hatasat vizsgaltdk patkany majbol izolalt primer
hepatocitdkban a gliikkagon hatdsidra bekdvetkezd glikogenolizisre. Az eredmények

alapjan mindkét vegyiilet hatdsosan gatolja majsejtekben a gliikéz felszabadulast [76].
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7. abra. A glikogén foszforilaz AMP aktivator helyéhez kotodé gatloszerek

Az olednsav ma is hasznalatos hepatitisz ellenes gyogyszer Kindban. A vegytilet
egy pentaciklusos triterpén (7. dbra IX molekula) [77, 78], amelynek csak nemrég
fedezték fel az in vivo hipoglikaemias hatasat, valamint a GF-re gyakorolt gatlé hatasat
[78]. Eldallitottak a vegyiilet tobb szubsztitualt szarmazékat is, amelyek gatlasi allandoit
jelentdsen befolyasoljak a pentaciklushoz kapcsolt szubsztituensek [79].

Tobb kutatdcsoport nem csak egy lehetséges gatlohelyre tervez é€s szintetizal
gatloszereket, hanem tobb gatlohelyhez is terveznek lehetséges inhibitorokat. Olyan
ftalsavat tartalmazd vegyiiletcsoportot is szintetizaltak, amely elsdsorban az AMP
kotéhelyhez kapcsolddva fejti ki gatld hatasat (alapvegyiilet a 7. abra X molekula: 1Cs
=0,9 uM) [80].
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2.7.3. Az indol kotéhely inhibitorai

2000-ben azonositottdk a GF egy addig nem ismert inhibitor kétohelyét a
monomerek kapcsoloddsanal. Az 0j kothely felismerésénél mar kordbban azonositottak
egy indol-szarmazékot (innen az indol kotohely elnevezés), amely az enzim nagyon jo
gatlészerének bizonyult [81]. A Pfizer kutatdi altal szintetizalt molekuldkat a 8. dbra
mutatja be a gyogyszergyari elnevezést hasznalva (CP-91149: XI molekula; CP-
316819: XII molekula; CP-320626: XIII molekula). A leghatékonyabb inhibitornak a
XII molekula bizonyult.

A vegylletetek fiziologiai hatdsat, mint lehetséges oralis antidiabetikumot,
vizsgaltdk mind hepatocitdkban, mind C57BL/6J (ob/ob) elhizott egerekben. Az
eredmények alapjdn megallapitottak, hogy a vegyiiletek kiilonb6zé koncentracio-

tartomanyban mar 3 oOra alatt dozisfiiggden csokkentették a plazma gliikoz-

crer

rrrrrr

Egy masik kutatocsoport is hasonld, jo gatlasi tulajdonsagokkal rendelkezd
vegyliletet szintetizalt (8. abra XIV molekula) [87]. Az eddig bemutatott molekuldk
kozos jellemzdje, hogy a szerkezeti sajatossagaik alapjan a GF indol kotéhelyéhez

kapcsolodnak.
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8. dabra. A glikogén foszforilaz indol kotohelynek inhibitorai

A gatlasi allandok human maj GFa-ra vonatkoznak.

Magyar kutatok olyan molekulat terveztek és szintetizaltak, az N-benzoil-N’-3-
D-gliikopiranozil karbamidot (9. dbra), ami az enzim két kiilonb6z6 kotéhelyéhez is
kapcsolodik. A molekula a két funkcids csoportot (szénhidrat, illetve aromads)
Osszekotd, egyszeres kotéseket tartalmazd rész  rotdciojabol  bekdvetkezd
szerkezetvaltozas miatt a GF két kiilonbozé gatlohelyéhez is kapcsolodhat [40]. A

molekula részletes vizsgalatat az Eredmények fejezetben mutatjuk be.

OH
HO o H H
Hoﬂ\/ N N
OH \ﬂ/
(o] o

9. abra. Az N-benzoil-N’-B-D-gliikopiranozil karbamid
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2.7.4. A purin nukleotid kotohely inhibitorai

A GF kotohelyei kozil az egyik kevésbé ,,foglalkoztatott” gatlohely a purin
nukleotid kotéhely. A kotOhely az enzim katalitikus helyéhez kozel helyezkedik el [38],
ezért az ide kot6dé molekuldk allosztérikus hatassal fejtik ki gatlasukat. A legismertebb,
de nem a legjobb ide k&tddd inhibitor a koffein (/0. abra XV vegyiilet), a molekula
gatlasi allandoja gliikoz jelenlétében K; = 1 mM [88].

Egy masik vegyiilet a flavopiridol (/0. dbra XVI vegyiilet), ami a purin
kotdhelyen fejti ki a hatasat, azonos a mar korabban azonositott CDK2 (ciklin-
dependens kinaz) inhibitorral [89, 90]. Mindkét vegyiilet az aromas hidrofob csoportja
segitségével kotddik az enzim apolaris csoportjaihoz [91] és ugy fejti ki a gatlo hatasat,

hogy a gliikdzzal egyiitt kotddve stabilizdlja az enzim T-allapotat [89].

OY'!J N ol

/N)IN\> | (o] O OH
o\

XV K= 100 mM

XVIKi=1,16 pM

10. abra. A purin nukleozid kotéhely inhibitorai

2.7.5. Glikogénkotohely inhibitorai

Az enzimnek ehhez a kotdhelyéhez kapcsolodd gatloszerek igen gyenge
inhibitorok. Az irodalomban nagyon kevés olyan vegyiiletet tartanak szdmon, ami ide
kotddik. Ezek a vegyiiletek szerkezetileg a glikogénhez hasonlitanak. Ilyen inhibitorok
pl. a y-ciklodextrin (K; = 7,4 mM) és a maltoheptadz (K = 1 mM) [92, 93].
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2.8. Allatkisérleti modellek a II. tipusti diabétesz tanulmanyozasara

Az elmult évtizedekben szédmos allatkisérleti modellt allitottak be, amelyek
alkalmasak a humén betegség patogenézisének tanulmanyozasara. Ezek a modellek igen
eltéréek, és természetesen a molekuldris hatteriik kiilonb6zd. Kozos jellemzdjik a
magas vércukorszint €s/vagy az inzulinrezisztencia. Az allatmodellekben genetikai
modositasaval, kémiai szerrel vagy taplalkozas kovetkeztében alakitanak ki a II. tipusa
diabétesz tanulmanyozasara alkalmas kisérleti hatteret.

Néhany egér és patkany torzset kiterjedten hasznalnak a NIDDM patologias
allapotainak utanzasara. Az ob/ob egerek a C57BL/6J eredeti torzs 6. kromoszéma
autoszomalis recessziv mutacioja miatt leptint nem termelnek és elhiznak. Az egerekben
enyhe hiperglikaemia ¢és sulyos inzulinaemia alakul ki. A db/db egerekben a
leptinreceptor mutacidja figyelheté meg és 3-4 honapos korban sulyos hiperglikaemia
¢és hiperinzulinaemia alakul ki. A Zucker diabéteszes patkanyok egyik beltenyésztett
valtozata az eredeti Zucker patkdnyoknak (ezekben szintén leptinreceptor mutalodik és
az elhizott felndtt allatokban hiperglikaemia és inzulinrezisztencia alakul ki). A Zucker
diabéteszes him patkanyokat magas vércukorszint és inzulinrezisztencia jellemzi,
altalanosan hasznaljak a II. tipust diabétesz modelljeként [94].

A kémiailag €s specialis diétaval indukalt diabétesz modellek [95] is elterjedtek
a kiillonboz6 vizsgalatokban. A kémiai anyagok koziil az alloxan pankredsz [-sejteket
nekrotizald hatdsdt régen ismerik. A sztreptozotocin hasonld hatdsu, azonban
molekularis mechanizmusa dsszetettebb [96]. Mind az alloxan-, mind a sztreptozotocin-
indukalt allatkisérleti modelleket kiterjedten haszndljak antihiperglikaemids vegytiletek

tesztelésére az I. tipist diabéteszben.
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2.9. Célkituzések

A hiperglikaemia a II. tipusu cukorbetegségben szenveddknél elssorban oralis
antidiabetikumokkal befolyasolhatd. A m4j gliikoztermelését komplex enzimrendszer
szabalyozza, amelynek egyik legfontosabb enzime a GF. A glikogén metabolizmusban
betdltott kozponti szerepe miatt a GFa-ra haté molekuldk a gyogyszertervezésben
jelentds figyelmet kapnak. Az enzim térszerkezete ismeretében a fehérje—ligandum
kolesonhatds sajatsagai jol vizsgalhatdak, ami eldsegiti hatékony antihiperglikaemias
szerek kifejlesztését. A molekuldk tervezésekor ismert GF-inhibitor komplexek rontgen-

krisztallografiaval nyert, finomitott szerkezetét vettiik alapul.

Az értekezésben bemutatott vizsgalatok egyik célja az aldbbiakban fogalmazhato
meg.

e Ismert szerkezetli gliikdzszarmazékok hatdsa a GF katalitikus aktivitdsara. Az

ujonnan szintetizalt vegyiiletek gatloképességének meghatdrozasa tisztitott nyul

vazizom ¢€s mdj foszforilaz enzimekkel. A gatlasi adatok Osszehasonlitdsa az enzim

aktiv (GFa) és inaktiv (GFb) formaira.

e A gatlasi adatok kinetikai analizise: Kj, és/vagy 1Cso meghatarozasa.

o A gliikdzszarmazékok szerkezetének és gatloképességének dsszehasonlitasa.

A viszonylag jelentds mennyiségben eldallithatd és jo gatlasi tulajdonsagokkal
rendelkezé vegyiilettel allatkisérletek végzése a molekula antihiperglikaemias
tulajdonsagainak megismeréséhez.

e Wistar patkanyok majaban a  glikogénanyagcsere  tanulmanyozasa
(vércukorszint, majglikogén-koncentracié meghatarozasa; GF és GS enzimek
aktivitdsanak mérése, a két enzim defoszforilaciojaban bekdvetkezd latencia
tanulmanyozasa a vegylilet jelenlétében).

e Diabétesz modellek (sztreptozotocin-indukalt és spontan diabéteszes Zucker
patkanyok) alkalmazasa a vegyiilet vizsgélatdban.

e A TH hatasanak a vizsgalata diabéteszes allatokban a plazma inzulinszintjére és

az allatok inzulinszenzitivitasara.
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3. ANYAGOK ES MODSZEREK
3.1. Anyagok

A Kkisérletek sordn analitikai mindségli vegyszereket hasznaltunk, amelyek a
kovetkezd cégek termékei voltak. Sigma: B-D-gliikoz-1-foszfat (G-1-P), glikogén,
gliikagon, inzulin, adenozin-5’-monofoszfat (AMP), ditiotreitol (DTT), gliik6z-6-foszfat
(G-6-P); Spektrum 3D: Na-B-glicerofoszfat, sztreptozotocin, vas(Il)-szulfat, tris-
hidroxil-aminometan (TRIS), triklor-ecetsav (TCA); Reanal: etilén-diammin-tetraacetat
(EDTA), o-fenantrolin-klorid, trietanol-amin, dimetil-szulfoxid (DMSO), digitonin;
Merck: 2-merkapto-etanol (ME), benzamidin-klorid, fenilmetil-szulfonil-fluorid
(PMSF); Pharmacia: Sephadex G-25, DEAE Sephacel; Serva: bovine-serum-albumin
(BSA), Norrit A; Izotop Intézet Kft.: [**P]-ATP (10 TBg/mmol); Izinta Kereskedelmi
Kft.: ["*C]-UDP-gliikéz (10 TBg/mmol).

3.1.1. Gliikopiranozilidén-spiro-tiohidantoin (TH)

Az els6 jo gatlasi allandoval (Ki < 10 um) rendelkezd gliikézalapa GF gatloszer
a gliikopiranozilidén-spiro-hidantoin [64, 65]. Azonban a vegyiilet szintézise soran a
sztereoszelektivitas miatt a vegyiilet C6 epimere a fo termék, amelynek gatlo hatasa
csekély. Somsak Laszld6 és munkacsoportja a vegyiiletben egy O atom S atomra
cserélésével az el6z6hoz hasonld gatlasi allanddval rendelkezé molekulat szintetizalt
[65, 66]. Ennek a tioszarmazéknak az elonye, hogy a szintézise egyszerli és

sztereoszelektiv, hét 1épésen keresztiil torténik szabad cukorbol (/1. abra).
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11. abra. A gliikopiranozilidén-spiro-tiohidantoin (TH) kémiai szintézise
(Bz: benzoil-véddcsoport)

3.1.2. Mddositott glikogén eléallitasa

500 mg glikogén, 50 mM G-1-P és AMP elegyét 0,5 mg nyul vazizom GFb-vel
inkubaltunk 40 mM Tris-HCI (pH= 6.8), 2 mM EDTA, 10 mM ME (TEM) pufferben,
20 cm’ térfogatban 30°C-on mindaddig, amig a G-1-P mintegy 50%-a at nem alakult. A
reakci6 lejatszodasat a glikogén jodreagenssel képzddott szinének a glikogénre jellemzo
mahagonibarnabdl a keményitdre jellemzo ibolyaszinlivé valo atalakulésa is jelzi.

Az ilyen modon moédositott glikogéntartalmu oldathoz 10 cm® 10 % TCA oldatot
adtunk, az esetleges csapadékot centrifugalassal (3000xg, 10 perc, 20°C) eltavolitottuk.
A feliluszohoz 1,5 térfogat 96 %-os etanolt adtunk, ami a glikogént kicsapja. A
t6morddd csapadékot 0°C-on allni hagytuk és centrifugalas utan (3000xg,10 perc, 4 C)
20 cm® TEM pufferben oldottuk 30 C-on. A nem old6dé részt centrifugalassal (3000xg,
10 perc, 20°C) eltavolitottuk, az opalos feliiliszot 0°C-on allni hagytuk. A médositott
glikogén konnyen iilepedd géllé alakult at, amely vizben, ill. TEM pufferben 30°C-on
sem oldédik. 1 M NaOH oldatban szobahdmérsékleten azonban oldhaté és TCA-val

valo semlegesités utan mennyisége meghatarozhato [97].
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3.1.3. Pufferek

TM: 40 mM Tris, 0,1% ME, pH= 7,4
TEM: 40 mM Tris-HCI, 2 mM EDTA ,10 mM ME, pH= 6,8

3.2. Enzimpreparatumok

3.2.1. Vazizom glikogén foszforilaz b nyul vazizombol

Homogén GFb-t nyul vazizombdl Fischer és Krebs szerint [98] allitottunk eld,
haromszor atkristalyositottuk ¢és a kristdlyokat TEM pufferben oldottuk. A
nukleotidokat (elsésorban AMP-t) Norit A celluloz kezeléssel tavolitottuk el. A
preparatumok specifikus enzimaktivitasa 48-55 E/mg volt 16 mM G-1-P és | mM AMP
jelenlétében. A homogenitast SDS-poliakrilamid gélelektroforézissel ellendriztiik és

egyetlen kb. 95 kDa molekulatomegii fehérje festddését észleltiik.

3.2.2. Vazizom glikogén foszforilaz a

A GFa-t nyul vazizom GFb-bdl allitottunk eld. Az atalakitast nem aktivalt
foszforilaz-kinazzal végeztiik 10 mM Mg®" és 3 mM ATP jelenlétében (pH= 8.2). Az
eléallitott GFa-t haromszor atkristalyositottuk, a nukleotidokat Norit A celluloz
kezeléssel eltavolitottuk. A GFa aktivitasa 55-60 E/mg fehérje volt. A [**P]-vel jelzett
GFa-t szintén ezen a modon allitottuk eld, annyi kiilonbséggel, hogy 1mM ATP
hasznéltunk, amelyben a [*°P]-ATP specifikus aktivitisa: 10 TBg/mmol volt. Az enzim
tisztasagat SDS-poliakrilamid gélelektroforézissel, mig a **P-kihasadasat foszforildz

foszfataz reakcioval ellendriztiik (3.3.4. fejezet).

3.2.3. M4j glikogén foszforilazok

Egy napig ¢heztetett him Wistar patkdnyokat nyugodt alvas allapotaban i.v. 20
ng/testsuly kg glilkagonnal kezeltiik. 10 perc elteltével a méjszeleteket kimetszettiik,
majd 2,5 térfogat 50 mM NaF tartalmi TEM pufferben homogenizaltuk. A
szOvetmaradékok eltdvolitasa utan a feliiliszot a 3.1.2. fejezetben eldéllitott modositott

glikogénnel kevertiik 0ssze €s 24 oraig 4°C-on allni hagytuk, majd a szuszpenziot
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centrifugaltuk (3000xg,10 perc, 4 C). Centrifugalast kovetéen a csapadékot, amely a
szintetikus glikogént és a hozzakotédd GF-t tartalmazta 30 % maltozt tartalmaz6 TEM
pufferben szuszpendaltuk. A szuszpenziot 24 o6raig 4°C-on allni hagytuk, majd
centrifugéaltuk ¢és a feliiluszot 0Osszegyljtve TEM pufferrel szemben dializélva
eltavolitottuk a maltézt. A maj GF-t tartalmazé elegyet DEAE Sephacel oszlopon
tisztitottuk Na-B-glicero-foszfat gradienssel (0-150 mM) elualva a GFa enzimet. A
legmagasabb  enzimaktivitdsa  frakciokat  Osszegyiijtottik, majd  Millipore®
berendezésben N, atmoszférdban nagy nyomason toményitettiik. Ezt kdvetden 50 %
glicerint tartalmaz6 TEM pufferrel szemben dializaltuk és -20°C-on taroltuk. A GF
inaktiv forméjanak (GFb) tisztitasahoz az allatokat nem éheztettiik és a nyugodt alvas
elérése utan az allatokat glilkagonnal nem kezeltiik. Az eljaras tobbi része a fent leirtak

alapjan tortént.

3.2.4. Foszforilaz kinaz nyul vazizombdl

A foszforilaz kinazt (a GFb — GFa atalakitasra hasznaltuk) nyul vazizombol
preparaltuk Cohen szerint [99]. Az izomkivonat izoelektromos lecsapasa (pH= 6,1), a
csapadék szuszpendalasa, ultracentrifugalasa (78000xg, 100 perc, 4°C) és ammoénium-
szulfatos kicsapasa (35%-os telités) utan részlegesen tisztitott foszforilaz kinazt
nyertiink. A preparatumot 50 % glicerolt tartalmaz6é 50 mM Tris-HCI, 50 mM Na-f3-
glicero-foszfat (pH= 6,8), 0,1 % ME tartalmi pufferben -20'C-on taroltuk. A
preparatum pH= 6,8/8,2 aktivitashanyadosa 0,1-nél kisebb volt, ennek megfeleléen a
preparatum nem-aktivalt foszforildz kindznak tekinthat6. Az enzim specifikus

aktivitasat pH= 8,2 értéken hataroztuk meg és 6,5-8 E/mg volt.

3.3. Enzimaktivitas meghatarozasok

3.3.1. Tisztitott izom és maj glikogén foszforilaz aktivitasanak meghatarozasa

A tisztitott glikogén foszforilazokkal végzett kinetikai méréseket az irodalombol
ismert modszer alapjan végeztik [65]. Az enzim aktivitdsat a glikogén szintézis

iranyéba (az in vivo folyamattal ellentétesen) mértiik. A vazizom és maj GFa aktivitasat
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jelenlétében hataroztuk meg 50 mM trietanol-amin, 100 mM KCI, 1 mM EDTA
(pH=6,8) puffer jelenlétében. Vazizom GFb esetében 1 mM, mig mé4j GFb esetében 2
mM AMP-t (mint aktivatort) is tartalmazott az inkubacios elegy. Az aktivitast 30'C-on
hataroztuk meg és az inkubacios idot tigy allitottuk be, hogy a szubsztratnak (G-1-P)
legfeljebb 20 %-a alakuljon at. Egységnyinek tekintettiik a GF azon mennyiségét, amely

egy perc alatt 1 pmol foszfat atalakulasat katalizalja 30 C-on.

3.3.2. Foszforilaz kinaz

A foszforilaz kinaz aktivitasat Cohen modszere [99] alapjan hataroztuk meg. Az
inkubécios kozeg (0,3 ml) dsszetétele: 5 mg/ml foszforilaz b, 0,125 mM CaCl,, 3 mM
ATP, 10 mM Mg-acetat, 45 mM Tris-HCI, 45 mM Na--glicero-foszfat puffer (pH=6,8
vagy 8,2) és megfeleld higitast foszforilaz kindz. A reakciot Mg-ATP hozzaadasaval
inditottuk és az elegyet 30 C-on inkubaltuk. A reakciokozegbdl mintékat vettiink, 100
mM NaF, 4 mM EDTA, 2 mM EGTA, 10 mM ME, 20 mM Tris-HCI (pH=6,8) pufferbe
¢s meghataroztuk a képzddott foszforilaz a aktivitasat.

Egységnyinek tekintettiik a foszforilaz kinaz azon mennyiségét, amely egy perc

alatt 1 pmol GFb monomer GFa-vé torténd atalakulasat katalizalja 30°C-on.

3.3.3. Glikogén szintetaz

Mijkivonatban a GS aktivitasat Doperé és mtsai (1980) [100] mddszerével
hataroztuk meg. Az inkubacios elegy 6sszetétele: 5 mM UDP-['*C]-gliikéz (specifikus
aktivitdsa: 10 Bg/nmol), 1 % glikogén, 50 mM Tris (pH= 7.8), 5 mM EDTA, szintetaz,
valamint 10 mM Na,SO, (GSa) vagy 10 mM G-6-P (GSa+GSb).

Egységnyinek tekintettiik azt a GS mennyiséget, amely 1 perc alatt 1 pmol
['C]-gliikoz beépiilését katalizalja UDP-['*C]-gliikozbol glikogénbe 30 C-on.
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3.3.4. Foszforilaz foszfataz

A foszforilaz foszfataz aktivitasat [*°P]-vel jelzett GFa szubsztratot alkalmazva
hatéroztuk meg. Kisérleteinkben 1 mg/ml [**P]-GFa-t inkubaltunk 30 C-on kiilonb6z
majfrakciokkal (extrakt, citoszol, pellet). A kiillonb6z6 iddpontokban vett mintdkat 10
%-0s TCA-ba pipettaztuk és a csapadék felilliszojaban a [**P] radioaktivitasat a
Cserenkov-sugarzas felhasznélasaval, vizes kozegben, folyadékszcintillacid alapjan
mértiik [101].

A foszforilaz foszfatdz aktivitdsdit madjkivonatban az endogén GFa forma
defoszforilaciojaval, aktivitasanak csokkenésébdl hataroztuk meg. Egységnyinek
tekintettiik azt a foszfataz aktivitast, amely 1 perc alatt 1 egység GFa defoszforilaciojat

katalizalta.

3.3.5. Glikogén foszforilaz gatloszerek vizsgalata: K; és 1Cso meghatarozasa

A vizsgalt vegyliiletek (lehetséges GF inhibitorok) gatlasi 4llanddinak
meghatarozasdhoz a Dixon-féle abrazolast hasznaltuk. A feltevésiink az volt, hogy a
gliikozbol szintetizalt molekuldk a GF-hez kotddnek kovetve a Michaelis-Menten
kinetikdt. A Michaelis-Menten egyenlet egy hiperbola, amelybdl az enzimreakcid
maximalis sebessége (Vmax) €s a Michaelis-Menten (K,,) alland6 meghatirozhato. Az
allandok grafikus meghatarozasanak egyik lehetésége az eredeti egyenlet linearizalasa,
az ugynevezett Lineweaver-Burk abrazolads. Ez a linearizalds azon alapul, hogy az
eredeti egyenlet reciprokat vessziik, az igy kapott egyenes tengelymetszeteibdl mar
pontosabban hatdrozhatok meg az enzimreakci6 alland6i. Ha az enzimreakcid
sebességét tobb kiilonbozd inhibitor- €s szubsztratkoncentracional is megmeértiik, akkor
a linerizalt Lineweaver-Burk abrazolasnal is tobb egyenest kapunk a gatldszer tobbféle
tartozé inhibitorkoncentracid fliggvényében abrazolva egy 0j gorbét kapunk, aminek az
x-tengely metszete adja a gatldsi allandot (Kj). A mérési adatok szamitogépes
kiértékelésével (GraphPad Prism) hataroztuk meg a gatlasi allandokat.

Olyan vegyiiletek esetén, amelyek még nagy koncentracioban sem gatoljak jol a

GF enzimet a maximalisan elérhetd aktivitds 50 %-os gatlasdhoz sziikséges
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inhibitorkoncentracié (ICsp) meghatarozasa az elterjedt modszer. A mérés lényege

azonos a K; meghatarozéasaval, a kiilonbség annyi, hogy az ICsy meghatarozasahoz

crer

crer

crer

hullamhosszon hataroztuk meg a megfeleldé molaris abszorpcidés koefficiensek
segitségével [102]. Kiilonbozo sejtfrakciok és mas nem tisztitott mintdk fehérjetartalmat

a modositott Bradford médszerrel mértiik [103].

3.5. Enzim-ligand kélcsonhatas vizsgalata rontgenkrisztallografiaval

A nyul vazizom nativ T-allapota GFb kristdlyokat egyik egyiittmikodo
partneriink kutatocsoportja (National Hellenic Research Center, Athén, Gorogorszag)
allitotta eld [104]. A GFb-inhibitor komplex létrehozaséhoz egy vékony fali kapillaris
csOben a GFb kristalyokat 100 mM koncentracioja inhibitort tartalmazé pufferben (10
mM Bes, 0,1 mM EDTA, 0,02 % néatrium azid, pH= 6,7) aztattak1,5-3,5 6raig. A GFb-
inhibitor komplex rontgenkrisztallografids adatait Hamburgban X-31 sugarnyaldb
hasznalataval gyiijtotték (A= 1,05-1,97 A). A modszer lehetévé tette, hogy a maximélis
felbontas elérje a 2,26 A értéket is. Az igy kapott adatokat a SYBYL (Tripos Associates
Inc., St Louis, MO, USA) program segitségével értékelték ki. Munkacsoportunk
megkapta az elektrondenzitas adatokat, valamint a fehérjeszerkezet és a gatld ligand

térbeli koordinatait is. Az enzim-ligand kolcsonhatasokat kozdsen értékeltiik ki.
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3.6. Allatkisérleti médszerek

3.6.1. Normal Wistar patkanyok

220-250 g sulyt him Wistar patkdnyokat (Charles River Magyarorszag Kft.)
kontrollalt koriilmények kozott tartottunk (26°C, 50-70 % péaratartalom, 12 Orés
vilagos/sotét ciklus, viz-étel allandéan elérhetd volt szamukra) az Elettudoményi Epiilet
allathazdban. A kiilonboz6 vizsgalatokhoz a Debreceni Egyetem Allatkisérleti Etikai

Bizottsaganak engedélyével rendelkeztiink (29/2007 DE MAB).

3.6.2. Sztreptozotocin (STZ) kezelés

Him Wistar patkdnyokban a diabéteszt egyszeri intravénas sztreptozotocin (50
mg/kg testsuly 50 mM Na-citradt pH=4.5 pufferben oldva, NaCl oldattal kiegészitve
izoozmotikus koncentraciora) injekcioval valtottuk ki. A kontroll allatcsoportban az
injekcid sztreptozotocint nem tartalmazott. A diabétesz kialakuldsat gliikozuria
megjelenésével ellendriztik (Macherey-Nagel, Diiren, NSZK). Altaldban egy héttel a

kezelés utan a vizelet gliitkdz-koncentracidja elérte vagy meghaladta 0,3 mg/ml értéket.

3.6.2.1. Sztreptozotocin kezelés és a TH hatasa

Az STZ-allatokat két csoportra osztottuk: kontroll diabéteszes és TH-kezelt
diabéteszes patkanyok. A kontroll diabéteszes csoport kétnaponta s.c. 0,9 % NaCl
oldatot kapott (2 ml/testsuly kg), mig a TH-kezelt diabéteszes csoport s.c. 50 uM TH
oldatot (100 umol/testsuly kg). TH-oldatot a kezelés eldtt frissen készitettik
oldoszerként steril 0,9 % NaCl-ot hasznalva. A kezeléseket tiz alkalommal végeztiik
reggel 8-9 ora kozott. Az utolso kezelést kovetd masodik napon az altatott allatokbol a

majat eltavolitottuk és feldolgoztuk (I1d. 3.6.4).

3.6.2.2. Sztreptozotocin kezelés és inzulin implantatum

24 tetszblegesen kivalasztott allatot sztreptozotocinnal kezelve (100 pmol/kg,
i.v.) STZ-indukalt diabéteszt hoztunk létre (STZ csoport). Tiz hét elteltével az STZ

csoportot két részre osztottuk, az egyik allatcsoport egyedeibe inzulin implantdtumot
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(Linplant®, LinShin Inc. Kanada) iiltettiink az altatott allatok nyakanak hatso részébe a

bor ala (INZ csoport). Az allatok testtomegét minden héten ellendriztiik.

3.6.3. ZDF (Zucker diabetic fatty rat) patkanyok

A ZDF/Gmi-fa-fa (ZDF) éllatokban a sziiletés utani 7-10. hétben alakulnak ki a
diabétesz tiinetei. Ellentétben mas diabéteszes modellekkel a ZDF allatok kevésbé
elhizottak, de inzulinra érzékenyebbek. A him allatokat kozvetleniil rendeltiik a Charles

River Laboratories-tol (Indianapolis, USA).

3.6.3. Allatkisérleti miitéti médszerek

Az éllatokat i.p. adagolt natrium-tiopentallal (Trapanal®, 70 mg/kg) altattuk és
kipreparaltuk a tracheat. A folyamatos altatast i.v. adagolt (1,5 mg/kg) natrium-tiopental
infazidval biztositottuk a jobb combi artérian. Két polietilén katétert helyeztiink a bal
oldali nyaki véndba, amelyeken folyamatosan adagoltuk (Syringe Pump 11 Plus —
Harvard Apparatus, Holliston, USA) az inzulin- és gliikkézinfuziot. Kaniilt helyeztiink a
sziv baloldalan az artéridba, amelyen keresztiil vérmintakat gyjtottiik. Az allatok
vérnyomasat ellendriztiik (Statham P23, Experimetria TSZ06, Budapest, Hungary). Az
allatok testhomérsékletét egy flithetd lap (Type 872H, Hugo Sachs Elektronik — Harvard
Apparatus GmbH, Germany) segitségével 37+0,5 C-on tartottuk. A testhémérsékletet a
végbélnyildson keresztiil ellendriztiik. A kisérletek befejeztével az allatokat natrium-

tiopental tiladagolasaval 6ltiik meg (100 mg/kg i.v.).

3.6.4. Majszelet mintak feldolgozasa

A feldolgozas minden miiveletét 0-4'C kozdtt végeztik. A majszeleteket
jéghideg fiziologias sooldattal (0,9% NaCl-oldat, pH= 7,4) letblitettiik, megmértiik és 2
térfogat 40 mM Tris (pH= 7,4), 0,1% ME, 250 mM szachardz, tovabba proteazgatloként
0,5 mM benzamidin, 0,5 mM PMSF tartalmu pufferrel teflon Potter-Elvehjem csOben
homogenizaltuk. A homogenizatumokat centrifugéltuk (10000xg, 5 perc) €s a feliiluszot

tiveggyapoton atszlrtiikk. A sziirlet 200 pl-ét TM pufferrel kiegészitve 4 mM EDTA és
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100 mM NaF oldattal 15-szorosére higitottuk a GF és a GS aktivitdsanak
meghatarozasahoz. A sziirlet tovabbi 2 ml-ét Sephadex G-25 oszlopon (10x1 cm)
szirtik TM puffer alkalmazédsaval, s az igy kapott mintakat gélsziirt extraktként
hasznéltuk a protein foszfatdz aktivitds méréséhez. Osszehasonlité mérésekben (kontroll
¢és kezelt mintdk) a megfeleld fehérjefrakciokat azonos koncentracidra higitottuk TM

pufferrel.

3.6.5. Inzulinrezisztencia mérése gliikoz-clamp modszerrel

A kisérletet a koradbbiakban leirt allatcsoportokon (3.6.2.2) végeztik. A
vércukorszint és a plazma inzulinszint meghatarozasahoz a sziikséges vérmennyiséget a
kisérlet el6tt vettiik le. Az éallatoknak 120 percig 3 mE/kg/perc inzulininfaziot
adagoltunk (Humulin R®, Eli Lilly, Indianapolis, USA). Az inzulinnal parhuzamosan 20
% glikozinfuzidt adagoltunk gy, hogy a normalglikaemids vércukorszint (5,5 + 0,5
els6 80 percében 5 percenként, ezutdn 10 percenként. A plazma inzulinszint
meghatarozasahoz a vérmintat az inzulininfuzié adagolasa eldtt vettiik le és a plazma
preparalasa utan plazmat a kés6bbi inzulinkoncentracié meghatarozasaig -70 C-on
taroltuk. Az allando6 vércukorszint fenntartasahoz sziikséges gliikdzinfuizid sebességébol
(mg glikoz/kg/perc) kovetkeztettiink az allat inzulinérzékenységére [105, 106]. A
plazma inzulinszint mérése HTRF® Insulin Assay kit segitségével tortént, ami két
monoklondlis antitestet hasznal és kis inzulinkoncentraciok meghatarozasara 1is

alkalmas [106].

3.7. Mérési adatok Kiértékelése

A GF gatlasi vizsgélatoknal minden mérési ponthoz legalabb 3 parhuzamos
aktivitdismérést végeztiink. A gétlast az atlag értékkel adtuk meg, ahol csak az atlagot
tintettiik fel, abban az esetben a széras maximum = 10% volt. Az allatkisérleti
modszereknél 3-5 mérés adatat hasznaltuk fel a statisztikai adatok szamitasdhoz,
amelyhez Microsoft Excel programot alkalmaztunk. Az adatokat atlag = SD értékkel
adjuk meg, a szignifikancidt #-probaval szamolva. A kiilonb6zd kisérleti csoportok
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adatait a ¢-proba varianciaanalizisével végeztiik. Adataink normaleloszlasat is
ellendriztiik. A varianciaanalizisnél a rogzitett faktor hatasvizsgalatara lefuttatott f-

proba azonos volt a paros t-proba probastatisztikdjanak elemzésével.
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4. EREDMENYEK

4.1. Gliikopiranozilidén-spiro-tiohidantoin (TH) glikogén foszforilazra kifejtett
gatlasanak vizsgalata

Somsak Laszlo és kutatocsoportja egy biciklusos gliikozanalog vegyliletet a
gliikopiranozilidén-spiro-tiohidantoint (TH) szintetizalt [65] (12. abra). A vegylilet a
kinetikai vizsgalataink alapjdn a vdzizombol €s majbol preparalt glikogén GFb ¢s GFa

enzimformak hatékony gatloszerének bizonyult.

S11

012

12. abra. A TH molekulaszerkezete

A kinetikai vizsgalatokban kiilonb6z0 inhibitor- és szubsztrat-koncentracio
jelenlétében meghataroztuk az enzimreakcid sebességét. A kapott eredményekbdl
szamitogépes program segitségével megszerkesztettilk a Michaelis-Menten kinetikdhoz
tartozd sebességi gorbét (/3. dbra A). Az inhibitort nem tartalmaz6 (kontroll)
analizisével ellendrizhetd a GF tisztasaga és katalitikus hatékonyaga. Nyul vazizom
GFb esetén a kapott értékek (V= 48-55 E/mg, Ky= 4,5 uM) jol egyeztek az
irodalombdl ismert adatokkal. Az enzimaktivitdsok reciprokét szamitogépes program
segitségével abrazolva a szubsztrat-koncentracid reciprokénak a fiiggvényében kaptuk a
Lineweaver-Burk szerinti abrazolast (/3. abra B). A gatlasi allandé meghatarozasahoz

szintén szamitdgépes program segitségével megszerkesztettiik a Dixon-gorbét (/3. abra
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() a Lineweaver-Burk szerinti abrazolads egyeneseinek meredekségét abrazolva az

inhibitor koncentracidjanak fiiggvényében.
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13. abra. A TH gatlasi allandéjanak meghatarozasa
A nyul vazizom GFb enzim aktivitasat abrazoltuk a szubsztrat (G-1-P) koncentracio
fiiggvényében (A). A kettds-reciprok Lineweaver-Burk diagram (B) egyeneseinek meredekségét
az inhibitor-koncentracié fiiggvényében abrazolva kapjuk a L-B masodlagos gorbéjét (C),
amelynek tengelymetszetébdl kiszamithato a gatlasi allandé (K;).

A nyul vazizombodl preparalt GFb aktivitasat a TH hatékonyan, mikromol
koncentraciotartomanyban csokkenti. Meghataroztuk a TH gatlasat az enzim aktiv

formdjara, tovabba a szervezet f0 glikogénraktaraban, a mdjban taldlhato GFb és GFa
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enzimekre is. A TH gatlasi allandoit a GF kiilonb6z6 szovetekbdl preparalt és

kiilonboz6 foszforilaltsagi foka formaira a 2. tablazat foglalja 6ssze.

2. tablazat. A TH gatlasi allandéi a nyidl vazizom és patkiny maj GFb és GFa enzimeire
A gatlasi allandoé szamitasa 3-7 fiiggetlen mérés eredményébdl tortént. A defoszfo és foszfo
formak azonos szovettipusbdl szignifikansan eltérd Ki értéket mutattak (p < 0,01).

Glikogén foszforilaz tipusa Ki (uM)
vazizom GFb 5,1+0,5
vazizom GFa 10,9+ 1,0

méj GFb 7,0+ 0,6
maj GFa 22,8+29

A 2. tablazat K; értékei a GFb formakra nagyobb gatlast mutatnak, kb. 2-3-szor
gyengébben gatolja a TH a GFa enzimeket. A maj foszforilaz aktivasa kevésbé
csokkenthetd az inhibitorral, bar ebben az esetben is hatékonynak bizonyult.

A TH nyul vazizom GFb-hez valdé kotédését N. G. Oikonomakos ¢és
kutatdcsoportja segitségével, rontgankrisztallografids modszerrel bizonyitottuk [107]. A
mérési adatok alapjan a GFb inaktiv T éllapotaban, a TH az enzim aktiv centrumédhoz
kapcsolodik  H-kotések, apolaris-apolaris  kolcsonhatasok és  dipolus-dipdlus
kolcsonhatasokkal (/4. dbra). Az adatok alapjan a TH molekula N8, N10 és O12
atomjai H-kotésekkel kapcsolodnak a GFb aktiv centruméhoz. A TH gliikozrészének
hidroxilcsoportjai tovabbi hidrogénkotéseket alakitanak ki a GFb megfeleld
aminosavoldallancaival, ez a halozat nagyon hasonlit az GFb-glikéz komplexben

megfigyelthez.
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14. abra. A TH illeszkedése a glikogén foszforilaz katalitikus centrumahoz.
Az abra baloldali részén a GFb-TH komplex elektrondenzitasat tiintettiik fel. Az abra jobboldali
része a TH illeszkedését mutatja a GFb katalitikus centrumaban, kiemelve az enzim azon
aminosavoldallancait, amelyek jelentés kolcsonhatasokat alakitanak ki a TH molekuldval. Az
enzim aktiv centrumaban talalhato PLP is részt vesz a gatloszer kdtésében [107].

4.2. Gliikozanalog inhibitorok kinetikai vizsgalata

A TH-GFb rontgenkrisztallografiai analizise arra is ramutatott, hogy a gylrl
egyes atomjai milyen mértékben jarulhatnak hozz4d az enzim ¢és a gatloszer
komplexének stabilizalasdhoz, ami 0j molekulatervezési stratégiat is lehetévé tett. A
masodik gytriit megnyitva és az S11 atom O atomra cserélésével 1j molekulacsalad
szintézisére nyilt lehetdségiink. A TH GFb aktiv centrumdhoz valo kotdédésében
mindkét N atomnak jelentds szerepe van, ezért felmeriilt annak a lehetdsége is, hogy a
gylrii megnyitdsa utan a gliikdz molekuldhoz B-helyzetben kapcsolodod atomcsoportok
tartalmazhatnak egy (3.-4. tablazatok), két (5.-6. tablazatok), esetleg tobb (7. tablazat)

amidcsoportot is.
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3. tablazat. N-(B-D-gliikopiranozil)-amidok szerkezete és gatlasi adataik nyul vazizom GFb
enzimre

A mérések a glikogén szintézis iranyaban torténtek. A Ki és IC50 értékek 3-5 mérés atlagat
jelentik, a széras maximum + 10 % volt. (*-gal jeldltiik meg a nem sajat mérések adatait)

OH
o H
N R
HO
HO

Alapvegyiilet: OH v
Vegyiilet | R K [uM] ICso [uM]
1 -CH;3 32* [63]
2 -CF; 81 [108]
75 [109]
3 -CH,CH,CO,H 20 [110]
4 -C(CHz3)3 — 7500 [111]
5
/O 289 [111]
6
A@ — 1100 [111]
nincs gatlas [111]
8
/\/@ 83
9
COOCH;
/©/ 329 [110]

A glikozhoz B-helyzetben kapcsolédd amidcsoportot tartalmazé molekuldk
legegyszeriibb képviseldje egy metilcsoportot tartalmaz az amidcsoporton (3. tablazat 1
molekula). A gétlasi dllando a TH-hoz képest csokkent, az 1 molekula nem sorolhat6 a
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jo inhibitorok kozé. A metilcsoport H-atomjainak helyettesitése F-atomokkal (3.
tablazat 2 molekula) gyengitette a gatlast valdsziniileg a vegyiilet ezen részének
fokozott apolaris jellege miatt.

A végcsoportok cserélése akar polaris (3. tablazat 3 molekula), akér apolaris (3.
tablazat 4-8 molekuldk, tovabba 4. tablazat 10-16 molekuldk) csoportokra nem
csokkentette a molekula gatlasi allandéjat a mikromolos koncentracid tartoményba,
kivétel amikor a molekulara egy B-naftilcsoportot csatlakoztattunk (4. tablazat 11 és17
molekulak). Feltételezziik, hogy az igy szintetizdlt molekuldk j6 gatlasi adatai
valdsziniileg a naftilcsoport jelenlétének tulajdonithatok. Ha Osszehasonlitjuk az
eredményeket az a-naftilcsoportot tartalmazo vegyiilet (4. tablazat 16 molekula) gétlasi
adataival, akkor arra kovetkeztethetiink, hogy nemcsak a csoport milyenségének van
jelentds szerepe a gatloszer inhibitorhoz val6 kétddésében, hanem a térallasanak is.

A végcsoportban poléris rész kialakitdsa (3. tablazat 9 molekula) vagy
heteroatom jelenléte az aromds gytirliben (4. tdblazat 18 molekula) a gliikézanalégok
GF gatlasat jelentésen csokkentette.

Az els6 — rontgenkrisztallografiaval is igazolt — GF aktiv centrumahoz k&t6do
inhibitort alapul véve (6. dbra Il vegyiilet) és a hidantoingyliriit megnyitva egy Uj
inhibitorcsaladhoz az N-(B-D-gliikkopiranozil)-N’-acil-karbamidokhoz jutunk. A
karbamidcsoporthoz kapcsolodd végesoportok kiilonbozdsége kovetkeztében jelentds
szamu molekula szarmaztathat6. Ebbdl a csaladbol mutat be néhany vegyiiletet az 5. és

6. tablazat.
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3. tablazat. N-(B-D-gliikopiranozil)-amidok szerkezete és gatlasi adataik nyul vazizom GFb
enzimre

A mérések a glikogén szintézis iranyaban torténtek. A Ki és IC50 értékek 3-5 mérés atlagat
jelentik, a széras maximum + 10 % volt. (*-gal jeldltiik meg a nem sajat mérések adatait)

OH
(o] H
Alapvegyiilet: AN
pvegyu Ho' » \[]/
Vegyiilet | R Ki [uM] ICso [uM]
10
D s
11
st
12
61 [111]
Z
13
/© 144 [108]
14 CH,
0 o 4500 [111]
15
281 [111]
16
444 [111]
17
10[111]
18 N
» —
P 8000




5. tabldzat. N-(B-D-gliikopiranozil)-N’-acil-karbamidok szerkezete és gatlasi adataik nyul
vazizombél preparalt GFb-re

A mérések a glikogén szintézis iranyaban torténtek. A Ki és 1C50 értékek 3-5 mérés atlagat
jelentik, a széras maximum + 10 % volt. (*-gal jeldltiik meg a nem sajat mérések adatait)

N N_ R_ _r
SR
Vegyiilet R Ki[uM] | ICso [uM]
19 -CH; 305
20
o 5000
21
o 10000
22
>5000

24
0,35

25
4,0

Jo
s
(.

26 _
N 68
N

Az alapvegyiiletet itt is egy metilcsoport csatolasaval kaptuk és hasonléan N-(j3-
D-gliikopiranozil)-amidokhoz a gatlasi allando elég nagy érték. A metilcsoport (5.
tablazat 19 molekula) fenilcsoportra (6. tablazat 27 molekula) valo cserélése jelentdsen
csOkkenti a gatlasi allandot. Tovabb ndvelve a karbamidhoz kapcsolodd hidrofob

csoport méretét (5. tablazat 23-25 molekuldk), a gatlasi allando jelentdsen csokkent. A
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naftilcsoport orientdcioja, az amidokhoz hasonloan jelentésen befolyasolta a gatlas
erdsségét (1d. 5. tablazat 23 és 24 molekulait). Telitett gytirtis oldallanc (5. tabldazat 20
molekula) vagy alkillincon taldlhaté aromds gytirtik (5. tablazat 21 és 22 molekulak)
gyakorlatilag megsziintették az alapvegyiilet GF gatlo képességét.

A benzoil-karbamid szarmazékok para-helyzetben 1évé H atomjanak lecserélése
apolaris- (6. tablazat 28 molekula), aromas- (6. tabldzat 30 molekula), halogén- (6.
tablazat 34 molekula), ill. polaris-csoportokra (6. tablazat 31-33 molekula) alig
befolyasoltak a gatlasi allando értékét. Ha nagy térkitoltésti apolaris csoportot, tercier-
butilcsoportot kapcsoltunk az alapvegyiilethez (6. tabldzat 29 molekula), akkor a gatlasi

alland6 a szubmikromol koncentracio-tartomanyba siillyedt.

6. tablazat. N-(B-D-gliikopiranozil)-N’-aroil-karbamidok szerkezete és gatlasi adataik nyul
vazizombdl preparalt GFb-re

A mérések a glikogén szintézis iranyaban torténtek. A Ki és IC50 értékek 3-5 mérés atlagat
jelentik, a szoras maximum + 10 % volt. (*-gal jeloltiik meg a nem sajat mérések adatait)

on R
Vegyiilet | R K [uM]

27 H 4,6% [40]
28 -CH; 2,3

29 “C(CHy),; | 07

30 -CgHs 3,7

31 -NO, 3,3

32 -NH; 6,0

33 -OH 6,3

34 Cl 4.4

A benzoil-karbamid (6. tabldzat 27 molekula) GFb gatlasanak kinetikai adatai
arra utaltak, hogy a molekula esetleg két eltérd affinitasti kotdhelyhez is kapcsolodhat
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az enzimben. A benzoil-karbamid ¢és nyul vazizom GF komplexének szerkezetét

rontgen-krisztallografiaval is vizsgaltuk (/5. dbra).
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15. abra. A benzoil-karbamid lehetséges konformacidi és kotédésiik a nyul vazizom GFb

kristz'llyhoz

crer

ugynevezett ,,s-cisz” (A) és ,.,s-transz” (B) format. A rontgenkrisztallografias adatok alapjan a
komplexben a benzoil-karbamid mindkét konformaciot felveheti (elektronsiirtiség térképek C,
D) és a szerkezettdl fiiggden az enzim aktiv centrumahoz (E), ill. az 0j indol kotdhelyhez (F)

kapcsolodhat.
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A 15. abrabdl 1athatd, hogy az inhibitor jol illeszkedik a GF aktiv centrumahoz,
hasonldéan a TH molekul4jadhoz. A benzoil-karbamid azonban a katalitikus helytdl (aktiv
centrumtdl) mintegy 33 A-re 1é6vé indol koétShelyhez is kapcsolodik, ezzel az elsd
gliik6z anal6g inhibitor molekula, amely a GF két kiilonboz6 felszinéhez is kotddhet.
Ennek bemutatasara a Megbeszélés fejezetben kertiil sor (23. dbra).

A GF enzim gatlasanak adatai a kiilonb6zd gliikozanalog vegyiiletekkel arra
utalnak, hogy a gliikozrész elengedhetetlen a gatloszer kotdédésében a GF aktiv
centrumahoz, ugyanakkor a végcsoport mérete, térszerkezete és orientacidja jelentdsen
befolyasolja a gatlas er6sségét. Ezt a feltételezést néhany esetben a GF-ligand komplex
rontgenkrisztallografiaval megallapitott szerkezetével egyértelmiien igazoltuk.

A glikézrész és a végesoport kozotti kapcsolatot 1étrehozd atomcesoportok
(0sszekotok) is befolyasolhatjdk az inhibitor-GF kozotti kotés erdsségét, ezzel a
vegylilet gatloképességét. A gatlasi adatok (K;) Osszehasonlitasaval megallapithatd,
hogy 0sszekotd csoportként az amidcsoport megléte sziikséges a gatlashoz, sét acil-
karbamidcsoport (,,két” amidcsoport) esetén jelentdsen fokozodik a gatlds, csokken a K;
értéke (7. tablazat 35 és 38 molekuldk). Ha tovabb noveljiik az amidcsoportok szamat a
gliikézrész és az aromas végcsoport kozott a gatlas jelentdsen csokken (7. tabldazat 44
45 molekuldk), sOt egy bizonyos hosszusagli 6sszekotonél teljesen megsziinik a gatlas
(7. tablazat 46 ¢s 47 molekuldk). Az 0Osszekotd csoport hosszlisdga €és a rotacid

lehetdsége miatt a gatlas megsziinése valodsziniileg sztérikus okokra vezethetd vissza.
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7. tablazat. A gliikézrészt és végcsoport kozotti kotdelem szerepe az inhibitor-molekulak
GFb-re kifejtett gatlasi allandodira

A mérések a glikogén szintézis iranyaban torténtek. A Ki és 1C50 értékek 3-5 mérés atlagat
jelentik, a széras maximum + 10 % volt. (*-gal jeldltiik meg a nem sajat mérések adatait)

# 625 uM nem gatol

OH
% bsszekoté R
"o OH R
Vegyiilet | 0sszekoto a gliikéz és az
R-csoport kozott /©
35 -NHCO 81 [63]
36 -NHCONH 18
37 -NHCOCH,; 1100 (ICso)[111]
38 -NHCONHCO 4,6 [111]
39 -NHCONHCH, 1500 (ICs0)
40 -NHCOOCH; 350 [63]
41 -NHCOCH,CH, 85[111]
42 -NHCOCH=CH 18 [111]
43 -NHCOC=C 62 [111]
44 -NHCONHCONH 21
45 -NHCONHCOCH; 600
46 -NHCONHCONHCO #
47 -NHCONHCOCH=CH #
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4.3. TH hatasa patkany maj glikogénanyagcsere enzimeire

Ismeretes, hogy a gliikoz és szarmazékai a maj glikogénanyagcsere két
kulcsenzimének szekvencidlis inaktivalasat, defoszforilaciojat okozzék: csak a GFa
defoszforilaciojat kovetden keletkezhet katalitikusan aktiv GSa és indulhat be a
glikogén szintézise [53, 59]. A gliikdzanaldg inhibitorok koziil azért esett a valasztasunk
a TH molekulara, mert gatld hatdsa a maj GF aktiv és inaktiv formaira (K; ~10-20 uM)
kozel azonos, tovabba szintézise grammnyi mennyiségekben is megoldott, ami az
allatkisérletek anyagigénye miatt fontos volt [65, 66].

Wistar patkanyok majabol készitett gélsziirt majkivonatot 30°C-on inkubaltunk
20 mM gliik6z vagy 50 uM TH jelenlétében (/6. abra).
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16. dabra. TH hatasa a glikogén foszforilaz (iires jelek) és glikogén szintetaz aktivitasara
(fekete jelek) Wistar patkanyok majabol preparalt gélsziirt kivonatban
Intravénas gliikagon kezelés utdn a majat jéghideg szaharozt és Tris-HCI tartalmu pufferben
homogenizaltuk. A gélsziirés utan a sdmentesitett majkivonatot 10 mM (NH4),SO,4 és 2 mM
Mg-acetat jelenlétében (O, @) illetve 50 uM TH (C1, M) vagy 20 mM gliikoz (A, A)

hozzaadéasaval inkubaltuk 30°C-on.
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Mindkét ligand fokozta a GF aktiv formdjanak (a GFa-nak) defoszforilaciojat,
azonban glik6zbol mintegy 400-szor nagyobb koncentracié bizonyult hasonld
hatékonysagunak. A TH hatdsara bekovetkezd gyors GFa defoszforilaciot kdvetden a
GS defoszforilacigja is lejatszodhat. A TH jelentdsen csokkentette a latenciat a GS

aktivalasaban, elosegitve ezzel a glikogén szintézisét.

4.4. TH hatasanak vizsgalata sztreptozotocin-indukalt diabéteszben

Wistar patkanyokban egyszeri sztreptozotocin kezeléssel indukalt diabétesz
modellt hoztunk létre. Az igy kezelt allatokra jellemzd volt a magas vércukorszint: a
normalérték kb. négyszerese, valamint a mdj glikogéntartalom csokkenése a kontroll

(kezeletlen) csoport 24 mg/g értékérdl 2 mg/g-ra (17. abra).

'S
o

HH

w
o
T

H

-

kontroll diabétesz kezelt diabétesz

e

o

Szérum gliikéz-koncentracié (mmol/L)
és maj glikogén-koncentraci6é (mg/g maj)
N
o

17. abra. TH kezelés hatdsa a plazma gliikéz koncentracidjara és a maj glikogén
mennyiségére

A TH kezelést (100 pmol/testsuly kg) az Anyagok és Modszerekben leirt modon (3.6.2.1.)
végeztiik a sztreptozotocin-indukalt diabéteszes patkanyokban. A szérum glikkéz-koncentracio
(lires oszlopok) és a m4j glikogén tartalom (vonalkazott oszlopok) eredményei 4 kisérlet atlagat
+ SD reprezentaljak. A kiilonb6z6 kezelt csoportok kozott a glikkdz- és glikogén-koncentraciod
szignifikansan eltért (p<0,01).

A sztreptozotocin kezelt diabéteszes allatokat tiz alkalommal masnaponként TH-

val kezeltiik (1d. 3.6.2.1), amelynek hatdsara szignifikansan csékkent a vércukorszint (a
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diabéteszes csoport 30 mM értékérdl kb. 20 mM-ra) ¢€s jelentdsen ndvekedett a maj
glikogéntartalma (/7. dbra).
Tanulményoztuk a TH kezelés hatasat a glikogénanyageserét szabdlyozo

enzimekre is (/8. dbra).
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18. abra. TH kezelés hatasa a glikogén foszforilaz (iires jelek) és glikogén szintetaz (fekete
jelek) aktivitasara sztreptozotocin-indukalt diabéteszben

Tizszeres szubkutan (s.c.) TH kezelés (100 umol/testsuly kg) hatdsa sztreptozotocin-indukalt
diabéteszes patkanyok majabol készitett gélsziirt majkivonatban. A majkivonatot 30°C-on
inkubaltuk és a kiilonb6z6 idopontokban meghataroztuk az enzimaktivitasokat. GFa (iires jelek)
és GS (fekete jelek) enzimaktivitasok a kezeletlen (O, @) a diabéteszes (L1, B) és a TH-kezelt
diabészes allatok (A, A) majkivonataban. A mérési eredmények 4 kisérlet atlagat + SD
reprezentaljak.

A GF ¢és GS koordinalt defoszforilacoja jol megtigyelhetd volt a kontroll és a
sztreptozotocin-diabéteszes allatok gélsziirt majkivonataban. Amikor a GFa szintje
jelentdsen lecsokkent, akkor indult be a GS aktivalasa, defoszforilacioja, amelyet a GS

aktivitdas —G-6-P/+G-6-P hanyadosanak emelkedése jelzett. A TH-kezelt diabéteszes
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patkanyok gélsziirt majkivonatanak GFa aktivitdsa mar az els6 mérési pontban csekély
volt, ezért a GS aktivalasdban nem volt latencia, az enzim defoszforilacidja azonnal

megindult.

4.5. TH hatasanak a vizsgalata Zucker diabéteszes (ZDF) patkanyokban

A ZDF patkanyokban 14-16 hetes korban fejlédik ki a diabétesz, a him allatokat
magas vércukorszint ¢s inzulinrezisztencia jellemzi. A  hiperglikaemia (a
gliilkozkoncentracié a normalérték 3-4-szerese), poliurea és polidipszia miatt altaldnosan
hasznaljak a II. tipust diabétesz modelljeként elsésorban antidiabetikus szerek

vizsgalatara.
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19. abra. Intravénas TH kezelés hatiasa ZDF patkinyokra

Intravénasan adott TH (100 pmol/testsuly kg) hatasa a GF aktivalodasara (iires jelek) és a GS
inaktivalodasara (tele jelek) spontdn diabéteszes Zucker patkanyok majabol preparalt gélsziirt
kivonatban. A kisérlet soran a TH-t az els6 majlebeny (O, @) lemetszése utan kozvetlentil a
vena portaeba adtuk és 5 perc elteltével lemetszettiik a kovetkez6 majlebenyt (L1, H). A
majszeleteket Potter-Elvehjem tubusban homogenizaltuk kétszeres térfogatu jéghideg pufferben
(250 mM szahar6éz, 40 mM Tris-HCI, pH 7.4), majd 10 percig centrifugaltuk (10000xg). A
centrifugalas soran keletkezett feliiliszot Sephadex G-25 oszlopon sziirtiik és a sziirletet 10 mM
(NH4),S04 és 2 mM Mg-acetat jelenlétében 30°C-on inkubaltuk és az abran megadott
idépontokban meghataroztuk az enzimaktivitasokat. A mérési eredmények 5 kisérlet atlagat +
SD reprezentaljak.

ZDF patkdnyok gélsziirt majkivonataban is megfigyelhet6 a GFa ¢és GSb
szekvencialis defoszforilacidja (/9. dbra). Tanulményoztuk kozvetleniil a vena
portaeba jutatott TH (50 mg/testsily kg) hatasat is. Lathatd, hogy a potencialis
antidiabetikum adéasara GF aktiv formdjanak mennyisége lecsokkent és latencia nélkiil
bekovetkezett a GS aktiv formdjanak a képzddése. Ez utdbbi hozzdjarulhat a

vércukorszint csokkentéséhez.
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4.6. TH hatasa Wistar patkanyok vércukorszintjére és inzulinérzékenységére

Ebben a kisérletsorozatban is sztreptozotocin-indukaltdiabéteszes patkanyokat
alkalmaztunk diabéteszes modellként ¢és eldszor azt vizsgaltuk, hogy az inzulin

implantdtum milyen mértékben képes kivédeni a sztreptozotocin hatasat.

600+
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20. abra. Patkanyok testtomegének valtozasa

A kisérlet elso szakaszaban az allatokat harom csoportra osztottuk: kontroll Wistar patkanyok
(O), sztreptozotocin-indukalt diabéteszes allatok (STZ) (@) és az STZ-indukalt diabéteszes

allatok a bor ala {iiltetett inzulin implantatummal (INZ) (H). A kezelt csoportok mindegyike 6-6
allatbol allt (P < 0,05).

A 20. abrabol lathato, hogy a kontroll Wistar patkanyok teststilya a kisérlet
soran (1-24 hét) folyamatosan ndvekedett, amely novekedés az egyszeri sztreptozotocin
kezelés (60 mg/testsuly kg i.v. a 7. héten) hatdsdra megallt. Az inzulin implantatum

beiiltetése utan (16. héten) az allatok testtomege jra ndvekedni kezdett, de nem érte el
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az egészséges allatok tomegét, bar a ndvekedés mértéke gyakorlatilag megegyezett a
kontroll csoportéval.

A sztreptozotocin kezelés hatdsara az allatokban az inzulin irdnti érzékenység
jelentdsen lecsokkent. Ezt az érzékenységet egyszeri i.v. adott 100 umol/kg TH az
eredeti, kezeletlen allatok szintjére allitotta vissza. Hasonl6 eredményt értiink el, amikor
a sztreptozotocinnal kezelt allatokba inzulin implantatumot iltettiink. A diabéteszes
allatok inzulin iranti érzékenysége viszont szignifikdnsan novekedett azokban az

allatokban, amelyek az inzulin implantatum beiiltetése utdn TH kezelést is kaptak (21.

abra).
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21. abra. TH hatasa (100 pmol/testsuly kg i.v.) az inzulin érzékenységre (M érték) a
kiilonb6zo6 allatcsoportokban

Az inzulinérzékenység meghatarozasat az i.v. TH kezelés (100 pmol/testsuly kg) utan 30
perccel kezdtik el. M érték: glikoz infuzid sebessége (mg glikoz/teststlykg/perc).
Allatcsoportok: kontroll Wistar patkanyok (kontroll), sztreptozotocin-indukalt diabéteszes
allatok (STZ), TH-kezelt STZ allatok (STZ+TH), STZ Aéllatok inzulin implantatummal
(STZ+INZ), TH-kezelt STZ allatok inzulin implantatummal (STZ+INZ+TH). * szignifikans (p
<0,05) eltérés a kontroll értékhez képest.

crer

allatok nyugalmi allapotat 30 perc altatds utdn értiikk el, amikor stabilizdlodott pl. a
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vércukorszint, vérnyomads, pulzus, stb. Ezutan meghataroztuk a vércukorszintet és a

plazma inzulinszintjét mindharom kisérleti csoportban (8. tdblazat).

8. tablazat. A vér gliikoz-koncentracioja és a plazma inzulinszintje egészséges
kontroll Wistar patkanyokban, indukalt diabéteszben (STZ) és indukalt diabéteszben
inzulin implantatummal (STZ + INZ)

* szignifikans eltérés az egészséges kontrollhoz képest, * szignifikans eltérés az STZ csoporthoz

képest.
Egészséges STZ STZ + INZ
kontroll
Plazma inzulin
(ulU/ml) 96"+ 1,9 32%+22 65,8*" + 10,5
Vércukor
(mmol/l) 471"+ 0,5 7,80% £ 0,5 2,73% +£0,3

Lathatd, hogy a sztreptozotocin kezelés jelentdsen csokkentette a plazma
inzulinszintjét, ugyanakkor a vércukor-koncentracigja jelentésen megnétt. Az inzulin
implantatum természetesen ndvelte a plazma inzulinszintet és az egészséges kontroll

csoporthoz képest is szignifikansan kisebb vércukor-koncentracio volt mérheto.
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22. abra. Intravénasan adott TH (100 pmol/testsuly kg) vércukorszint csokkentd hatasa

Az allatcsoportokat 16 ora éheztetés utan i.v. 100 mg/testsily kg TH-val kezeltiik. Ot perces
intervallumokban ellendériztiik az allatok vércukorszintjét. * szignifikans (p < 0,05) eltérés a 0
perces kontroll értékhez képest.

Tanulmanyoztuk egyszeri TH kezelés (100 pumol/testsuly kg) hatasat a fenti
kisérleti csoportokban (22. abra). A TH kezelést kovetden a vércukorszintet 30 percig
ellendriztiik 5 perces intervallumokban. Az egyszeri TH kezelés a hiperglikaemias
implantatummal (Linplant®) kezelt allatok vércukorszintjét mar nem csokkentette,

vagyis a TH és az inzulin hatdsa nem adddott 0ssze.
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5. MEGBESZELES

A 1I. tipust diabétesz a modern tarsadalmak ijabban jelentkezd népbetegsége. A
betegség oka tobbféle genetikai tényezd és helytelen életmod egylittes hatdsara
alakulhat ki. Metabolikus kovetkezményei az emelkedett vércukorszint mellett az
inzulinszekrécid és hatas jelentds megvaltozasa. A szervezet glilkozhdztartasanak tobb
mint 90 szazalékdért a maj) a felelds. Egészséges egyénekben a mdj glikoz
homeosztazisat az inzulin €s az ellentétesen haté hormon, a glitkagon szabalyozza. A 1I.
tipusu diabéteszben a m4éj inzulinrezisztencidja parosul emelkedett gliikagon
koncentracioval, ami magas vércukorszinthez vezet (Id. 6sszefoglalé munkak: [94, 112,
113].

Az irodalmi attekintésben utaltunk a maj GF szerepére a glikogénanyagcserében
¢és kapcsolatara a glikolizissel (2. abra). Alapvetden a gliikkoz a majban két utvonalon
képzoédik: a glikogén lebontasaval (glikogenolizissel) és de novo gliikozszintézissel
(glikoneogenézissel). Els@sorban a glikogenolizis a felelds a vércukorszintért (~ 70 %),
sOt a gliikoneogenézisben képzddott gliikoz is belép a glikogénanyagesere ciklusba:
glikogénné, majd ujra gliikézszarmazékka alakulva [73]. Ezen felismerések vezettek a
GF, mint lehetséges molekularis célpont kijeloléséhez a II. tipust diabétesz
jellemeztek, tovabba ismert a nytl vézizom ¢és a human mdaj GFb és GFa nagy
felbontasu kristalyszerkezete is. A lehetséges inhibitorok vizsgalata a konnyebb
elérhetoség miatt a nyal vazizom enzimre korlatozodik, bar tobb munkacsoport is kozol

gatloszerekkel kapcsolatos adatokat a maj GF-re.

5.1. Gliikézszarmazék vegyiiletek szerkezet — gatlas vizsgalata

Az enzim tobb lehetséges gatlasi felszinnel (pl. AMP ¢és indol kotohelyek, aktiv
centrum) rendelkezik. A Debreceni Egyetem két munkacsoportja véllalkozott arra, hogy
korabbi tudoményos érdeklddésiiknek megfelelden GF aktivitdsat gatld szénhidrat-

szarmazékokat allitson el (DE TTK Szerves Kémiai Tanszék) €s ezeket a vegyiileteket
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tisztitott GF enzimformakra vizsgalja, valamint adatokat gylijtson a lehetséges in vivo
hatasokrol is (DE AOK Orvosi Vegytani Intézet).

Az aktiv centrumra hato inhibitorok koziil az egyik leghatékonyabbnak
bizonyult a tiohidantoinhoz kapcsolt gliikdézszarmazék a TH, amit sztereoszelektiven és
nagy mennyiségben is sikeriilt eldallitanunk [67]. A rontgenkrisztallografids adatok
alapjan [105] igazoltuk, hogy a TH a nyul vazizom GFb aktiv centruméahoz kotodik és
ott szamos intermolekuléris kolcsonhatéds segitségével kapcsolodik és stabilizalodik a
kornyezetében taldlhatd aminosav-oldallancokkal. Ezek a kdolcsonhatdsok az enzim
inaktiv T allapotat, valamint harmadlagos szerkezetét csak kis mértékben befolyasoljak.
A TH 0OsszeségébenlS H-kotéssel és 67 van der Waals kolcsOnhatas segitségével
stabilizalodik az enzim aktiv centrumaban. A TH a GFb enzimhez kotddve az inaktiv T-
allapotot stabilizalja és megakadalyozza, hogy a T—R atalakulas soran a 280-as hurok
megnyiljon és oda szubsztrat(ok) tudjanak kotddni [105].

Az altalunk vizsgalt gatloszerek a szerkezetiikbdl adoddan (glikkdzalapu
molekuldk) elsésorban a GF aktiv centrumédhoz (,,p-csatorna”) kotdédnek és az ott
talalhatd  aminosavak (282-287) oldallancaival alakitanak ki  masodrendi
kolesonhatdsokat. Az enzim inaktiv T-allapotdban a [(-csatorna és a 280-as hurok
részben blokkolva van térszerkezeti valtozasok kovetkeztében [114]. A GF inaktiv T-
allapotbol aktiv R-allapotba val6 alakulasa sordn a B-csatorna szabaddé valik és igy a
szubsztrat (glikogén) altal konnyen megkozelithetévé valik [115, 116].

Az egyik legkorabbi gliikozalapu inhibitor, az N-acetil-B-D-gliikkopiranozil-amin
gatlasi allandoja 60-szor kisebb, mint a GF természetes gatloszerének, a gliikkoznak a K;
értéke [117]. Rontgenkrisztallografiai vizsgalatok feltartdk, hogy a gatloszer amid-
csoportja H-kotést alakit ki a GF enzim His377 karbonil-csoportjanak oxigénatomjaval
[118]. Ez a felismerés adta a lehetdséget munkacsoportunknak, hogy tovéabbi, jonnan
szintetizalt amidszarmazékok és N-acil-karbamidok GFb enzimaktivitdsra gyakorolt
hatésat és gatlasukat (K; vagy ICso) meghatarozzuk (3.-6. tablazatok).

A mérési adatokat az eredmények részben elemeztiik, most néhany altalanos
kovetkeztetést ismertetiink. Azok a vegyiiletek, amelyek a hidantoinvaz egyes elemeit
tartalmazzak csokkentették a vazizom GFb aktivitasat. A metilcsoporthoz képest (3.

tablazat 1 vegyiilet) a trifluoracetil-D-gliikkopiranozil-aminok anomer parjaiban
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csokkent a K; értéke. Az aromds csoportot tartalmazé amidoldallancok is gyengébb
gatlashoz vezettek (3. tabldazat 6-9, 4. tablazat 13-18 vegyiiletek), de a naftilcsoport
bevitelével igen jo gatlasi allandokat kaptunk (5. fablazat 23 és 24 vegyiiletek).
Hasonl6an kis K; értékii a 4. tablazat naftalinszarmazéka is (11 vegyiilet).

A molekulacsalad tovabbi tagjai, a N-(B-D-gliikkopiranozil)-N’-aroil-karbamidok
(5. tablazat), amelyek tulajdonképpen ,nyiltlancu” hidantoin szadrmazékoknak is
tekinthetéek, kinetikai ¢és rontgenkrisztallografias adatok alapjan igen érdekes
eredményeket mutattak. A fenilcsoport egyik H-atomjanak helyettesitésével kapott
szarmazékok gatlasi allandoi is a mikromol tartoméanyban vannak. A naftoil-karbamid
szarmazékok, pedig a legjobb GF gatloszereknek tekinthetdek (5. tablazat 24 vegyiilet).

Részletesen vizsgaltuk a benzoil-karbamid (N-benzoil-N’-B-D-gliikopiranozil-
karbamid) kotédési lehetségeit a GFb enzimhez (/6. dbra). A molekula a nyul
vazizombol prepardlt GFb katalitikus centrumahoz kapcsolddik, ahol az inhibitor
karbamid része és benzoil-csoportja kitdlti az tgynevezett szubsztratzsebet a His341
aminosav-oldallanchoz kapcsolodva [40].

Az inhibitor enzimhez valo kotdédését 21 H-kotés és 96 van der Waals
kolcsonhatas (7 apolaris-apolaris, 16 polaris-polaris €s 73 polaris-apolaris) stabilizalja.
Az inhibitor kotddése az enzim katalitikus centrumdhoz jelentds strukturalis valtozast
hoz létre a 280-as hurokban. Ez a konformacidvaltozas még szorosabb kotddést biztosit
az enzim és a gatloszer kozott. A gatlo hatas két konformaciovaltozassal valdosul meg.
Az egyik az, hogy mig a nativ GFb enzim His571 és Asp283 oldalldncai kozott H-kotés
alakul ki, addig a benzoil-karbamid-GFb komplexben a His571 oldallanca 20°-kal
elfordul és ez a H-kotés nem johet 1étre. A masik konformaciovaltozas pedig az, hogy
az enzim inaktiv T-allapotdban a Phe285 ¢és a Tyr613 oldallancai apolaris
kolcsonhatassal kapcsolodnak egymdéshoz [89], addig a benzoil-karbamid-GFb
komplexben ez a kolcsonhatds tgy valosul meg, hogy az Asn284 oldallanca
segitségével szendvicset képez a Phe285 és a Tyr613 oldallancai kozott, ,,tonkretéve”
ezzel az aktiv centrumot és utanozva a T — R éllapot atalakulasat.

A GF uj allosztérikus vagy indol kotohelyet, a dimer enzim kozpontjdban a
monomerek kapcsolddasi pontjanal azonositottdk [41, 43, 89]. A benzoil-karbamid egy
konformaciovaltozas kovetkezményeként (/5. abra), amikor az tgynevezett ,,s-transz”

geometriat veszi fel, képes kotddni a GFb indol kotéhelyéhez. Az enzim-inhibitor
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komplexet 9 H-kotés ¢és 80 Van der Waals kolcsonhatas stabilizalja. A benzoil-
karbamid benzoil-csoportja 43 van der Waals kdlcsonhatast, mig a karbamid ,,rész” 14
tovabbi masodrendli kdlcsonhatast alakit ki a két monomer taldlkozdsanal talalhato
kotéhely aminosav oldallancaival. A molekula harmadik csoportja a gliikopirandz-
gyluri szintén masodrendi kolcsonhatasokkal stabilizalodik az 0 gatlohelyen (19
masodrendli kolcsonhatas). Itt jegyezziik meg, hogy a benzoil-karbamid nyul vazizom
GFb-vel kapott gatlasi adatainak kinetikai analizise (Lineweaver-Burk és Dixon-szerint)
felvetette az inhibitormolekula két helyen és eltérd affinitassal torténd kapcsolddasat az
enzimhez (nem bemutatott eredménytiink).

A benzoil-karbamid koétédése a GF indol kotéhelyéhez nem okoz
konforméciovaltozdst az enzim szerkezetében, hasonléan az ehhez a gatldhelyhez
kapcsoloddo CP320626 inhibitorhoz (v6. 8. dbra) [41]. Fontos hangsulyozni, hogy a
benzoil-karbamid kotddni képes a GF 1j, allosztérikus (indol) kotéhelyéhez is, ahova
eddig kizarélag indol-2-karboxamid tipusu vegytiletek kapcsolodtak. Ez a megfigyelés
hasznos lehet a tovabbi potencidlis antihiperglikaemias szerek kifejlesztésében is.

Osszegzésként elmondhatd, hogy a benzoil-karbamid a nytl vézizombol
preparalt GFb enzim aktiv centruméhoz és az indol kotéhelyéhez egyarant kapcsolddik.
A gatloszer mind a két kotdhelyén tobb masodrendii kolcsonhatas segitségével
stabilizalja az enzim-inhibitor komplexet. gy a rongenkrisztallografias adatok elemzése
utan megszerkesztve az enzim-inhibitor komplex képét azt kapjuk, hogy minden dimer
enzim négy inhibitor megkotésére képes: 1-1 a két monomer aktiv centrumaban és 1-1 a

monomerek kapcsolodasanal (23. dbra).
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23. dabra. A benzoil-karbamid kotodése a GFb dimer molekulahoz

Egy dimer GFb molekuldhoz négy benzoil-karbamid (N-benzoil-N’-B-D-gliikopiranozil-
karbamid) kotddhet: egy-egy a monomerek aktiv centrumahoz (piros molekulak), mig egy-egy a
monomerek kapcsolddasanal 1évé indol kdtéhelyhez (narancssarga molekulak). A nyul vazizom
GFb dimer molekulaban feltiintettiik az AMP kotohelyhez kapcsolédd IMP molekulakat (lila)
is.

5.2. TH hatasanak vizsgalata a maj glikogén anyagcseréjére

Ismeretes, hogy a méaj GF enzim mellett a GS aktivitdsat is reverzibilis
foszforilacidé szabalyozza. Mig a GF enzimet egyetlen kindz (a foszforilaz kinédz)
foszforilalja és ezaltal enzimatikusan aktivalja (GFa), addig a GS kiilonb6z6 kindzokkal
(pl. PKA, GSK-3) foszforilalhat6 tobbféle Ser oldallancon. A GS defoszforilalt formaja
a katalitikusan aktiv (GSa) a foszforilacid soran inaktivalodik és GSb forméva alakul at.

A két enzim (GF és GS) defoszforilacidja osszehangolt szabalyozéssal valosul meg a
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glikogénpartikulakhoz  kotott protein  foszfatdz-1  hatasara: elészor a  GFa
defoszforilalodik csak ezt kovetden indul be a GSa képzddése, azaz latencia figyelhetd
meg az aktiv GS képzddésében. A GFa a GSb defoszforilaciojaban allosztérikus
inhibitornak tekintheto [53, 61, 119].

A glikéz és vegyiiletei a fenti mechanizmus alapjan segitik el6 a GFa
inaktivalédasat (defoszforilaciojat) majban. A TH madj glikogénanyagcserére kifejtett
hatdsat elészor Wistar patkanyokbol preparalt gélsziirt kivonatban vizsgaltuk. 50 uM
TH eldsegitette a GF aktiv és a GS inaktiv formdjanak a defoszforilacidjat és
csokkentette a GS aktivalodasdban bekovetkezd latenciat. A GFa aktivitdsanak a
csOkkenése, a foszfatdz aktivitas novekedése és a GS aktivalodasa egyiittesen a
glikogén lebontasat gatolja, amely gatlas a vér glilkoz-koncentraciojanak a
csokkenéséhez vezet. A mechanizmus, amely sordn a TH mintegy inaktivalja a GF-t és
aktivalja a GS-t, Osszetett. Kinetikai és rontgenszerkezet vizsgalataink alapjan
nyilvanvalo, hogy a TH-GF komplex kialakulasa okozza az enzim gatlasat ¢s inditja be
a GS defoszforilacigjat anélkiil, hogy a GFa koncentracioja jelentdsen lecsokkenne, s
ezaltal allosztérikus inhibitor hatasa megszlinhetne. Hasonlé mechanizmussal megy
végbe a gliikdz latencidt csokkentd hatasa is, bar ehhez nagysagrendekkel tobb ligandra
van sziikség (20 pM TH, illetve 20 mM gliik6z mutat kozel azonos véltozast). Ugy
tlinik, hogy a TH ¢és a szerkezetileg hasonlo glikozszarmazékok glikogén
metabolizmusra gyakorolt hatasa lehetévé teszi az ilyen tipusu vegyiiletek esetleges
alkalmazasat a hiperglikaemia kontrolalasara.

A kémiai agensek, mint az alloxdn- és sztreptozotocin-indukalt diabétesz
allatkisérleti modellek altalanosan elterjedtek a II. tipust diabétesz tanulméanyozasara.
Régota ismert, hogy az alloxadn szdmos laboratoriumi allatban szelektiven pusztitja a
pankreasz B-sejtjeit: inzulinhidnyt, hiperglikaemiat és ketdzist okozva [120]. Az alloxan
vizes oldatanak instabilitdsa, tovabba az allatokban kialakul6 jelentds toxicitds miatt az
antibiotikum szdrmazék sztreptozotocin hasznalata terjedt el. Hatasa hasonld az
alloxanhoz, ez is a pankreasz [-sejtjeinek elhalasdhoz vezet, valdsziniileg a vegyiilet
nitrozo-karbamid részének tulajdonithatéan. A sztreptozotocin més folyamatokat is
modosit, pl. DNS toréseket okoz, amit a poli-ADP-ribéz-szintetaz aktivitdsanak

novekedése is igazol. Napjainkban a hipoglikaemias anyagok ¢&s inzulinszerii
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vegyiiletek vizsgalatara a sztreptozotocin-indukalt kisérletes diabéteszes modell az
elterjedt, mivel a hiperglikaemias allapot hossza ideig fenntarthat6 és alig kovetkezik be
mortalitas ketozis kovetkeztében [95].

Kronikus sztreptozotocin kezelést kovetden megfigyelték, hogy csokken a maj
GF aktivitdsa, sOt az enzim fehérjeszintje és mRNS mennyisége is. Az izolalt
hepatocitakban kimutattak, hogy az mRNS felezési ideje legalabb a felére csokkent a
kezelt patkanyokban, amit inzulin adagoldsdval ki lehetett védeni [121]. A
glikogénanyagcsere modosuldsat is megfigyelték patkanyok sztreptozotocin-indukalt
diabéteszes modelljében: a vércukorszint négyszeresére emelkedett ¢és ezzel
parhuzamosan a majban a glikogén mennyisége harmadara csokkent a normal (nem
kezelt) vagy inzulinnal kezelt diabéteszes allatokéval 6sszehasonlitva [121].

Hasonlo eredményeket kaptunk sajat kisérleteinkben is (/7. dbra): a szérum
gliikozkoncentracio kb. négyszeresére ndvekedett a sztreptozotocin-indukalt diabéteszes
patkanyokban, mig a ma4jglikogén mennyisége tobb mint tizedére csokkent. TH
hosszantartd kezeléssel (tiz alkalommal masnaponként) a vércukorszint szignifikansan
csokkent, ami a TH antihiperglikaemids hatisara utal. Szembetlind az is, hogy a
diabéteszes allatok majglikogén tartalma jelentésen javul, csaknem eléri a kontroll
értéket. Feltételezziik, hogy a TH antihiperglikaemids hatasa els6sorban a GS
latencidjanak megsziintetésével magyarazhatd — hasonléan a normal allatok gélsziirt
majkivonatdban megfigyelthez — és ezért ndvekszik jelentésen a majglikogén tartalma.
A TH ugyanakkor nem tudja kelldképpen ellenstlyozni a sztreptozotocin jelenlétében
kialakult magas glilkagon koncentraciot, ami dontéen hozzajarul a kezelt allatok magas
vércukorszintjéhez.

A genetikailag modositott allatkisérleti modellek alkalmasabbak a II. tipust
diabétesz tanulmanyozasara, mivel a magas vércukorszint és inzulinrezisztencia mellett
az elhizas is megfigyelhetd (vo. 2.8. fejezet). A Zucker diabéteszes him patkanyokban is
hatdsos volt a TH kezelés, csokkent a GF aktiv forméjanak mennyisége és a GS
aktivalodasa latencia nélkiil kovetkezett be (/9. dbra). Egy mésik GF inhibitort
(FR258900) alkalmazva diabéteszes allatmodellekben (db/db egerek és sztreptozotocin-
indukalt diabétesz) hipoglikaemids hatast irtak le, gliilkdztolerancia tesztben csokkent a

szérumgliikdz koncentracidja [79].
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Adataink felvetették a vizsgalt vegyiilet (TH) esetleges hatdsat normal és
sztreptozotocin kezelt allatok vércukorszintjére ¢és inzulinérzékenységére (20.-22.
abrak). Korszerli kisérleti modszeriinkben — megegyezik a gyogyszerkiprobalasokra
nemzetkozileg elfogadott standarddal — sikeriilt kimutatnunk, hogy az egyszeri TH
kezelés az inzulinérzékenységet helyreallitja. Hasonld eredményt értiink el inzulin
implantatum beiiltetésével. A TH szignifikdnsan csokkentette a vércukorszintet is a
sztreptozotocin kezelt Wistar patkanyokban. Felvetik, hogy a sztreptozotocin kezelésre
megndtt vércukorszint nem az inzulinrezisztencianak tulajdonithatd, hanem a talzott
gliikéz képzodésnek, elsdsorban a gliikoneogenézis itvonaldnak felporgetésével [122].
Ez magyarazhatja azt a megfigyelésiinket, hogy TH kezeléssel a méj glikogéntartalma
jelentdsen helyreallithato, s feltehetdleg nem ez a forrdsa a glitkoneogénizissel képzddo
vércukornak. Osszehasonlitottdk a metformin és pioglitazon hataséat allatkisérletekben
magas zsirtartalmi diéta alkalmazasaval. A két vegyiilet hasonloképpen hatott a
szénhidratanyagcserére €s az inzulinrezisztencidra a nagy zsirtartalmi diétaban, de
kiilonbozéen befolyasolta a diabéteszes allatcsoportokat.  Sztreptozotocin kezelést
kovetden mindkét szer csokkentette a vércukorszintet, de csak a metformin novelte a
majglikogén koncentraciét [123]. Ugy tinik, hogy a GF gatlasaval mikodé TH
bizonyos szempontbol hasonlithat a metformin jol ismert metabolikus
kovetkezményeire.

Osszegezve megallapithatjuk, hogy a maj GF jelentds célmolekuldja lehet az
antihiperglikaemids szerek tovabbi kutatasanak. A glilkdzanaldég vegyiiletek és azok
majglikogén metabolizmusra kifejtett hatasa értékes alapkutatasi eredményeket tart fel

¢s a kezdeti allatkisérleti eredmények biztatoak.
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6. OSSZEFOGLALAS

A ma3j glikogén elsddleges feladata a gliikoz raktarozasa, reverzibilis lebomlasi
¢s felépitési folyamataival hozzajarul a vércukorszint fenntartdsdhoz. Izomban és
majban a glikogén szintézise és lebontdsa a GF és a GS enzimek szabalyozasaval
torténik. A GF a glikogén lebontasanak els6 1€épését katalizalja, az enzim tobbek kdzott
gatolhatd gliikozzal ¢és glilkozanalog vegyiiletekkel. Feltételezhetd, hogy a GF
gatloszerei alkalmasak lehetnek a II. tipust diabétesz terapias kezelésére, a mdj enzimet,

mint a gyogyszerkisérletek lehetséges célpontjat azonositottak.

Jelen munkank egyik célja, hogy megvizsgaljuk az tjonnan szintetizalt
glilkézanal6g inhibitorok nyul vazizombdl és patkany majbol tisztitott GF-re kifejtett
gatlo hatasat. Vizsgalataink soran azonositottunk egy spiro-tiohidantoin szdrmazékot,
amelynek a GF-ra kifejtett gatlasi allanddja (K;) a mikromolos tartomanyba esik. Tobb
olyan szubsztitualt karbamidszdrmazékot is azonositottunk, amelyek a GF jo
gatlészerei, rontgenkrisztallografids adatok alapjan az enzim aktiv centrumahoz és a

nemrégiben felfedezett Uj allosztérikus gatlohelyéhez kotddik az egyik ilyen vegyiilet.

A gliikopiranozilidén-spiro-tiohidantoin (TH) mind a vazizom, mind a m4aj GF
enzimek hatékony gatldészere. Kimutattuk, hogy 50 uM TH Wistar patkanyok majabol
készitett gélsziirt kivonatban felfiiggesztette a GF és GS koordinalt szabalyozasat,
megsziintette a latenciat a GS aktivalasaban. Sztreptozotocin-indukalt diabéteszes
allatokban a TH kezelés hataséara jelentdsen csokkent a vércukorszint és novekedett a
m4j glikogéntartalma. Elhizott Zucker diabéteszes patkanyokat i.v. TH-val kezelve a
kontrollhoz képest jelentdsen csokkent a maj GFa szintje és a GS aktivalodasa is

gyorsult.

Ezen kiviil vizsgaltuk a TH hatasat kontroll és sztreptozotocin indukalt

diabéteszes patkdnyok inzulinérzékenységére és vércukorszintjére. A TH fokozta az

crer

helyreéllitasat: lehetséges antihiperglikaemias hatasa allatkisérletekben igazolhato volt.
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SUMMARY

The major role of liver glycogen is to supply glucose to the circulation
maintaining the normal blood glucose level. In muscle and liver, the accumulation and
breakdown of glycogen are regulated by the reciprocal activities of glycogen
phosphorylase and glycogen synthase. Glycogen phosphorylase catalyses the key step
of glycogen degradation and its activity can be inhibited by glucose and its analogues.
Obviously, any readily accessible inhibitor of glycogen phosphorylase can be used as a
potential therapy of non-insulin-dependent or type 2 diabetes. Hepatic glycogen
phosphorylase has been identified as a new target for drugs that control blood glucose
concentration.

One of the aims of our present study was studying the newly synthesized glucose
analogue inhibitors by assaying the inhibitory potential with purified rabbit muscle or
rat liver glycogen phosphorylases. Our investigations showed that spiro-thiohydantoin
derivatives are very potent inhibitors with K; values in the low micromolar range.
Furthermore, substituted ureas have been identified as good inhibitors also binding to
the active center and the recently discovered new allosteric binding site of glycogen
phosphorylase as revealed by crystallographic studies. By the assay of several glucose
derivatives as possible inhibitors of glycogen phosphorylase structure-activity relations
were analyzed.

Glucopyranosylidene-spiro-thiohydantoin (TH) was found as one of the most
potent glucose derivate which inhibits the catalytic activity of both muscle and liver
glycogen phosphorylase. We have demonstrated the co-ordinated regulation of
glycogen phosphorylase and synthase by 50 uM TH in liver extracts of Wistar rats
resulting in the activation of synthase by shortening the latency compared with control
animals. TH was also effective in lowering blood glucose level and restoring hepatic
glycogen content in streptozotocin-induced diabetic rats. Furthermore, intravenous
administration of TH to Zucker diabetic fatty rats significantly decreased the hepatic
glycogen phosphorylase a level and the activation of synthase started without any delay.

TH was also tested on the insulin sensitivity and blood glucose level of control
and streptozotocin-treated rats. TH increased the insulin sensitivity and also contributed
to the partial restoration of blood glucose level of treated animals proving its efficiency

as a possible antihyperglycaemic agent.
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Abstract. The major role of liver glycogen is to supply glucose
to the circulation in order to maintain normal blood glucose
levels. In the muscle and liver, the accumulation and break-
down of glycogen are regulated by the reciprocal activities
of glycogen phosphorylase and glycogen synthase. Glycogen
phosphorylase catalyses the key step of glycogen degradation
and its activity is inhibited by glucose and its analogues. Thus,
any readily accessible inhibitor of glycogen phosphorylase
may serve as a potential therapy for non-insulin-dependent
or type 2 diabetes. Hepatic glycogen phosphorylase has been
identified as a novel target for drugs that control blood glucose
concentration. Glucopyranosylidene-spiro-thiohydantoin (TH)
was found to be one of the most potent glucose derivates, inhib-
iting the catalytic activity of both muscle and liver glycogen
phosphorylase. Here, we demonstrated the co-ordinated regu-
lation of glycogen phosphorylase and synthase by 50 xM TH
in liver extracts of Wistar rats, resulting in the activation of
synthase by a shortening of the latency compared to control
animals. TH was also effective in lowering blood glucose
levels and restoring hepatic glycogen content in streptozotocin-
induced diabetic rats. Furthermore, intravenous administration
of TH to Zucker diabetic fatty rats significantly decreased
hepatic glycogen phosphorylase a levels, and the activation of
synthase was initiated without any delay.

Introduction

Type 2 diabetes (non-insulin-dependent diabetes mellitus) is a
major public health problem with severe complications, such
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as cardiovascular disease, neuropathy, retinopathy and neph-
ropathy. Type 2 diabetes comprises approximately 90-95% of
all diabetes cases (1). Diabetes affects approximately 6-20%
of the adult population in Western industrialized societies
(2) and is a major public health threat, reaching epidemic
rates (2,3). The disease is polygenic and is characterized by
hyperglycemia, defects in insulin secretion and insulin resis-
tance, in which the tissues fail to respond to this hormone (4).
Additionally, the rate of endogenous glucose production is
elevated in type 2 diabetes (5).

The liver accounts for 90% of the body's endogenous
glucose production and is tightly controlled by insulin and
glucagon. In type 2 diabetes, hepatic insulin resistance with
elevated amounts of glucagon results in high levels of glucose,
which in turn contributes to the observed hyperglycemia (6).
Hepatic glucose is produced via two pathways: glycogenolysis
(breakdown of glycogen) and gluconeogenesis (de novo
synthesis of glucose). Studies estimate the glycogenolytic
contribution of total hepatic glucose production to be up to
75% in both healthy controls (7) and patients with type 2
diabetes (8). Furthermore, a substantial portion of glucose
formed by gluconeogenesis is cycled through the glycogen
pool prior to efflux from the liver cells (9). The inhibition
of either glycogenolysis or gluconeogenesis appears to be an
attractive approach to developing antihyperglycemic mole-
cules. Glycogen phosphorylase (GP), which catalyzes the first
reaction in the degradation of glycogen, is considered a poten-
tial target for type 2 diabetes, generating selective ligands of
GP that modulate the activity of this protein (10-15).

The accumulation and breakdown of glycogen are regu-
lated by the reciprocal activities of glycogen synthase (GS)
and GP. Only the phosphorylated GPa has significant activity,
suggesting an important role for glycogenolysis in hepatic
glucose production. Therefore, the inhibition of hepatic GP
might suppress glucose production arising from glycogenol-
ysis and gluconeogenesis (16,17). It is known that the activity
of liver GS is also controlled by reversible phosphorylation of
multiple serine residues. The dephosphorylated form of GS is
the catalytically active (GSa) form. Phosphorylation is associ-
ated with the inactivation of GS: conversion to the b form. The
dephosphorylation of GP and GS is interrelated and is cata-
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lyzed by the glycogen-associated protein phosphatase-1. GPa,
but not GPD, is a potent inhibitor of the phosphatase action
on GS, and it is only when GPa has been dephosphorylated
that the phosphatase is free to activate GS, the rate limiting
enzyme of glycogen synthesis (2,18,19).

Rodents are commonly used for diabetic studies.
Streptozotocin, a monofunctional nitrosourea derivative, is one
of the most frequently applied substances to induce diabetes
in experimental animals (20). Genetic models of insulin resis-
tance and hyperglycemia are also available, including Zucker
diabetic fatty (ZDF) rats. These rats have a mutation in the
leptin receptor and a defect in the pancreatic [ cells that affect
insulin production (21).

There are several binding sites in GP that lend themselves
to targeting by various effectors. Many glucose derivatives
were shown to bind to the catalytic centre of GP (13,22), and
among them glucopyranosylidene-spiro-hydantoin with a K;
of 3-4 uM was one of the most efficient inhibitors (23). More
recent efforts resulted in the synthesis of a thio-analogue
of the molecule with a very similar K; value (24-26). In the
present study, we report the effect of D-glucopyranosylidene-
spiro-thiohydantoin (TH) on glycogen metabolism in the liver
tissues of streptozotocin-induced and obese diabetic rats.

Materials and methods

Materials. TH was prepared from D-glucose in a six-step
highly chemo-, regio- and stereoselective procedure (24-26).
[Y**P]ATP (specific activity of 15 TBg/mmol) was obtained
from Izinta (Budapest, Hungary), and UDP-["*C]-glucose was
purchased from American Radiolabeled Chemicals (St. Louis,
MO, USA). Sephadex G-25 columns (1.5x5 cm) were supplied
by Pharmacia (Uppsala, Sweden) and ET 31 filter paper by
Whatman (Clifton, NJ, USA). Other reagents of analytical
grade from various suppliers were used for the preparation of
buffers.

Animals. Male Wistar rats weighing ~250 g were obtained
from Charles River Magyarorszag Kft. (Budapest, Hungary).
Diabetes was induced by a simple intravenous injection of a
freshly prepared solution of streptozotocin (60 mg/kg body
weight) dissolved in 50 mM sodium citrate (pH 4.5) plus
150 mM NaCl. Control rats were injected with citrate buffer
alone. Diabetes was assessed periodically by a test for gluco-
suria (Macherey-Nagel, Diiren, Germany). One week after
diabetes induction, the animals were determined to be diabetic
if urine glucose levels exceeded 3 mg/ml. The diabetic animals
were randomly divided into two groups: control diabetic
and TH-treated diabetic. The control and the streptozotocin-
injected group were subcutaneously administered 0.9% NaCl
(2 ml/kg body weight) and the TH-treated streptozotocin-
injected group was subcutaneously administered 50 uM TH
solution (100 gmol/kg body weight). TH was freshly dissolved
in 0.9% NaCl solution (50 pgmol/ml). The treatments were
performed 10 times between 8 and 9 a.m. every second day.
Rats were anesthetized on the second day after the 10th treat-
ment, the livers were removed by median laporotomy, and the
wet liver weight was measured. ZDF/Gmi-fa/fa (ZDF) inbred
obese male rats from Genetic Models, Inc. (Indianapolis, IN,
USA) were ordered from Charles River Magyarorszag Kft.

DOCSA et al: HEPATIC GLYCOGEN METABOLISM IN DIABETIC RATS

All animals were cared for observing standard proce-
dures with permission of the Laboratory Animals Protection
Committee (29/2007/DE MAB).

Gel filtered liver extract. The liver samples were immediately
homogenized in a Potter-Elvehjem tube in two-volume ice-cold
buffer consisting of 250 mM sucrose and 40 mM Tris-HCl
(pH 74), and centrifuged at 10,000 x g for 10 min. The
resulting post-mitochondrial supernatant was filtered through
a Sephadex G-25 column (5x1.5 cm) to remove endogenous
effectors, equilibrated in 40 mM Tris-HCI, 1 mM EDTA and
10 mM mercapto-ethanol (pH 7.4). The filtrates were supple-
mented with 5 mM (NH,),SO, and 1 mM magnesium acetate
in the presence of various effectors and incubated at 30°C.
Samples were withdrawn at the indicated times for the assay
of GP or GS (27).

Assays. GP activity was assayed in the direction of glycogen
synthesis at 30°C with 10 pg/ml enzyme and 1% glycogen in
the absence of AMP (liver GPa) or in the presence of 2 mM
AMP (liver GPb) in 50 mM triethanolamine/HCI (pH 6.8)
buffer, 100 mM KCI, 1 mM dithiothreitol and 1 mM EDTA.
Hepatic GS was assayed according to Dopere et al in the
absence or presence of 10 mM glucose-6-phosphate (28). One
unit of GP or GS converts 1 ymol substrate into product per
min at 30°C. Protein was assayed as described by Bradford
(29) and glycogen was measured using the phenol sulphuric
acid assay (30). Glucose was determined by an enzymatic
assay (Reanal, Hungary).

Results

Effect of TH on hepatic glycogen metabolism. It is known that
glucose and glucose analogues cause a sequential inactivation
(dephosphorylation) of liver GPa and activation (dephospho-
rylation) of GSb (31). The coordinated regulation of GP and
GS was tested in gel-filtered rat liver extract. Fig. 1 illustrates
the effect of 20 mM glucose and 50 M TH on the dephos-
phorylation of GPa in gel-filtered rat liver extract catalysed
by phosphorylase phosphatase. Both ligands enhanced the
dephosphorylation (inactivation) of hepatic GPa; however, TH
applied at a much lower concentration appeared to be more
effective. Fig. 1 also illustrates the effect of either glucose or
TH on the dephosphorylation (activation) of GS in gel-filtered
rat liver extract. TH significantly increased the active form of
GS in the liver by decreasing the latency in the dephosphory-
lation of GS.

Effect of TH on hepatic glycogen metabolism of streptozotocin-
induced rats. Streptozotocin is widely utilized to induce type 1
diabetes in rats with concomitant insulin deficiency (32), which
is considered to be one of the animal models of human diabetes
mellitus. One week after the injection of streptozotocin, the
average blood glucose levels were >30 mmol/I in the diabetic
group, and remained at this level during the experimental period
of 4 weeks (Fig. 2A). Hepatic glycogen content dramatically
decreased in the diabetic animals from 24 to 2 mg/g in the
liver. Diabetic animals treated with 100 gzmol/kg body weight
of TH exhibited significantly lower serum glucose levels, and
the hepatic glycogen was also restored.
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Figure 1. Effect of TH on the dephosphorylation of GPa and GSb in gel-
filtered liver extract of male Wistar rats. Post-mitochondrial supernatants
were prepared and filtered through a Sephadex G-25 column, as described
in Materials and methods. The filtrates were supplemented with 5 mM
(NH,),SO, and 1 mM magnesium acetate (O,®) in the presence of 20 mM
glucose (T,m) or 50 uM TH (a,a), and incubated at 30°C. Samples were with-
drawn at the indicated times for the assay of GPa or GS. The results are the
mean + SD of four independent experiments.

The co-ordinated control of GP and GS in gel-filtered
liver extracts in the three experimental groups is depicted
in Fig. 2B. The diabetic group showed higher GPa activity
compared to the control animals, while GS activity was mark-
edly suppressed in the streptozotocin-treated rats. TH-treated
diabetic rats had the lowest GPa activity; however, GS activity
was rather high, supporting the fact that glycogen concentra-
tion was elevated in the liver of this group.

Effect of TH on hepatic glycogen metabolism of Zucker diabetic
fatty rats. The ZDF rat develops overt diabetes with severe
hyperglycemia, polyurea and polydipsia. Therefore, it is a good
type 2 diabetic model for testing small molecule antidiabetic
compounds. As shown in Fig. 3, the co-ordinated control of GP
and GS was observed in the gel-filtered extracts of spontane-
ously diabetic rats. When the GPa level was lowered, GS was
sequentially dephosphorylated, and through this the activation
of glycogen synthesis was initiated. Intravenous administration
of TH significantly decreased the GPa level and the activation
of GS was initiated without any delay.

Discussion

Liver GP has been identified as a novel target for drugs that
control blood glucose concentration. Several compounds with
different chemical structures have been probed for the inhi-
bition of hepatic GP. Glucose and its analogues were shown
to be inhibitors of the enzyme. TH was found to be a potent
glucose derivative that inhibits the catalytic activity of both
muscle and liver GP enzymes (24,25). By means of a synthetic
procedure using stereoselective preparation, it is possible to
produce gram quantities of TH in six-to-seven steps starting
from D-glucose (25,26). The structure of the GPb-TH complex
as revealed by X-ray studies demonstrates that the inhibitor
can be accomodated in the catalytic site of T-state GPb with
very little change in the tertiary structure, and provides a basis
for understanding the potency and specificity of TH (33).
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Figure 2. Serum glucose, hepatic glycogen, GP and GS levels in streptozotocin-
induced diabetic rats treated with TH. (A) Inactivation of GP (empty symbols)
and activation of GS (filled symbols) in gel-filtered liver extracts. Post-
mitochondrial supernatants were prepared and filtered through a Sephadex G-25
column, as described in Materials and methods. The filtrates were incubated at
30°C and samples were withdrawn at the indicated times for the assay of GPa or
GS. Control (0,®), diabetic control (0,m) and TH-treated diabetic rats (»,a). (B)
Effect of TH treatment on the concentration of blood glucose (filled column)
and liver glycogen (hatched column) in streptozotocin-induced diabetic rats.
The results are the mean + SD of four independent experiments.
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Figure 3. Effect of intravenously injected TH on the inactivation of GPa and
activation of GSb in gel-filtered rat liver extract of spontaneously diabetic
Zucker rats. Liver samples were removed from different liver lobules
and post-mitochondrial supernatants were prepared and filtered through a
Sephadex G-25 column, as described in Materials and methods. Control
biopsy (0.,®); after the intravenous injection of TH (100 gmol/kg body
weight) to the portal vein at 5 min (O,m). The results are the mean + SD of
four independent experiments.
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Glucose and its analogues cause a sequential inactivation
of GPa and activation (dephosphorylation) of GSb in the liver.
We examined the co-ordinated regulation of GP and GS in
rat liver extract and observed that 50 M TH promoted the
activation of GS by significantly decreasing the latency in
the dephosphorylation of GS. The decrease of GPa activity,
the increase of phosphatase activity and the increase of GS
activity all result in the same biological response: the inhibi-
tion of hepatic glycogen breakdown, which in turn decreases
the concentration of blood glucose. The mechanism by which
TH inactivates GPa and activates GS may be complex and
requires further study. However, the observed effects of TH
clearly indicate that this compound and its analogues may be
of potential use in controlling hyperglycaemia.

It is known that streptozotocin-induced diabetes influ-
ences glycogen metabolism in animal models. Diabetic
rats showed an approximately 4-fold higher blood glucose
concentration and approximately 3-fold decrease in liver
glycogen concentration compared to control or insulin-
treated diabetic animals (34). Similar results are depicted in
Fig. 2. Furthermore, TH treatment restored these values to
physiological ranges. Our results suggest that the adminis-
tration of TH improves hyperglycemia, while inhibiting the
breakdown and activating the synthesis of glycogen. The
ZDF rats also responded to the TH treatment; the active
form of GP was decreased, which in turn triggered the
synthesis of glycogen by activating GS (Fig. 3). FR258900,
a GP inhibitor isolated from the cultured broth of a fungal
strain, also exhibited hypoglycaemic effects in diabetic
animal models. FR258900 treatment significantly reduced
plasma glucose concentrations during oral glucose tolerance
tests in diabetic mice models, including db/db mice and
streptozotocin-induced diabetic mice (35).

It would appear that specific inhibition of hepatic GP
results in a rapid decrease in plasma glucose levels in diabetic
animals. These improvements in glucose disposal are accom-
panied by increased liver glycogen contents, suggesting that
the glucose-lowering effect was the result of suppressed
hepatic glycogen breakdown and increased hepatic glycogen
synthesis. Taken together, our results suggest that GP is a
potentially useful target in novel therapies against diabetes.
The design and development of further glucose analogues
for GP as potential therapeutic targets for diabetes have been
comprehensively reviewed (13,14,22,36). These compounds
primarily bind to the active site of GP, characterized by a
D-glucopyranose ring having either diverse substituents
or spirocyclic moieties attached to the anomeric carbon.
Exhaustive survey of non-glucose-type inhibitors targeting
binding sites of GP other than the catalytic site has been
conducted (13,14,37). The latest findings from physiological
studies on novel GP inhibitors have been summarized by
Agius (15).
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Abstract: Diabetes is among the largest contributors to global mortality through
its long term complications. The worldwide epidemic of type 2 diabetes has been
stimulating the quest for new concepts and targets for the treatment of this
incurable disease. A new target is glycogen phosphorylase (GP), the main
regulatory enzyme in the liver responsible for the control of blood glucose levels.
One of several approaches to influence the action of GP is the use of glucose
derivatives as active site inhibitors. This field of research commenced 10-15 years
ago and, due to joint efforts in computer aided molecular design, organic synthesis,
protein crystallography, and biological assays, resulted in glucopyranosylidene-
spiro-hydantoin 16 (K; = 3-4 M) as the most efficient glucose analog inhibitor of
GP of that time. The present paper surveys the recent developments of this field
achieved mainly in the last five years: the synthesis and evaluation of
glucopyranosylidene-spiro-thiohydantoin 18 (K; = 5 mM) which has proven
equipotent with 16, and is available in gram amounts; furanosylidene- and
xylopyranosylidene-spiro-(thio)hydantoins whose ineffectiveness (K; > 10 mM)
confirmed the high specificity of the catalytic site of GP towards the D-
glucopyranosyl unit; “open” hydantoins like methyl N-(1-carboxamido-D-
glucopyranosyl)carbamate 37 (K; = 16 mM) and N-acyl-N’-(b-D-glucopyranosyl)
ureas among them the to date best glucose analog inhibitor N-(2-naphthoyl)-N’-(b-
D-glucopyranosyl)urea (35, K; = 0.4 mM) which can also bind to the so-called new
allosteric site of GP; C-(b-D-glucopyranosyl)heterocycles (tetrazole, 2-methyl-
1,3,4-oxadiazole, benzimidazole (K; = 11 niM), and benzothiazole). Iminosugars
like isofagomine (52, ICsy = 0.7 nM), noeuromycin (60, 1C5y = 4 nM), and
azafagomine (61, 1Cso = 13.5 mM) also bind strongly to the active site of GP,
however, substitution on the nitrogens makes the binding weaker. The natural
product five-membered iminosugar DAB (63) exhibited 1Csy ~ 0.4-0.5 niM.
Azoloperhydropyridines which can be regarded iminosugar-annelated heterocycles
show moderate inhibition of GP: nojiritetrazole 12 (K; = 53 nM) is the best
inhibitor and fewer nitrogens in the five-membered ring weakens the binding.
Physiological investigations have been carried out with N-acetyl-b-D-
glucopyranosylamine 6, spiro-thiohydantoin 18, isofagomine 52, and DAB 63 to
underline the potential use of these compounds in the treatment of type 2 diabetes.
Computational methods suggest to synthesize further anomerically bifunctional
glucose derivatives which may be good inhibitors of GP.
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INTRODUCTION - MOTIVATION OF THE SEARCH FOR GP INHIBITORS

The end of the 20" century has seen a dramatic increase in the number of patients
diagnosed with diabetes worldwide. This disease, characterized by chronically elevated
blood glucose levels, afflicts approximately 6 % of the adult population in Western society
[1]. Most striking is the predicted number of diabetics 220 million for the year 2010
indicating a 46 % enhancement in the world population during a decade [2]. Especially due
to its long term complications like retinopathy, neuropathy, and nephropathy, but first of all
cardiovascular diseases, diabetes has become one of the largest contributors to mortality.

Diabetes is divided into two main forms: type 1 is characterized by a complete insulin
deficiency, and can be treated by exogenous insulin; type 2 diabetics exhibit abnormal
insulin secretion and/or insulin resistance, and their blood glucose levels are controlled
mainly by diet, exercise, and oral hypoglycemic agents [3]. While the ratio of type 1 and 2
diabetes was estimated to be ~ 25 : 75 in the early nineties [4], the frequency of the latter
has gained to more than 90 % for today [1, 2]. The epidemic of type 2 diabetes is in
conjunction with genetic susceptibility and in particular with behavioral factors such as
sedentary lifestyle, overly rich nutrition, and obesity.

In the absence of a firm understanding of the molecular pathomechanism of the disease
several types of oral hypoglycemic drugs (sulfonylureas, biguanides, thiazolidinediones,
acarbose) are in use as symptomatic treatments for type 2 diabetes [5-8]. These treatments
aim to more or less approach the normal physiological regulation of blood glucose levels,
however, have several adverse side effects as well as the danger of causing hypoglycemia,
and, what’s more, are inadequate for 30-40 % of the patients [9]. Therefore, other
therapeutic concepts (among others novel insulin secretagogues, insulin sensitizers,
glucagon receptor antagonists, inhibitors of hepatic glucose output, combination therapies)
are intensively investigated [1, 10-14], as it turns out also from the patent literature [7, 15],
and a wholly nutritional therapy has been suggested as well [16].

The aim of the present article is to highlight a specific area of attempts to reduce glucose
production in the liver: inhibition of glycogen phosphorylase enzyme by glucose
derivatives. This field of research was started at the beginning of the nineties, and was
summarized several times [17-19] or appeared as part of comprehensive reviews [11, 20,
21]. In this paper we survey the most important moments in the development of the topic,
and focus on the results obtained in the last five years.

GLYCOGEN METABOLISM

The liver is the predominant source of blood glucose. Numerous studies have shown that
hepatic glucose production is increased in type 2 diabetes in the post-absorptive state, and it
is directly correlated to fasting hyperglycemia [1, 11, 13, 22, 23]. Hepatic glucose is
produced from two pathways: glycogenolysis (the breakdown of glycogen) and
gluconeogenesis (de novo synthesis of glucose). Glycogenolysis may account for more than
70 % of the hepatic glucose production, furthermore, a substantial portion of glucose formed
by gluconeogenesis is cycled through the glycogen pool prior to efflux from the liver cells
(for references, see [24]).

Hepatic glucose output is regulated by a complex system of enzymes. The main
regulatory enzyme of this system is glycogen phosphorylase, and only the phosphorylated
enzyme (GPa) has significant activity. GPa releases glucose 1-phosphate from glycogen as
shown in Fig. 1 suggesting an important role for glycogenolysis in hepatic glucose
production. Gluconeogenesis from lactate and other precursor molecules can also contribute
to the elevated blood glucose levels, however, it was clearly demonstrated that glucose
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Fig. (1). Overview of hepatic glycogenolysis and gluconeogenesis.

arising from gluconeogenesis has cycled through glycogen. Therefore the inhibition of
hepatic GP could suppress glucose production arising from both glycogenolysis and
gluconeogenesis [11, 20, 21].

There are three mammalian GP isoenzymes termed as “muscle”, “brain”, and “liver”
according to the tissue in which they are preferentially expressed. All encoded by different
genes located on human chromosomes 11, 20, and 14, respectively (for details see [20]).
GP-s are dimers of two identical subunits (Mr about 97500 Da). All isoenzymes can be
converted from the inactive GPb form into the active GPa form through the phosphorylation
of Ser-14 by phosphorylase kinase. In addition, muscle and brain specific GP-s are also
allosteric enzymes: the b form can be found predominantly in T state and the a form in R
state, respectively. Allosteric activators (e.g. AMP) promote degradation of glycogen, while
allosteric inhibitors (e.g. glucose, glucose 6-phosphate, ATP) retard degradation by altering
the equilibrium between a less active T state and a more active R state (for references see
[21]). The liver specific GP, on the other hand, is much more tightly controlled by
phosphorylation than by allosteric regulation. Allosteric effectors such as AMP and glucose
6-phosphate have little effect on the activity of the hepatic isoenzyme [22].

It is known that the activity of liver GS is also controlled by reversible phosphorylation
of multiple serine residues. Dephosphorylated form of GS is the catalytically active (GSa)
form. Phosphorylation is associated with an inactivation of GS, conversion to the b form.
The dephosphorylation of GP and GS is interrelated and catalyzed by the glycogen-
associated protein phosphatase-1. GPa, but not GPb, is a potent inhibitor of the phosphatase
action on GS and it is only when GPa has been dephosphorylated that the phosphatase is
free to activate GS, the rate limiting enzyme of glycogen synthesis [22].

INHIBITORS OF GP

GP isoenzymes of muscle and liver origin are well known and characterized (for
references see [25]), however, much less information is available about the brain specific
enzyme [26]. Crystal structures of rabbit muscle glycogen phosphorylase (RMGP) a [27]
and b [28, 29] and human liver glycogen phosphorylase (HLGP) a and b [30] are also



256 Frontiers in Medicinal Chemistry, 2005, Vol. 2 Somsék et al.

known facilitating the identification of binding modes of effector molecules. Because of
accessibility reasons the majority of investigations have been carried out with RMGP
enzymes, nevertheless, cloning and expression of HLGP [31] has paved the way for
investigations with the real target. Besides the catalytic center there are three sites in RMGP
(Fig. 2), AMP- (or nucleotide or allosteric); purin- (or nucleoside or inhibitor); and a new
allosteric- (or indole) binding site, which can accommodate small molecules to induce
stabilization of the T state of the enzyme. HLGP has the same binding sites, however, the
enzyme is less sensitive to effectors of the AMP site [30]. Some selected best inhibitors of
GP-s known to date are shown in Fig. 3, and their binding site is also indicated.

W
.. ¥

Ty PLP-cofactor

AMP binding site =——>"
Purine binding

Phosphorylation site

New
allosteric
binding
site

Fig. (2). X-Ray structure of RMGPb showing the binding sites of effectors. (Presentation by courtesy
of Prof. Dr. Nikos G. Oikonomakos.)

Under physiological conditions glucose acts as a regulator of GP by stabilizing the less
active T state of the enzyme through binding to the catalytic center [38]. Although this
binding is weak (for K; values of a- (1) and b-D-glucose (2) see Fig. 4) it has raised the
possibility to search for glucose derivatives with much higher affinity to the active site.
Among the early glucose analogs glucosides (3-5), N-acyl-b-D-glucopyranosylamines
6, 7, 9), N-(b-D-glucopyranosyl)urea (8), thioglucosides (10), a 1-deoxy-D-gluco-
heptulopyranose 2-phosphate (11), nojiritetrazole (12), 2,6-anhydro-heptonamides (13, 14),
and glucopyranosylidene-spiro-heterocycles (15-17) were investigated whose represent-
atives with the highest affinity to the enzyme are collected in Fig. 4. The strongest inhibition
was achieved by glucopyranosylidene-spiro-hydantoin 16. Crystallographic studies on the
RMGPb-16 complex revealed the structural features responsible for the tight binding to the
catalytic center: i) a hydrogen bond between the N(7)-H of the hydantoin and the main chain
oxygen of His377 which also facilitates an optimal hydrogen bond between the CH,OH
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Fig. (3). Selected non-glucose analog inhibitors of GP-s.

moiety in the glucose and the side chain of His377; ii) the rigid planar spirohydantoin group
undergoing little loss of conformational energy on binding; iii) the hydrogen bonding
capability of the hydantoin polar groups exploiting existing water structure and creating
additional water network to the protein, thereby providing additional enthalpic contributions
[39]. Although targeted, none of these inhibitors formed favorable contacts either with the
a- or b-channel next to the catalytic center of the enzyme.

Based on the structure of these inhibitors computational methods were used to design
and evaluate new structures as potential inhibitors of GP. Given the large number of
kinetically characterized compounds for which the binding modes were also discovered by
X-ray crystallography several sets of glucose analog inhibitors were used for developing,
testing, and training computational chemistry methodologies [47-53]. These methods were
also used to suggest new inhibitory structures with estimated inhibitor constants. A 4D-
QSAR analysis (based on a training set of 47 glucose analogs with a range of K; = 0.016-
53.1 mM) of a virtual library of 225 compounds, where the anomeric substituents were
systematically changed as shown in Table 1, uncovered several compounds with a predicted
binding stronger than the best member (37, see also Fig. 7) of the training set (Entries 1-10
in Table 1) [54]. In a different approach a multiple screening method was based on
compounds 1, 16, and 37 as design templates: some of the best 25 computed structures are
shown in Entries 11-20 in Table 1 [55]. Interestingly, none of these was predicted to show
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Fig. (4). Early glucose analog inhibitors of GP-s: K; values [mM] measured with RMGPb unless
otherwise stated.

higher affinity to the enzyme than the templates. To the best of our knowledge these
computed structures have not yet been synthesized.
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Table 1. Virtual Library of Glucose Derivatives Designed by Computational Chemical
Methods as Possible Inhibitors of GP.

OH Substituents (either X or Y) investigated in the 4D-QSAR analysis:
HO 0 v H, NH(C=0)CH;, CONHCHj, Cl, CHz, COCH,OCHj3, CH,(C=0)CH3, NHCH,
HO ) CH,NHCHj3, CH,OCHs;, CH,(C=0)CH,0H, NO,, NH(C=0)NH,, SO,NH,, SH
H
X

Best results obtained with the 4D-QSAR analysis [54]

Entry X Y predicted K; [mM]
1. SO,NH; NH(C=0)CHs; 0.00059
2. CH;NHCH; NH(C=0)CHs; 0.0015
3. CONHCH; NH(C=0)CHs; 0.0017
4. CH,(C=0)CH,0OH CH;s 0.0022
5. CH;s NH(C=0)NH, 0.0041
6. SH NH(C=0)NH, 0.0050
7. CONHCH; CONHCH; 0.0056
8. NO, NH(C=0)NH, 0.0068
9. NH(C=0)CHj NH(C=0)CHj 0.0072
10. NHCH; NH(C=0)CHs; 0.0076
Best ligand (37) in the 4D- CONH, NH(C=0)OCHj 0.0160*
QSAR training set

OH Modifying groups used in the generation of new structures from 1, 16, and 37
o for the multiple screening analysis (selection from 31 groups): CH;COO",
HOO Y CH3;COOH, CH3CONH,, CsHs, CsH12, CH3NH,, CHsNO,, CH3CN, CH;0H,
OH

H
CH3SH, CH3NHNH,, CH3sNHOH, CH3SCF3, CH3SOCH3, CgHsOH

Selected results obtained with the multiple screening method [55]

11 CONH; NH(C=0)NHOH 0.0288
12. CONH; NH(C=0)SCN 0.0355
13. CONH;, NH(C=0)CH,F 0.0501
14. CONH;, NH(C=0)NO 0.0550

15.

NH
>=o 0.0646
NH
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(Table 1. Contd....)

Modifying groups used in the generation of new structures from 1, 16, and 37
for the multiple screening analysis (selection from 31 groups): CH;COO",
CH3;COOH, CH3CONH,, CsHs, CsH12, CH3NH,, CHsNO,, CH3CN, CH;0OH,
CH3SH, CHsNHNH,, CH;NHOH, CH3SCF;3, CH;SOCHs, CsHsOH
Selected results obtained with the multiple screening method [55]
HO CH,0H
A
16. HO hS= 0 0.0813
o7 \H
Hgo & NH,
OH
HO —
17. Ho >_< 0.170
NH CHs
O
18. H NH(C=0)CH_Br 0.174
19. Cl NH(C=0)CHs 0.219
20. CN NH(C=0)CHs 0.363

*Experimental value [44].

RECENT SYNTHESES AND EVALUATION OF GLUCOSE ANALOGS AS
INHIBITORS OF GP

Derivatives of D-glucose and Related Monosaccharides

The preparative methods used for the synthesis of spiro-hydantoin 16 [43, 44, 56] were
stereochemically not efficient enough because the epimeric 15 was the major product. A
synthetic study on the formation of glycopyranosylidene-spiro-hydantoins and —thiohyd-
antoins in the reactions of C-(1-bromo-1-deoxy-D-galacto- and -D-arabinopyranosyl)
formamides with cyanate and thiocyanate ions revealed that the former gave spiro-
hydantoins with retained anomeric configuration as the major product while the latter
yielded spiro-thiohydantoins of inverted anomeric configuration exclusively [57]. This
method was applied to the D-gluco [40, 45] and D-xylo [40] configurated formamides as
well with the same stereochemical result to give compounds 18, 19, and 20, respectively
(Fig. 5). A comparison of the inhibitor constants determined with RMGPa and b as well as
RLGPa and b enzymes demonstrates that 16 and 18 are equipotent inhibitors. An X-ray
crystallographic investigation revealed that 18 binds to the enzyme in the same way as 16
does [58]. The absence of the CH,OH side chain of the sugar ring as in 19 and 20 resulted in
a practically complete loss of the inhibition even in the presence of the beneficial spiro-
(thio)hydantoin moiety. Further improvements in the preparation of 18 made this inhibitor
available in gram amounts [59] which facilitated other biological investigations to be carried
out [60]. Substitution of N(9) in the spiro-hydantoin as shown in 21-24 brought about no
improvement of the inhibition [56]. Modification of the sugar ring to a furanoid structure as
in 25 and 26 led to very weak binding [61] in accordance with early observations with
epimers and deoxy derivatives of D-glucose [62, 63]. The findings with 19, 20, 25, and 26
underline and confirm the high specificity of the GP active site towards a fully OH-
substituted hexopyranoid sugar moiety of D-gluco configuration. Spiro-annelated
hydantoins were prepared at the C-3 carbon of D-allopyranose and D-ribopyranose in order
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Fig. (5). Glycosylidene-spiro-hydantoins and -thiohydantoins investigated as GP inhibitors: K; [mM]
values measured with RMGPb unless otherwise stated.

to evaluate their GP inhibiting potency [64, 65], however, these compounds proved inactive
in tests with RMGPb [66].

Compounds exhibiting structural elements of the hydantoin moiety like 6, 13, and 14 in
Fig. 4 can also bind to GP-s. Owing to a new synthetic protocol [67] it has become possible
to prepare and investigate anomeric pairs of N-trifluoroacetyl-D-glucopyranosylamines 27
and 31 (Fig. 6). As compared to 6 the presence of the CF; group in 27 significantly
decreased the inhibition, and anomer 31 had no effect at all [40]. This finding suggests the
importance of an N-acyl-b-D-glucopyranosylamine structural element in keeping with the
influence of the configuration of the spiro carbon in hydantoins 15 and 16. A hydrophilic
amide side chain [67] in 28 and 29 caused weaker inhibition [68], but introduction of a
naphthyl group as in 30 resulted in a rather good inhibitor [69]. This suggests to synthesize
and test similar compounds with long aliphatic and otherwise hydrophobic side chains that
will be discussed further in Table 2.

N-Acyl-N’-(b-D-glucopyranosyl) urea derivatives (like 32-35) can be regarded as
“open” hydantoins. While the N-acetylated compound 32 proved a weaker inhibitor than
urea 8, increasing the hydrophobicity of the acyl side chain makes the binding stronger [70]
(33-35). The 2-naphthoyl urea 35 is to date the best glucose analog inhibitor of RMGPb
[68]. Placing the hydrophobic moiety farther from the sugar makes the binding stronger by
more than one order of magnitude (compare pairs 7-33, and 30-35), although this distance
must have an optimum, since 36 is a weak inhibitor. A comparison with compound 9 in Fig.
4 might indicate that the NH(CO)NH(CO) substructure must have significance as well (see
also discussion of Table 2). These findings suggest that appropriately positioned large
apolar groups can fit into the b-channel next to the active site of the enzyme.

A very interesting peculiarity of some of these ureas is their ability to bind at the new
allosteric site as well. This property has been demonstrated for the first time with the
benzoyl urea 33 [70], however, 35 and even amide 30 and can also be detected by X-ray
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Fig. (6). N-(b-D-glucopyranosyl)amides, N-acyl-N’-(b-D-glucopyranosyl)ureas and related compounds
investigated as GP inhibitors: K; [mM] values measured with RMGPb.

crystallography at that binding site [71]. Thus, new lead structures have been found to
explore the properties of the new allosteric binding site.

Further structure—activity relationships can be deduced from a series of N-(b-D-
glucopyranosyl)amides and N-acyl-N’-(b-D-glucopyranosyl)ureas collected in Table 2.

A comparison of inhibitors in Entries 1, 3, and 4 shows that an increase in the size of the
aliphatic substituent makes the inhibition significantly weaker; the same holds for the ureas
in Entries 16 and 17. Saturation of the aromatic ring (compare Entries 4-5 and 17-18) also
weakens the binding, and this effect is significantly larger in the ureas. A benzylic moiety is
rather detrimental for the inhibition in both series (Entries 6 and 19), and a further increase
of the size as in the diphenylmethyl group makes no more inhibition at all (Entries 7 and
20). The orientation of the aromatic moiety in both series is a decisive factor (compare
Entries 8-10 and 21-23). Introduction of substituents of slightly basic or acidic as well as of
neutral character into the 4-position of benzoyl urea 33 (Entries 24-27) brings about no
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Table 2. Structure-activity Relationships of N-(b-D-glucopyranosyl)amides [69] and N-acyl-
N’-(b-D-glucopyranosyl)ureas.

HO HO
B I = &
HO HO
HO o HO 0 o
R Ki [mM]| 1Cso [MM] R Ki [MM] | 1Cs [MmM]
1. —CH; (6) 0.032 16. —CH; (32) 0.305
2. —CH,CI 0.045[19]
3. —C(CHs)s 7.5
4, /O 0.289 17. /O 5
5. 0.081 18. 0.0056
Jo Ly
6. /\@ 11 19. /\@ 10
7. ‘ no inhibition 20. ‘ >5
8. 0.444 21. 0.013
I e
9. 0.010 22. 0.0004
ge
10. ,/‘I 0.281 23. l 2.5
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(Table 2. Contd....)

HO HO
Entry HO&/NH R Entry o O NH.  NH. R
HO——* hd H \‘r \"/
(¢] (¢] o]

[6}
HO

R Ki [mM]| 1Cs [MM] R Ki [mM] | I1Cs [MM]

11. 0.085 24. 0.003

0.015

/\/@ /@NOZ
) /\/@ - ) QNHZ
13. 0.0035 26. OH 0.007
SO r
jes
e : Cl

0.012

14. 0.061 27.
FZ
15. 0.760 28.
H
_ N

significant change in the inhibition, and a chlorine in the 3-position significantly weakens
the binding (Entry 28). Aromatic groups attached by versatile aliphatic linkers in the
glucosylamide series make rather good inhibitors (Entries 11-14). Restriction of the
conformational mobility of the phenyl moiety (compare Entries 11 and 12) makes a better
inhibitor, and an increase of the size of the aromatic ring results in the best inhibitor of the
glucosylamides (Entry 13). As the distance and the orientation of the aromatic moieties can
be very similar in these derivatives and in 33 and 35 (Entries 18 and 22, resp.) one can
deduce that the presence of the acyl urea motif is essential for the strong binding. This is
further corroborated by the weak inhibition of benzyl urea derivative in Entry 15.

The molecular conformation of N-(b-D-glucopyranosyl) chloroacetamide (shown in
Entry 2 of Table 2) in the solid state was determined by X-ray crystallography, and
compared to the bound conformation of the inhibitor [72]. It turned out that due to hydrogen
bonds between the chlorine and the enzyme amino acid residues the torsional angle
CI-CH,—C(O)-N changes from 131° (free compound) to —51° (bound inhibitor).

Compound 37 [44] (Fig. 7) represents another way of “opening” the hydantoin ring. A
comparison of the analogous 38 [73] with 6 as well as 13 reveals that this type of double
functionalization of the anomeric center is not very useful for the strength of the inhibition.
An additional ethoxy group as in 39 makes the compound much less efficient. An azido
group in the anomeric b-position of glucose allows no strong binding even with several
additional substituents illustrated by 40-43 [73, 74]. Hydroxy-amide 44 can be regarded as a
hybrid of a-D-glucose (1) and 2,6-anhydro-heptonamide 14, however, the bifunctional
anomeric center brought about a significant decrease in the inhibition in comparison to both
1 and 14 [40]. In spite of these moderate inhibitory activities further design, synthesis, and

0.113
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HO

HO 0 R HO o
HO HO N
HO HO :
HO
o~ NH R
37 R=NHCOOMe  0.016[44] 0 R=H no inh. [73]
38 R =NHCOMe 0.31 [73] 41 R=CONH, 18[73]
39 R=0OEt ~25% inhibition 42 R =CONHCHCO,Me no inh.[74]
at625 v [68] 43 R =COOMe 5% inh.
at 10 mM [74]
HO o 1
HO
HO NH,
HO
OH
44
3.1[40]
0.88 [73]

Fig. (7). Anomerically bifunctional derivatives of D-glucose as GP inhibitors. K; [mM] values tested
with RMGPb.

investigations of anomerically bifunctional glucose derivatives (see also Table 1 for
computationally predicted structures) may be worthy to future efforts.

b-D-Glucopyranosyl cyanide 45 and C-(b-D-Glucopyranosyl)heterocycles 46-49 (Fig.
8) were prepared [75] in part by adapting published synthetic methods ([76] for 46 and 49,
[77] for 47, [68] for 48). Tetrazole 46 of slightly acidic character was not inhibitory,
oxadiazole 47 and benzothiazole 49 showed moderate binding, while imidazole 48 proved
to be an inhibitor in the low micromolar range. The possible formation of a H-bond to the
enzyme by the slightly acidic NH of the imidazole ring might explain the difference
between 48 and 49. Increasing the distance between the sugar and the heterocycle by
bridges of 1 or 2 sulfur atoms resulted in much worse inhibitors. The lack of inhibition by
50 and the weak binding of 51 may be due to an unfavorable position of the hydrophobic
moieties and the apolar character of the linking sulfur atoms.

H(%\A/ o- o o-

o) o) \ QO N

HO cN Ho%N AN HO

HO HO \/k - HO o7 ~CH,
HO HO N HO

45 16 a7
013 [73] No inhibifion at 0.625 mM 0212 [75]
[79]
HO
HO
HO N HO N HO Y
o oL s
HO HO
Ho MM HO S
18 19 s0n =1
0011 [75] 0229 [75] No inhibition at0.625 mM
[68]
51n=2
1.26[68]

Fig. (8). C-(b-D-glucopyranosyl)-, b-D-glucopyranosylsulfanyl- and -disulfanyl derivatives as GP
inhibitors: K; [mM] values measured with RMGPb.
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Iminosugar Derivatives

The phosphorolysis of glycogen catalyzed by GP-s was postulated to proceed through a
glycosyl cation like transition state [41], therefore, compounds known to be mimics of
glycosylium ions [78] might have the potential to inhibit these enzymes. While classic
iminosugar glycosidase inhibitors like nojirimycin exhibit poor effects with GP (see
references cited in [41]), isofagomine (52, Fig. 9) showed a rather strong binding. However,
this could not be improved by introducing substituents at the nitrogen as illustrated by some
of the best inhibitors of these series (53-59) [79]. Similar observations were made with
azafagomine (61) and its substituted derivatives obtained as constituents of a combinatorial
library of glycosidase inhibitors: substitution at the nitrogen resulted in a weaker inhibition
as shown by 62 being the best b-glucosidase inhibitor in the library [80]. Another
iminosugar derivative, noeuromycin [81] (60) binds also to the catalytic center [21],
however, its affinity seems to be lower as compared to that of isofagomine 52, in spite of the
presence of the full glucose hydroxylation pattern. For the understanding of this experience
further investigations are needed.

B
HO |
HO >R HO
Ho N~ HO HO NH
0 HO
R= R= 60
52 H 0.7* 56 H 7
4121]
53 CH,=CHCH,- 4 [79] 57 34-di-F 8 [79]
54 Ph-CH,CH,CH,- 1 58 30CH, 8
55 CH-CH,CH,CHy- 2 59 3F 6
HO H HO
NH
HO N HO
6l R=H 135 63%*
RMGPa 0.392
RMGPb 0342 2]
RLGPa 0.374
B9 gpa 052

A

Fig. (9). ICso [MM] values for iminosugar derivatives measured with RLGPa.

62 R= 200

* Essentially the same values were obtained with PLGPa and RMGPa, as well [79].
** K; [mM] values.

The commercially available natural product five-membered ring iminosugar 1,4-
dideoxy-1,4-imino-arabinitol (DAB, 63) shows a strong structural resemblance to D-glucose
as far as the spatial positions of the hydroxyl groups are concerned. Kinetic characterization
of DAB revealed that this compound is a strong inhibitor of GP-s with K; values in the
nanomolar range [25] (Fig. 9). The mechanism of action was shown to be a distinct one in
comparison to other inhibitors exhibiting elements of un- and noncompetitive inhibition. No
crystallographic investigation of a GP-DAB complex has yet been published.
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A systematic study [82] of iminosugar-annelated heterocycles (azoloperhydropyridines
64, 65, and 67) as analogs of the good inhibitor nojiritetrazole 12 (Table 3) showed that the
fewer the number of the nitrogens in the five-membered ring the weaker the inhibition, and
the absence of inorganic phosphate makes this even weaker. In order to explain these
findings a charge—dipole interaction between the inorganic phosphate involved in the
transition state of the catalyzed reaction and the annelating carbon of the azole moiety in the
inhibitor (see Fig. 10) was invoked. This interaction was expected to be stronger for azoles
with a lower LUMO energy. Since the necessarily lateral protonation of an azole nitrogen —
in the absence of any proton donor amino acid side chain in the active site of GP — could
happen by the inorganic phosphate only which, on the other hand, is fixed by a H-bridge to
OH(2) (carbohydrate numbering), the sole binding factor due to the azole moiety can be the
charge—dipole interaction, the strength of which is reflected in the inhibitor constants.
Introduction of a carboxyl group (under conditions of the enzyme activity assay actually a
carboxylate ion) into the triazole ring as in 66 caused a significant loss of the activity. This
is probably due to unfavorable steric interactions between the inhibitor and the protein
which cannot be compensated for by conformational motions of the enzyme [83].

Table 3.  Inhibition of RMGPb by iminosugar annelated heterocycles (azoloperhydropyridines)

[82].
Ki [mM] Ki [mM] ELumo® Emin™”
GPb/phosphate GPb/Glc-1-P [kcal/mol] [kcal/mol]
HO 1=
HO —~N
HO 0.053° [42] 0.7 [42] -0.298 -8.6
HO
12
HO =N
HO N
Ho = 8.1° No inhibition 0.156 78
HO
64
N
HO N
HO —
HO R 0.54° 2.5¢ 0.111 -6.6
HO 7.4°[83]
65 R=H
66 R= COOH
HO =
HO —~N
HO 9.7 No inhibition 0.788 -5.9
& HO

& From AM1 semiempirical calculations.

® Energy level of the transition state analogous to that shown in Fig. 10.
¢ Ki [mM] GPb/phosphate, uncompetitive.

4 K; [mM] GPb/Glc-1-P, competitive.
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Fig. (10). Postulated interaction of the transition state analog inhibitor 12 with the inorganic phosphate
at the catalytic center of GP [82].

Miscellaneous

In a study on the effects of cryoprotectants [84] used in low temperature X-ray
crystallographic investigations of GP—inhibitor complexes it has been shown that glycerol
can also bind to the catalytic center (K; = 3.8 % v/v), and its hydroxyl groups occupy the
position of OH(3), OH(4), and OH(6) of D-glucose. In the same work sucrose was also
shown to bind to the catalytic center with a K; = 6.6 % wi/v.

The cyclic oligosaccharides a- (K; = 47.1 mM), b- (K; = 14.1 mM), and g-cyclodextrins
(Ki = 7.4 mM) were also evaluated as inhibitors of RMGPb, and protein crystallography
showed these compounds to bind at the glycogen storage site [85].

PHYSIOLOGICAL RESULTS WITH GLUCOSE ANALOG INHIBITORS

The hyperglycemia observed in type 2 diabetes is caused by reduced peripheral glucose
deposition and by inappropriate overproduction of glucose by the liver. In the liver, GPa
functions as a glucose receptor. The binding of glucose to the catalytic site of the enzyme
inhibits its activity in a competitive manner and glucose also facilitates the
dephosphorylation reaction of GPa into GPb catalyzed by protein phosphatases. The
resulting inactivation of GPa causes the arrest of glycogenolysis and the subsequent release
of the potent allosteric inhibition of GS phosphatase by GPa. The latter explains why
dephosphorylation and inactivation of GPa during glucose-induced glycogenolysis precedes
dephosphorylation and activation of GS. This mechanism prevents simultaneous synthesis
and degradation of glycogen and explains why the glucose-induced activation of GS in vivo
and in isolated hepatocytes only occurs after latency (for details, see [22]).

A series of glucose-analogue inhibitors of GPb has been investigated in crystallographic
binding and kinetic studies. The effects of of N-acetyl-b-D-glucopyranosylamine (6) on the
activation states of GP and GS in cell-free preparations and in isolated rat hepatocytes were
reported [86]. In gel-filtered liver extracts 6 produced a rapid inactivation of GPa into GPb
with a subsequent activation of GS. It was shown that the effects of 0.8 mM 6 on both
enzymes were equipotent with 50 mM glucose. In isolated hepatocytes, 6 showed a marked
enhancement of glucose effects for GPa inactivation but failed to elicit activation of GS.
The phosphorylation of 6 in rat hepatocytes was demonstrated and the formed 6-phosphate
of 6 is responsible for the failure of 6 to activate GS.

Spiro-thiohydantoin 18 proved to be one of the most potent glucose-analogue inhibitors.
In gel-filtered rat liver extracts 18 increased significantly the inactivation of GP and the
sequential activation of GS. It was shown that 50 iV of 18 was about as effective as 20 mM
of glucose [87]. 18 was also effective when administered in vivo into the v. portae of Wistar
rats (100 mmol/kg body weight) resulting in a significant decrease in the activity of hepatic
GPa within 5 min [60, 88].
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The most potent iminosugar inhibiting GP, isofagomine (52), was also able to inhibit
glycogenolysis in cultured primary hepatocytes. Isofagomine inhibited both basal and
glucagon-induced glucose production. In addition, 80 % of the glycogen content could be
retained at the highest dose of isofagomine [79]. Furthermore, isofagomine at a
concentration of 400 nmM completely prevented norepinephrine-induced depletion of
glycogen and the concomitant lactate production in cerebral cortical astrocytes [26].

Detailed studies describe the physiological data of DAB (63) [20]. Using cultured rat
hepatocytes, DAB inhibited basal and glucagon-stimulated glucose production with ICsy
values of 1-2 M, and it is related to the prevention of glycogen breakdown, confirming that
glycogenolysis was inhibited [24, 89]. No effects on glycogen synthesis were observed,
demonstrating that glycogen recycling does not occur in cultured hepatocytes in the
presence of DAB. Glucagon-induced glycogen degradation was inhibited by DAB in livers
of diabetic ob/ob mice and lean, non-diabetic control mice as shown by using *C-NMR.
Both the glycogen levels and the endpoint blood glucose levels were higher in mice
intraperitoneally treated with glucagon and DAB [25] confirming the data obtained in
cultured hepatocytes. It was also demonstrated that DAB inhibited glucagon-stimulated
glycogenolysis and endogenous glucose production in overnight fasted dogs, without
influencing the contribution of gluconeogenesis to glucose production [90].

Controversy exists regarding the contributions of glycogenolysis and gluconeogenesis to
endogenous glucose production both in non-diabetic and diabetic situations, mainly due to
technical difficulties in quantitation of gluconeogenesis [11]. To test the above possibility
the effect of DAB on rates of gluconeogenesis, gluconeogenic deposition into glycogen,
glycogen recycling was investigated in cultured hepatocytes, in perfused rat liver, and in fed
or fasted rats by NMR methodology. These data suggest that no glycogen cycling occurs in
the presence of DAB and this compound only inhibits the glycogenolytic pathway [91].

CONCLUSION

Inhibition of GP has proven a promising approach in modulating the action of this
enzyme which is the main regulator of blood glucose levels. This offers a new concept for
fighting against type 2 diabetes an epidemically expanding metabolic disease. There are
several binding sites in GP lending themselves to be targeted by various effectors. The best
inhibitors known to date bind either to the AMP site (Bay W1807 of Bayer and other
dicarboxylic acid derivatives in Fig. 3) or to the new allosteric site (indole-carboxamide
derivatives of Pfizer) with K; or 1Cs values in the low nanomolar range. Many glucose
derivatives were shown to bind to the catalytic center of GP, and among them
glucopyranosylidene-spiro-hydantoin 16 (K; = 3-4 niM) was the most efficient inhibitor.
More recent efforts resulted in a large scale synthesis of glucopyranosylidene-spiro-
thiohydantoin 18 (K; = 5 mM). Syntheses of ,,open” derivatives of hydantoins bearing large
hydrophobic groups resulted in an order of magnitude better inhibitor N-(2-naphthoyl)-N’-
(b-D-glucopyranosyl)urea (35) (K; = 0.4 mM) indicating that trials to find ligands to fit into
the b-channel of GP can be a further aim of forthcoming synthetic works. Another synthetic
goal can be the preparation of novel anomerically bifunctional glucose derivatives, that is
also in keeping with predictions by computational methods. Furthermore, N-acyl-N’-(b-D-
glucopyranosyl)ureas were shown to bind to the new allosteric site as well, thereby
representing new leads for the design of inhibitors of this site. Iminosugars (isofagomine,
azafagomine, noeuromycin, DAB with 1Cs, values in the low micromolar range) capable to
mimick glycosylium ions form another group of glucose-like compounds which show strong
binding properties to GP-s. Although present experience in modifying iminosugars with
various substituents on the nitrogens is not encouraging, further trials to introduce
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appendages similar those of the acylureas may be interesting. Physiological investigations
performed with the glucose analogs have shown blood glucose lowering potential in animal
experiments without any apparent indication of hypoglycemia. Because the inhibition of
HLGP will also imply metabolic consequences, it is rather promising that these compounds
will lead to the development of a novel active site inhibitor of GP as a monotherapy for type
2 diabetes or add-on therapy to existing treatments.
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ABBREVIATIONS

GP =  Glycogen phosphorylase
GS =  Glycogen synthase

GK =  Glucokinase

G6Pase =  Glucose 6-phosphatase
RMGP = Rabbit muscle GP
RLGP =  Ratliver GP

HLGP = Human liver GP

PLGP =  Pig liver GP

DAB =  1,4-dideoxy-1,4-imino-arabinitol
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Abstract: Diabetes is among the largest contributors to global mortality through its long term
complications. The worldwide epidemic of type 2 diabetes has been stimulating the quest for new
concepts and targets for the treatment of this incurable disease. A new target is glycogen
phosphorylase (GP), the main regulatory enzyme in the liver responsible for the control of blood
glucose levels. One of several approaches to influence the action of GP is the use of glucose
derivatives as active site inhibitors. This field of research commenced 10-15 years ago and, due
to joint efforts in computer aided molecular design, organic synthesis, protein crystallography, and biological assays,
resulted in glucopyranosylidene-spiro-hydantoin 16 (K; = 3-4 nM) as the most efficient glucose analog inhibitor of GP of
that time. The present paper surveys the recent developments of this field achieved mainly in the last five years: the
synthesis and evaluation of glucopyranosylidene-spiro-thiohydantoin 18 (K; = 5 mM) which has proven equipotent with
16, and is available in gram amounts; furanosylidene- and xylopyranosylidene-spiro-(thio)hydantoins whose
ineffectiveness (K; > 10 mM) confirmed the high specificity of the catalytic site of GP towards the D-glucopyranosyl unit;
,»open” hydantoins like methyl N-(1-carboxamido-D-glucopyranosyl)carbamate 37 (K; = 16 miM) and N-acyl-N’-(b-D-
glucopyranosyl)ureas among them the to date best glucose analog inhibitor N-(2-naphthoyl)-N’-(b-D-glucopyranosyl)urea
(35, K; = 0.4 mM) which can also bind to the so-called new allosteric site of GP; C-(b-D-glucopyranosyl)heterocycles
(tetrazole, 1,3,4-oxadiazoles, benzimidazole (K; = 11 mM), and benzothiazole). Iminosugars like isofagomine (45, ICso =
0.7 mM), noeuromycin (53, ICsy = 4 nM), and azafagomine (54, IC5, = 13.5 M) also bind strongly to the active site of
GP, however, substitution on the nitrogens makes the binding weaker. The natural product five-membered iminosugar
DAB (56) exhibited 1Csy ~ 0.4-0.5 mM. Azoloperhydropyridines which can be regarded iminosugar-annelated
heterocycles show moderate inhibition of GP: nojiritetrazole 12 (K; = 53 mM) is the best inhibitor and fewer nitrogens in
the five-membered ring weakens the binding. Physiological investigations have been carried out with N-acetyl-b-D-
glucopyranosylamine 6, spiro-thiohydantoin 18, isofagomine 45, and DAB 56 to underline the potential use of these
compounds in the treatment of type 2 diabetes. Computational methods suggest to synthesize further anomerically
bifunctional glucose derivatives which may be good inhibitors of GP.

INTRODUCTION - MOTIVATION OF THE SEARCH
FOR GP INHIBITORS

The end of the 20™ century has seen a dramatic increase
in the number of patients diagnosed with diabetes worldwide.
This disease, characterized by chronically elevated blood
glucose levels, afflicts approximately 6 % of the adult popu-
lation in Western society [1]. Most striking is the predicted
number of diabetics 220 million for the year 2010 indicating
a 46 % enhancement in the world population during a decade
[2]. Especially due to its long term complications like
retinopathy, neuropathy, and nephropathy, but first of all
cardiovascular diseases, diabetes has become one of the
largest contributors to mortality.

Diabetes is divided into two main forms: type 1 is
characterized by a complete insulin deficiency, and can be
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treated by exogenous insulin; type 2 diabetics exhibit abnor-
mal insulin secretion and/or insulin resistance, and their
blood glucose levels are controlled mainly by diet, exercise,
and oral hypoglycemic agents [3]. While the ratio of type 1
and 2 diabetes was estimated to be ~ 25 : 75 in the early
nineties [4], the frequency of the latter has gained to more
than 90 % for today [1, 2]. The epidemic of type 2 diabetes
is in conjunction with genetic susceptibility and in particular
with behavioral factors such as sedentary lifestyle, overly
rich nutrition, and obesity.

In the absence of a firm understanding of the molecular
pathomechanism of the disease several types of oral hypogly-
cemic drugs (sulfonylureas, biguanides, thiazolidinediones,
acarbose) are in use as symptomatic treatments for type 2
diabetes [5-8]. These treatments aim to more or less
approach the normal physiological regulation of blood
glucose levels, however, have several adverse side effects as
well as the danger of causing hypoglycemia, and what’s
more are inadequate for 30-40 % of the patients [9].
Therefore, other therapeutic concepts (among others novel
insulin secretagogues, insulin sensitizers, glucagon receptor

© 2003 Bentham Science Publishers Ltd.
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antagonists, inhibitors of hepatic glucose output, combina-
tion therapies) are intensively investigated [1, 10-13], as it
turns out also from the patent literature [7, 14], and a wholly
nutritional therapy has been suggested as well [15].

The aim of the present article is to highlight a specific
area of attempts to reduce glucose production in the liver:
inhibition of glycogen phosphorylase enzyme by glucose
derivatives. This field of research was started at the
beginning of the nineties, and was summarized several times
[16-18] or appeared as part of comprehensive reviews [11,
19, 20]. In this paper we survey the most important moments
in the development of the topic, and focus on the results
obtained in the last five years.

GLYCOGEN METABOLISM

The liver is the predominant source of blood glucose.
Numerous studies have shown that hepatic glucose produc-
tion is increased in type 2 diabetes in the post-absorptive
state, and it is directly correlated to fasting hyperglycemia [1,
11, 13, 21, 22]. Hepatic glucose is produced from two
pathways: glycogenolysis (the breakdown of glycogen) and
gluconeogenesis (de novo synthesis of glucose). Glycogeno-
lysis may account for more than 70 % of the hepatic glucose
production, furthermore, a substantial portion of glucose
formed by gluconeogenesis is cycled through the glycogen
pool prior to efflux from the liver cells (for references, see

[23]).

Hepatic glucose output is regulated by a complex system
of enzymes. The main regulatory enzyme of this system is
glycogen phosphorylase, and only the phosphorylated enzyme
(GPa) has significant activity. GPa releases glucose 1-
phosphate from glycogen as shown in Fig. (1) suggesting an
important role for glycogenolysis in hepatic glucose produc-
tion. Gluconeogenesis from lactate and other precursor
molecules can also contribute to the elevated blood glucose
levels, however, it was clearly demonstrated that glucose
arising from gluconeogenesis has cycled through glycogen.
Therefore the inhibition of hepatic GP could suppress

Glucose

GSPaseJ1 GK
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glucose production arising from both glycogenolysis and
gluconeogenesis [11, 19, 20].

There are three mammalian GP isoenzymes termed as
“muscle”, “brain”, and “liver” according to the tissue in
which they are preferentially expressed. All encoded by
different genes located on human chromosomes 11, 20, and
14, respectively (for details see [19]). GP-s are dimers of two
identical subunits (Mr about 97500 Da). All isoenzymes can
be converted from the inactive GPb form into the active GPa
form through the phosphorylation of Ser-14 by phosphorylase
kinase. In addition, muscle and brain specific GP-s are also
allosteric enzymes: the b form can be found predominantly
in T state and the a form in R state, respectively. Allosteric
activators (e.g. AMP) promote degradation of glycogen,
while allosteric inhibitors (e.g. glucose, glucose 6-phosphate,
ATP) retard degradation by altering the equilibrium between
a less active T state and a more active R state (for references
see [20]. The liver specific GP, on the other hand, is much
more tightly controlled by phosphorylation than by allosteric
regulation. Allosteric effectors such as AMP and glucose 6-
phosphate have little effect on the activity of the hepatic
isoenzyme [21].

It is known that the activity of liver GS is also controlled
by reversible phosphorylation of multiple serine residues.
Dephosphorylated form of GS is the catalytically active
(GSa) form. Phosphorylation is associated with an inactiva-
tion of GS, conversion to the b form. The dephosphorylation
of GP and GS is interrelated and catalyzed by the glycogen-
associated protein phosphatase-1. GPa, but not GPb, is a
potent inhibitor of the phosphatase action on GS and it is
only when GPa has been dephosphorylated that the
phosphatase is free to activate GS, the rate limiting enzyme
of glycogen synthesis [21].

INHIBITORS OF GP
GP isoenzymes of muscle and liver origin are well

known and characterized (for references see [24]), however,
much less information is available about the brain specific

A B
C-3precursors g——>  Glucose 6-phosphate ~ —— Glucose 1-phosphate

GSH GP

Y
Glycogen

Tricarboxylic Acid-cycle

A: Gluconeogenesis
B: Glycogenolysis
C: Glycolysis

Fig. (1). Overview of hepatic glycogenolysis and gluconeogenesis.

Enzymes: G6Pase - Glucose 6-phosphatase

GK - Glucokinase
GP - Glycogen phosphorylase
GS - Glycogen synthase
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Fig. (2). X-Ray structure of RMGPb showing the binding sites of effectors. (Presentation by courtesy of Prof. Dr. Nikos G. Oikonomakos).
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Fig. (3). The most efficient non-glucose analog inhibitors of GP-s.

enzyme [25]. Crystal structures of rabbit muscle glycogen
phosphorylase (RMGP) a [26] and b [27, 28] and human
liver glycogen phosphorylase (HLGP) a and b [29] are also
known facilitating the identification of binding modes of
effector molecules. Because of accessibility reasons the
majority of investigations have been carried out with RMGP
enzymes, nevertheless, cloning and expression of HLGP [30]
has paved the way for investigations with the real target.
Besides the catalytic center there are three sites in RMGP
(Fig. 2), AMP- (or nucleotide or allosteric); purin- (or

nucleoside or inhibitor); and a new allosteric- (or indole)
binding site, which can accommodate small molecules to
induce stabilization of the T state of the enzyme. HLGP has
the same binding sites, however, the enzyme is less sensitive
to effectors of the AMP site [29]. The to date known best
inhibitors of GP-s (Fig. 3) bind either to the AMP site (Bay
W1807 of Bayer, (-)(S)-3-isopropyl 4-(2-chlorophenyl)-1,4-
dihydro-1-ethyl-2-methyl-pyridine-3,5,6-tricarboxylate), or
to the new allosteric site (indole-carboxamide derivatives of
Pfizer, e. g. CP320626 and CP526423).
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Under physiological conditions glucose acts as a
regulator of GP by stabilizing the less active T state of the
enzyme through binding to the catalytic center [35].
Although this binding is weak (for K; values of a- (1) and b-
D-glucose (2) see Fig. 4) it has raised the possibility to
search for glucose derivatives with much higher affinity to
the active site. Among the early glucose analogs glucosides
(3-5), N-acyl-b-D-glucopyranosylamines (6, 7, 9), N-(b-D-
glucopyranosyl)urea (8), thioglucosides (10), a 1-deoxy-D-
gluco-heptulopyranose 2-phosphate (11), nojiritetrazole (12),
2,6-anhydro-heptonamides (13, 14), and glucopyranosyl-

Somsak et al.

idene-spiro-heterocycles (15-17) were investigated whose
representatives with the highest affinity to the enzyme are
collected in Fig. (4). The strongest inhibition was achieved
by glucopyranosylidene-spiro-hydantoin 16. Crystallographic
studies on the RMGPb-16 complex revealed the structural
features responsible for the tight binding to the catalytic
center: i) a hydrogen bond between the N(7)-H of the
hydantoin and the main chain oxygen of His377 which also
facilitates an optimal hydrogen bond between the CH,OH
moiety in the glucose and the side chain of His377; ii) the
rigid planar spirohydantoin group undergoing little loss of

OH OH OH
Q Q Q
HO HO HO o)
HO/% HO/% OH HO ~"oH
HO (), OH OH
1 2 3
1.7 [16] 7.4 [16] 25.3[16]
OH OH OH
HO © HO R HO LA
HO ~ HO y HO \n/
o Ho o R OH 5
HO 0 \
HO 6R=CH; 0.032 [18]
HO ‘OH 7R=CgHg 0.081 [18]
4 5 0.144 [37]
16.3 [16] 2.6 [18] 8R=NH, 014 [18]
OH OH
0 o) NO,
HO 2 K P HO X s\)l\ §
HO \“/\ N o HO N’
OH H OH H
o]
NO,
9 10
0.021 [18] 0.65 [17]
OH OH OH OH
/N\‘ N 0
HO Q cH, HO N HO 0 HO Q
HO HO =N HO HO o NH,
HO
HO opo, HO
0”7 “NH,
1 12 13 14
0.014 [38] 0.053 [39] 0.44[17] 0.37 [17]
OH OH oH
o /9 o]
HO HO N7 o H
N HO N 0
HO HO o
HO L NH HO —o0 o T
N
\« O HY 07N
o] H
15
0 010631 [40] v
0.0286 [40] -
0.320 [41] 0.0042 [37] 0.059 [43]
0.105 [42] RMGPa 0.026 [37]
RLGPa 205 [42] RLGPb  0.0128 [37]
RLGPa 0.0165 [37]

Fig. (4). Early glucose analog inhibitors of GP-s: K; values [mM] measured with RMGPb unless otherwise stated.
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conformational energy on binding; iii) the hydrogen bonding
capability of the hydantoin polar groups exploiting existing
water structure and creating additional water network to the
protein, thereby providing additional enthalpic contributions
[36]. Although targeted, none of these inhibitors formed
favorable contacts either with the a- or b-channel next to the
catalytic center of the enzyme.

Based on the structure of these inhibitors computational
methods were used to design and evaluate new structures as
potential inhibitors of GP. Given the large number of
kinetically characterized compounds for which the binding
modes were also discovered by X-ray crystallography
several sets of glucose analog inhibitors were used for
developing, testing, and training computational chemistry
methodologies [44-50] These methods were also used to
suggest new inhibitory structures with estimated inhibitor
constants. A 4D-QSAR analysis (based on a training set of
47 glucose analogs with a range of K; = 0.016-53.1 mM) of a
virtual library of 225 compounds, where the anomeric
substituents were systematically changed as shown in Table
1, uncovered several compounds with a predicted binding
stronger than the best member (37, see also Fig. 6) of the
training set (Entries 1-10 in Table 1) [51]. In a different
approach a multiple screening method was based on
compounds 1, 16, and 37 as design templates: some of the
best 25 computed structures are shown in Entries 11-20 in
Table 1 [52]. Interestingly, none of these was predicted to
show higher affinity to the enzyme than the templates. To
the best of our knowledge these computed structures have
not yet been synthesized.

RECENT SYNTHESES AND EVALUATION OF
GLUCOSE ANALOGS AS INHIBITORS OF GP

Derivatives of D-glucose and related monosaccharides

The preparative methods used for the synthesis of spiro-
hydantoin 16 [40, 41, 53] were stereochemically not efficient
enough because the epimeric 15 was the major product. A
synthetic study on the formation of glycopyranosylidene-
spiro-hydantoins and -thiohydantoins in the reactions of
C-(1-bromo-1-deoxy-D-galacto- and -D-arabinopyranosyl)
formamides with cyanate and thiocyanate ions revealed that
the former gave spiro-hydantoins with retained anomeric
configuration as the major product while the latter yielded
spiro-thiohydantoins of inverted anomeric configuration
exclusively [54]. This method was applied to the D-gluco
[37, 42] and D-xylo [37] configurated formamides as well
with the same stereochemical result to give compounds 18,
19, and 20, respectively (Fig. 5). A comparison of the
inhibitor constants determined with RMGPa and b as well as
RLGPa and b enzymes demonstrates that 16 and 18 are
equipotent inhibitors. An X-ray crystallographic investiga-
tion revealed that 18 binds to the enzyme in the same way as
16 does [55]. The absence of the CH,OH side chain of the
sugar ring as in 19 and 20 resulted in a practically complete
loss of the inhibition even in the presence of the beneficial
spiro-(thio)hydantoin moiety. Further improvements in the
preparation of 18 made this inhibitor available in gram
amounts [56] which facilitated other biological investiga-
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tions to be carried out [57]. Substitution of N(9) in the spiro-
hydantoin as shown in 21-24 brought about no improvement
of the inhibition [53]. Modification of the sugar ring to a
furanoid structure as in 25 and 26 led to very weak binding
[58] in accordance with early observations with epimers and
deoxy derivatives of D-glucose [59, 60]. The findings with
19, 20, 25, and 26 underline and confirm the high specificity
of the GP active site towards a fully OH-substituted hexo-
pyranoid sugar moiety of D-gluco configuration. Spiro-
annelated hydantoins were prepared at the C-3 carbon of D-
allopyranose and D-ribopyranose in order to evaluate their
GP inhibiting potency, however, no kinetic data have yet
been published [61, 62].

Compounds exhibiting structural elements of the hydan-
toin moiety like 6, 13, and 14 in Fig. (4) can also bind to GP-
s. Owing to a new synthetic protocol [63] it has become
possible to prepare and investigate anomeric pairs of N-
trifluoroacetyl-D-glucopyranosylamines 27 and 31 (Fig. 6).
As compared to 6 the presence of the CF; group in 27
significantly decreased the inhibition, and anomer 31 had no
effect at all [37]. This finding suggests the importance of an
N-acyl-b-D-glucopyranosylamine structural element in
keeping with the influence of the configuration of the spiro
carbon in hydantoins 15 and 16. A hydrophilic amide side
chain [63] in 28 and 29 caused weaker inhibition [64], but
introduction of a naphthyl group as in 30 resulted in a rather
good inhibitor [64]. This suggests to synthesize and test
similar compounds with long aliphatic and otherwise hydro-
phobic side chains that remains to be investigated.

N-Acyl-N’-b-D-glucopyranosyl urea derivatives (like 32-
35) can be regarded as “open” hydantoins. While the N-
acetylated compound 32 proved a weaker inhibitor than urea
8, increasing the hydrophobicity of the acyl side chain makes
the binding stronger [65] (33-35). The 2-naphthoyl urea 35 is
to date the best glucose analog inhibitor of RMGPb [64].
Placing the hydrophobic moiety farther from the sugar
makes the binding stronger by more than one order of
magnitude (compare pairs 7-33, and 30-35), although this
distance must have an optimum, since 36 is a weak inhibitor.
A comparison with compound 9 in Fig. (4) might indicate
that the NH(CO)NH(CO) substructure must have significance
as well. These findings suggest that appropriately positioned
large apolar groups can fit into the b-channel next to the
active site of the enzyme.

A very interesting peculiarity of some of these ureas is
their ability to bind at the new allosteric site as well. This
property has been demonstrated for the first time with the
benzoyl urea 33 [65], however, 35 and even amide 30 can
also be detected by X-ray crystallography at that binding site
[66]. Thus, new lead structures have been found to explore
the properties of the new allosteric binding site.

Another way of “opening” the hydantoin ring is represen-
ted by compound 37. Although there has not yet been a
synthetic counterpart of 37 in the N-acyl-glycosylamine
series, a comparison with 6 shows that the presence of the
carboxamido group in the a-position may be beneficial for
the binding. Another comparison with 13 (Fig. 4) indicates a
more than one order of magnitude stronger inhibition again
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Table 1. Virtual Library of Glucose Derivatives Designed by Computational Chemical Methods as Possible Inhibitors of GP

OH Substituents (either X or Y) investigated in the 4D-QSAR analysis:
HO o) H, NH(C=0)CH3, CONHCHg, Cl, CH3, COCH,0OCHj;, CH,(C=0)CH;, NHCH;, CH,NHCH;, CH,OCHj,
HO Y CH,(C=0)CH,0H, NO,, NH(C=0)NH,, SO,NH,, SH
HO X Best results obtained with the 4D-QSAR analysis [51]
Entry X Y predicted K; [mM]
1. SO,NH; NH(C=0)CH, 0.00059
2. CH;NHCH; NH(C=0)CH, 0.0015
3. CONHCH; NH(C=0)CH, 0.0017
4. CH,(C=0)CH,OH CH;s 0.0022
5. CH;s NH(C=0)NH; 0.0041
6. SH NH(C=0)NH; 0.0050
7. CONHCH; CONHCH; 0.0056
8. NO, NH(C=0)NH; 0.0068
9. NH(C=0)CH; NH(C=0)CH; 0.0072
10. NHCH; NH(C=0)CH, 0.0076
Best ligand (37) in the 4D- CONH, NH(C=0)OCHj 0.0160*
QSAR training set

Modifying groups used in the generation of new structures from 1, 16, and 37 for the multiple screening analysis (selection
from 31 groups): CH;COO™, CH;COOH, CH3CONH,, CsHs, CsH12, CHsNH,, CH3NO,, CH;CN, CH;OH, CH3SH,

CH3NHNH,, CH3NHOH, CH;SCF;, CH;SOCH3, CsHsOH

Selected results obtained with the multiple screening method [52]

11. CONH; NH(C=0)NHOH 0.0288
12. CONH, NH(C=0)SCN 0.0355
13. CONH, NH(C=0)CH,F 0.0501
14. CONH, NH(C=0)NO 0.0550
15. 0.0646
# (0]
OH
CH,0H
HO /

16. HO N 0.0813

HO >= 0

o” "}
OH
o)
HO H
17. Ho N OH 0.170
HO —

oZ N CH,
18. H NH(C=0)CH,Br 0.174
19. cl NH(C=0)CH; 0.219
20. CN NH(C=0)CH;, 0.363

*Experimental value [41].
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OH OH
o} 0 Q
HO H HO H HO §
Ho N HO N HO N
HO /E o HO >= S HO /E X
o” "N o” N o” N
16 18
0.0031 [40] 0.0051 [37] 19X=0 >115[37]
0.0042 [37] RMGPa 0.0109 [37] 20X=S > 10[37]
RMGPa 0.026 [37] RLGPb 0007 [37]
RLGPb  0.0128 [37] RLGPa 00289 [37]
RLGPa 0.0165 [37] :
OH HO /l<o HO o H
HO QR N Nk >=o
HO ©
HO >=o HO © Ho N
(6] N\ 0
R HO HO
21R=CHg 12 [41,53] 25 26
22R=0H 0.039 [41,53]
23R =NH, 0.146 [41,53] 8.2 [58] 220 [38]

24R=NHCOCH; 055 [41,53]

Fig. (5). Glycosylidene-spiro-hydantoins and -thiohydantoins investigated as GP inhibitors: K; [mM] values measured with RMGPb unless
otherwise stated.

OH OH

HO
i HO T
6 R=CH, O 032 19 6o 0O
7 R=CgHs 0.081 [18] 32 R=CH, 0.305 [65]
0.144 [37] 33 R=CgHs 0.0056 [65]
8 R=NH, 014 [18]

27 R=CFR; 0.71 [37] OO
OH OH 34 R= 0.013 [64]
; OH
28 R= 0.341 [64]
OH OH
OH OH 35 R= 0.0004 [64]

29 R= OH  0.225[64]

: OH

OH OH H H H

HO = Q N_ _N_ _N

o Y Y
o) o) o)

30 R= 0.0097 [64] 36

~ 45 % inhibition at 0.625 mM [64]

OH
HO ° o H
HO HO N_
HO HO COOMe
HN CF, HO
31 \g/ 37 07 'NH;
No inhibition [37] 0.016 [41]

Fig. (6). N-(b-D-glucopyranosyl)amides, N-acyl-N’-(b-D-glucopyranosyl)ureas and related compounds investigated as GP inhibitors: K;
[mM] values measured with RMGPb.
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emphasizing the importance of the N-acyl-b-D-glucopyrano-
sylamine structural element. These observations strongly
suggest to synthesize and test further anomerically
bifunctional glucose derivatives (see also Table 1 for
computationally predicted structures).

Hydroxy-amide 38 (Fig. 7) can be regarded as a hybrid of
a-D-glucose (1) and 2,6-anhydro-heptonamide 14, however,
the bifunctional anomeric center brought about a significant
decrease in the inhibition in comparison to both 1 and 14
[37]. The carboxamido-glucoside 39 of opposite anomeric
configuration proved also rather ineffective [64].

C-(b-D-Glucopyranosyl)heterocycles 38-42 (Fig. 8) were
prepared in part by adapting published synthetic methods
([67] for 38 and 42, [68] for 39 and 40, [64] for 41).
Tetrazole 38 of slightly acidic character was not inhibitory,
oxadiazole 39 and benzothiazole 42 showed moderate
binding, while imidazole 41 proved to be an inhibitor in the
low micromolar range. The possible formation of a H-bond
to the enzyme by the slightly acidic NH of the imidazole ring
might explain the difference between 41 and 42. The
presence of a trifluoromethyl group in 40 made the binding
weaker as compared to 39 (see also 6 and 27 in Fig. 6).
Increasing the distance between the sugar and the
heterocycle by sulfur bridges resulted in much worse

OH
o)
HO Q
HO NH,
HO
OH
38
K; = 3.1 mM [37]

Somsak et al.

inhibitors. The lack of inhibition by 43 and the weak binding
of 44 may be due to an unfavorable position of the
hydrophobic moieties and the apolar character of the linking
sulfur atoms.

Iminosugar derivatives

The phosphorolysis of glycogen catalyzed by GP-s was
postulated to proceed through a glycosyl cation like
transition state [38], therefore, compounds known to be
mimics of glycosylium ions [69] might have the potential to
inhibit these enzymes. While classic iminosugar glycosidase
inhibitors like nojirimycin exhibit poor effects with GP (see
references cited in [38]), isofagomine (45, Fig. 9) showed a
rather strong binding. However, this could not be improved
by introducing substituents at the nitrogen as illustrated by
some of the best inhibitors of these series (46-52) [70].
Similar observations were made with azafagomine (54) and
its substituted derivatives obtained as constituents of a
combinatorial library of glycosidase inhibitors: substitution
at the nitrogen resulted in a weaker inhibition as shown by
55 being the best b-glucosidase inhibitor in the library [71].
Another iminosugar derivative, noeuromycin [72] (53) binds
also to the catalytic center [20], however, its affinity seems
to be lower as compared to that of isofagomine 45, in spite

OH
Q
HO o
HO ~
HO
07 “NH,
39

~ 25 % inhibition at 625 nM [64]

Fig. (7). D-Gluco-heptulosonamide derivatives as GP inhibitors tested with RMGPb.

OH NH

OH N
N= N7Q OH
o I ,N o |l R N
HO 4, HO O O I
HO N HO HO

HO HO HO N
HO
38 39 R=CH, 0.212 a1
No inhibition at 0.625 mM 40 R =CF;0.861 0.011
OH
OH Ho/éﬁvs OH
N/@ HO N7 N o NI
HO o |l HO HO S
S ~ S
HO S HO S
HO HO
42 43 44
0.229 No inhibition at 0.625 mM 1.26

Fig. (8). C-(b-D-glucopyranosyl)-, b-D-glucopyranosylsulfanyl- and -disulfanyl heterocycles as GP inhibitors: K; [mM] values measured

with RMGPb [64].
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of the presence of the full glucose hydroxylation pattern. For
the understanding of this experience further investigations
are needed.

The commercially available natural product five-
membered ring iminosugar 1,4-dideoxy-1,4-imino-arabinitol
(DAB, 56) shows a strong structural resemblance to D-
glucose as far as the spatial positions of the hydroxyl groups
are concerned. Kinetic characterization of DAB revealed that
this compound is a strong inhibitor of GP-s with K; values in
the nanomolar range [24] (Fig. 9). The mechanism of action
was shown to be a distinct one in comparison to other
inhibitors exhibiting elements of un- and noncompetitive
inhibition. No crystallographic investigation of a GP—-DAB
complex has yet been published.

A systematic study [73] of iminosugar-annelated hetero-
cycles (azoloperhydropyridines 57, 58, and 60) as analogs of
the good inhibitor nojiritetrazole 12 (Table 2) showed that
the fewer the number of the nitrogens in the five-membered
ring the weaker the inhibition, and the absence of inorganic
phosphate makes this even weaker. In order to explain these
findings a charge—dipole interaction between the inorganic
phosphate involved in the transition state of the catalyzed
reaction and the annelating carbon of the azole moiety in the
inhibitor (see Fig. 10) was invoked. This interaction was
expected to be stronger for azoles with a lower LUMO
energy. Since the necessarily lateral protonation of an azole
nitrogen — in the absence of any proton donor amino acid
side chain in the active site of GP — could happen by the
inorganic phosphate only which, on the other hand, is fixed
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by a H-bridge to OH(2) (carbohydrate numbering), the sole
binding factor due to the azole moiety can be the charge-
dipole interaction, the strength of which is reflected in the
inhibitor constants. Introduction of a carboxyl group (under
conditions of the enzyme activity assay actually a carboxy-
late ion) into the triazole ring as in 59 caused a significant
loss of the activity. This is probably due to unfavorable steric
interactions between the inhibitor and the protein which
cannot be compensated for by conformational motions of the
enzyme [74].

Miscellaneous

In a study on the effects of cryoprotectants [75] used in
low temperature X-ray crystallographic investigations of
GP—inhibitor complexes it has been shown that glycerol can
also bind to the catalytic center (K; = 3.8 % v/v), and its
hydroxyl groups occupy the position of OH(3), OH(4), and
OH(6) of D-glucose. In the same work sucrose was also
shown to bind to the catalytic center with a K; = 6.6 % wi/v.

PHYSIOLOGICAL RESULTS WITH GLUCOSE
ANALOG INHIBITORS

The hyperglycemia observed in type 2 diabetes is caused
by reduced peripheral glucose deposition and by inappro-
priate overproduction of glucose by the liver. In the liver,
GPa functions as a glucose receptor. The binding of glucose
to the catalytic site of the enzyme inhibits its activity in a

OH OH
R OH
HO _R HO
HO N HO N HO
HO NH
0 HO
R= R=
53
45 H 0.7* 49 H 7
70 70 420
46  CH,=CHCH,- 4 [0l 50 34-di-F 8 ol 0
47 Ph-CH,CH,CH, 1 51 3-OCH, 8
48 Ch-CH,CH,CH, 2 52 3-F 6
OH OH
NH
HO N HO
56**
54R=H 135
RMGPa 0.392
[71] RMGPb 0342 [24]
RLGPa 0.374
oH oH o HLGPa 0.530

-

O O

H
2
CONH, 200

Fig. (9). ICso [MM] values for iminosugar derivatives measured with RLGPa.

* Essentially the same values were obtained with PLGPa and RMGPa, as well [70].

** K; [mM] values.
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Table 2.  Inhibition of RMGPb by Iminosugar Annelated Heterocycles (Azoloperhydropyridines) [73]
Ki [mM] Ki [mM] ELumo® Emin™
GPb/phosphate GPb/Glc-1-P [kcal/mol] [kcal/mol]
OH
N
N
HO N SN
HO =N 0.053° [39] 0.7 [39] -0.298 -8.6
HO
12
OH
- NTN
/ c P
HO =N 8.1 No inhibition 0.156 7.8
HO
57
OH
HO NN
HO — 58 R=H 0.54° 2.5¢ 0.111 -6.6
- d
OH 59 R = COCH 7.4°[74]
OH
HO N/ﬁ
HO =N 9.7 No inhibition 0.788 -5.9
OH
60

 From AM1 semiempirical calculations.

b Energy level of the transition state analogous to that shown in Fig. 10.
© K; [mM] GPb/phosphate, uncompetitive.

d Ki [MM] GPb/Glc-1-P, competitive.

competitive manner and glucose also facilitates the
dephosphorylation reaction of GPa into GPb catalyzed by
protein phosphatases. The resulting inactivation of GPa
causes the arrest of glycogenolysis and the subsequent
release of the potent allosteric inhibition of GS phosphatase
by GPa. The latter explains why dephosphorylation and
inactivation of GPa during glucose-induced glycogenolysis
precedes dephosphorylation and activation of GS. This
mechanism prevents simultaneous synthesis and degradation
of glycogen and explains why the glucose-induced activation
of GS in vivo and in isolated hepatocytes only occurs after
latency (for details, see [21].

A series of glucose-analogue inhibitors of GPb has been
investigated in crystallographic binding and kinetic studies.
The effects of of N-acetyl-b-D-glucopyranosylamine (6) on
the activation states of GP and GS in cell-free preparations
and in isolated rat hepatocytes were reported [76]. In gel-
filtered liver extracts 6 produced a rapid inactivation of GPa
into GPb with a subsequent activation of GS. It was shown
that the effects of 0.8 mM 6 on both enzymes were
equipotent with 50 mM glucose. In isolated hepatocytes, 6
showed a marked enhancement of glucose effects for GPa

inactivation but failed to elicit activation of GS. The
phosphorylation of 6 in rat hepatocytes was demonstrated
and the formed 6-phosphate of 6 is responsible for the failure
of 6 to activate GS.

Fig. (10). Postulated interaction of the transition state analog
inhibitor 12 with the inorganic phosphate at the catalytic center of
GP [73].

Spiro-thiohydantoin 18 proved to be one of the most
potent glucose-analogue inhibitors. In gel-filtered rat liver
extracts 18 increased significantly the inactivation of GP and
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the sequential activation of GS. It was shown that 50 nM of
18 was about as effective as 20 mM of glucose [77]. 18 was
also effective when administered in vivo into the v. portae of
Wistar rats (100 nmol/kg body weight) resulting in a
significant decrease in the activity of hepatic GPa within 5
min [57, 78].

The most potent iminosugar inhibiting GP, isofagomine
(45), was also able to inhibit glycogenolysis in cultured
primary hepatocytes. Isofagomine inhibited both basal and
glucagon-induced glucose production. In addition, 80 % of
the glycogen content could be retained at the highest dose of
isofagomine [70]. Furthermore, isofagomine at a concen-
tration of 400 mM completely prevented norepinephrine-
induced depletion of glycogen and the concomitant lactate
production in cerebral cortical astrocytes [25].

Detailed studies describe the physiological data of DAB
(56) [19]. Using cultured rat hepatocytes, DAB inhibited
basal and glucagon-stimulated glucose production with I1Cs
values of 1-2 mM, and it is related to the prevention of
glycogen breakdown, confirming that glycogenolysis was
inhibited [23, 79]. No effects on glycogen synthesis were
observed, demonstrating that glycogen recycling does not
occur in cultured hepatocytes in the presence of DAB.
Glucagon-induced glycogen degradation was inhibited by
DAB in livers of diabetic ob/ob mice and lean, non-diabetic
control mice as shown by using *C-NMR. Both the
glycogen levels and the endpoint blood glucose levels were
higher in mice intraperitoneally treated with glucagon and
DAB [24] confirming the data obtained in cultured
hepatocytes. It was also demonstrated that DAB inhibited
glucagon-stimulated glycogenolysis and endogenous glucose
production in overnight fasted dogs, without influencing the
contribution of gluconeogenesis to glucose production [80].

Controversy exists regarding the contributions of
glycogenolysis and gluconeogenesis to endogenous glucose
production both in non-diabetic and diabetic situations,
mainly due to technical difficulties in quantitation of gluco-
neogenesis [11]. To test the above possibility the effect of
DAB on rates of gluconeogenesis, gluconeogenic deposition
into glycogen, glycogen recycling was investigated in
cultured hepatocytes, in perfused rat liver, and in fed or
fasted rats by NMR methodology. These data suggest that no
glycogen cycling occurs in the presence of DAB and this
compound only inhibits the glycogenolytic pathway [81].

CONCLUSION

Inhibition of GP has proven a promising approach in
modulating the action of this enzyme which is the main
regulator of blood glucose levels. This offers a new concept
for fighting against type 2 diabetes an epidemically expan-
ding metabolic disease. There are several binding sites in GP
lending themselves to be targeted by various effectors. The
best inhibitors known to date bind either to the AMP site
(Bay W1807 of Bayer) or to the new allosteric site (indole-
carboxamide derivatives of Pfizer) with K; or ICsy values in
the low nanomolar range. Many glucose derivatives were
shown to bind to the catalytic center of GP, and among them
glucopyranosylidene-spiro-hydantoin 16 (K; = 3-4 nM) was
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the most efficient inhibitor. More recent efforts resulted in a
large scale synthesis of glucopyranosylidene-spiro-thiohy-
dantoin 18 (K; = 5 mM). Syntheses of ,,open” derivatives of
hydantoins bearing large hydrophobic groups resulted in an
order of magnitude better inhibitor N-(2-naphthoyl)-N’-(b-D-
glucopyranosyl)urea (35) (K; = 0.4 M) indicating that trials
to find ligands to fit into the b-channel of GP can be a further
aim of forthcoming synthetic works. The beneficial presence
of an a-carboxamide moiety in carbamate 37 suggests
another synthetic goal in preparing novel anomerically
bifunctional glucose derivatives, and this is also in keeping
with predictions by computational methods. Furthermore, N-
acyl-N’-(b-D-glucopyranosyl)ureas were shown to bind to
the new allosteric site as well, thereby representing new
leads for the design of inhibitors of this site. Iminosugars
(isofagomine, azafagomine, noeuromycin, DAB with ICs
values in the low micromolar range) capable to mimick
glycosylium ions form another group of glucose-like
compounds which show strong binding properties to GP-s.
Although present experience in modifying iminosugars with
various substituents on the nitrogens is not encouraging,
further trials to introduce appendages similar those of the
acylureas may be interesting. Physiological investigations
performed with the glucose analogs have shown blood
glucose lowering potential in animal experiments without
any apparent indication of hypoglycemia. Because the
inhibition of HLGP will also imply metabolic consequences,
it is rather promising that these compounds will lead to the
development of a novel active site inhibitor of GP as a
monotherapy for type 2 diabetes or add-on therapy to
existing treatments.
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ABBREVIATIONS

GP =  Glycogen phosphorylase
GS =  Glycogen synthase

GK =  Glucokinase

G6Pase =  Glucose 6-phosphatase
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RMGP = Rabbit muscle GP

RLGP =  Ratliver GP

HLGP = Human liver GP

PLGP =  Pig liver GP

DAB =  1,4-dideoxy-1,4-imino-arabinitol
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Abstract—Glucopyranosylidene spirothiohydantoin (TH) has been identified as a potential inhibitor of both muscle and liver gly-
cogen phosphorylase b (GPb) and a (GPa) and shown to diminish liver GPa activity in vitro. Kinetic experiments reported here
show that TH inhibits muscle GPb competitively with respect to both substrates phosphate (K;=2.3 pM) and glycogen (K;=2.8
uM). The structure of the GPb—TH complex has been determined at a resolution of 2.26 A and refined to a crystallographic R value
0f 0.193 (Rgee =0.211). The structure of GPb—TH complex reveals that the inhibitor can be accommodated in the catalytic site of T-
state GPb with very little change of the tertiary structure, and provides a basis of understanding potency and specificity of the
inhibitor. The glucopyranose moiety makes the standard hydrogen bonds and van der Waals contacts as observed in the glucose
complex, while the rigid thiohydantoin group is in a favourable electrostatic environment and makes additional polar contacts to

the protein. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Glycogen phosphorylase (GP) catalyses the degradative
phosphorolysis of glycogen to glucose 1-phosphate
(Glc-1-P). In muscle, Glc-1-P is utilised via glycolysis to
generate metabolic energy, and in the liver it is con-
verted to glucose.! The enzyme exists in two inter-
convertible forms: the dephosphorylated form, GPb,
and the phosphorylated form, GPa. In resting muscle
the enzyme exists in the inactive form (GPb), which can
be activated either by non-covalent co-operative binding
of AMP (or IMP) or by covalent phosphorylation to
form GPa. Both forms can exist in a less active T state
and a more active R state according to the Monod-—
Wyman—Changeux model for allosteric proteins.> The
R state is induced by AMP (or IMP), substrates or cer-
tain substrate analogues and the T state is stabilised by
the binding of ATP, Glc-6-P, glucose and caffeine.’>

*Corresponding author. Tel.; +30-1727-3761; fax: +30-1727-3758;
e-mail: ngo@eie.gr

Because of its central role in glycogen metabolism, GP
has been exploited as a target for structure-assisted
design of compounds that might prevent unwanted gly-
cogenolysis under high glucose conditions that may be
relevant to the control of diabetes. An understanding of
how these inhibitors bind to the enzyme should provide
a rational basis for the development of new molecules
with an increased affinity and specificity for GP. Several
binding sites, for example the catalytic, the allosteric,
and the inhibitor sites, have been identified as targets
for inhibitor binding and protein crystallography has
contributed significant information on the specificity
and interactions that distinguish the binding sites and
also revealed unexpected binding sites.®~!8

The catalytic site has been probed with glucose and
glucose analogues inhibitors. A systematic work invol-
ving structure-assisted design, synthesis, kinetic char-
acterisation, and X-ray crystallographic binding studies
has led to the discovery of over 80 glucose analogues
inhibitors of GPb with similar kinetic and structural
characteristics.®"1%121°  The common kinetic and

0968-0896/02/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0968-0896(01)00277-2
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012

Scheme 1. Glucopyranosylidene spirothiohydantoin structure, show-
ing the numbering system used.

structural features of these compounds is that they are
highly selective for GPb, they are competitive inhibitors
with respect to the substrate Glc-1-P, and they bind at
the catalytic site by stabilising the T-state enzyme.

Glucopyranosylidene spirohydantoin (H) is the most
effective glucose analogue inhibitor for GPb with a
K;=3.1 uM.® more than 500 times lower than the cor-
responding K; (1.7 mM) for glucose.® H binds at the
catalytic site with the spirohydantoin group filling the
empty space at the B configuration adjacent to C1 of
glucopyranose as defined previously.® In an attempt to
fill the space available in the position O11 (see Scheme
1) with a group that was nonpolar but easily polarised
we found that TH was indeed a good competitive inhi-
bitor (K;=5.1 pM) with respect to Glc-1-P. Assays with
muscle and liver GPb and GPa enzyme render TH and
H to be equipotent inhibitors. 22! However, the syn-
thetic routes to H are rather lengthy (almost 10 or more
steps from an easily available precursor or the free
sugar) or give much less efficient inhibitor as the major
product. The synthesis of TH has been reported pre-
viously?® and it has been demonstrated that TH, con-
trary to H, can be produced in gram amounts,?? thereby
facilitating more sophisticated biological studies to be
carried out.?

In this work, we demonstrate through kinetic studies
that TH has a similar potency on rabbit muscle enzyme
in the direction of glycogen breakdown to that observed
in the direction of glycogen synthesis. We have also
determined the structure of the GPb-TH complex by X-
ray crystallographic methods at 2.26 A resolution. The
structural results show that TH binds at the catalytic
site in a similar position to that occupied by H and
mimicks the contacts of H that stabilise the closed
position of the 280s loop (residues 282-286).

Results and Discussion

Kinetics

Inhibition constants of TH for muscle and liver GPb
and GPa assayed into the direction of glycogen synth-
esis have been reported previously.?*?! The inhibitory
efficiency of TH was also tested with GPb assayed into
the direction of glycogen breakdown. The physiologi-
cally relevant assay conditions proved that TH is a very
potent inhibitor of muscle glycogen phosphorylase b

(Fig. la and b). The K; values for both substrates,
K;=2.8+0.3 uM, with respect to varying glycogen con-
centrations, and K;=2.3+0.3 uM, with respect to vary-
ing Pi concentrations, respectively, are in agreement
with the previously published K; (5.1+0.1 uM) deter-
mined into the direction of glycogen synthesis.

X-ray crystallography

The overall architecture of the native T-state GPb with
the location of the catalytic site, the allosteric site, the
inhibitor site, and a novel allosteric site that has been
described previously!” is presented in Fig. 2. The two
subunits of the functionally active dimer are related by a
crystallographic 2-fold symmetry axis. A summary of
the data processing statistics and refinement parameters
for the GPb-TH complex structure is given in Table 1.
The structure of the GPb-TH complex has been refined
at 226 A to a crystallographic R value 0.193
(Rpree =0.211) (Table 1). TH binds at the catalytic site
which is buried some 15 A from the surface of the
enzyme at the bottom of a long channel.

Table 1. Summary of diffraction data and refinement statistics for
T-state GPb—TH complex

Space group P452,2

No. of images (°) 58 (46.4°) i
Unit cell dimensions a=b=1288 A, c=1162 A
Resolution range 30-2.26 A

No. of observations 255,617

No. of unique reflections 45,104

I/ (1) (outermost shell) 17.5 (5.5)

Completeness (outermost shell) 97.4% (99.9%)

R, (outermost shell) 0.041 (0.158)
3.8

Multiplicity . i

Outermost shell 2.30-2.26 A
Mosaicity 0.25 |
Refinement (resolution) 28.06-2.26 A

No of reflections used (free) 42,768 (2278 free)

Residues included 13-842
No of protein atoms 6749
No of water molecules 243
No of ligand atoms 15 (PLP)
17 (TH)
Final R (Rfree) . 19.3% (22.1%)
RMSD in bond lengths (A) 0.008
RMSD in bond angles (°) 1.4
RMSD in dihedral angles (°) 25.4
RMSD in improper angles (°) 0.75
Average B (A?) for protein residues 13-842
Overall 34.6 (30.8)*
CA,C,N.O 33.1 (29.3)*
Side chains | 36.0 (32.3)*
Average B (A?) for ligands
PLP 19.6
TH 18.6
Water 38.3

Merging R, is defined as R,=X%; &y, | <ly>— I, | | ; y, 1, where
<I,> and I; are the mean and ith measurement of intensity for
reflection A, respectively. o(I) is the standard deviation of /. Crystal-
lographic R factor is defined as R=% | |F,|—|F.| |/ 2 |F,|, where |F,|
and |F,| are the observed and calculated structure factor amplitudes,
respectively. Ry is the corresponding R value for a randomly chosen
5% of the reflections that were not included in the refinement. *Aver-
age B (A?) is given in parentheses for protein residues if the poorly
defined residues (13-16, 209-212, 250-260, 313-326, 548-557, 831-
842) were excluded. RMSD is the root-mean-square deviation.
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TH binding site

The electron density difference map (against native T-
state GPb) showed a strong positive peak representing
binding of TH, and concomitant changes of the enzyme,
normally observed on binding glucose or glucose ana-
logues at the catalytic site,>%?* indicating a small
movement of His377 away from the sugar in order to
optimise contacts to O6 and displacement of four water
molecules. Views of the final 2F,—F, electron density
map for the TH molecule itself and in complex with
GPb are shown in Figure 3a and b.

The electron density suggests that TH is tightly bound
to the enzyme, consistent with the kinetic results (ref 20
and this work). TH could be fitted unambiguously, since
clear density was present for all atoms of the inhibitor.
In addition, after refinement of the protein and TH
atoms, the position of the sulphur atom (S11) was
apparent as the highest peak in the difference Fourier
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Figure 1. Kinetics of glucopyranosylidene spirothiohydantoin (TH)
inhibition of GPb. (a) Double reciprocal plots of initial reaction velo-
city versus [P;] at constant concentration of glycogen (10 mg/mL), and
varying concentrations of phosphate (3.33-20 mM). Concentrations of
TH were as follows: 0 (O), 12.5 (@), 25 (A\), and 50 uM (A) . Best fit
lines were computer generated according to the equation for competi-
tive inhibition (Grafit) by fitting all of the data at once. The kinetic
parameters determined by this method are as follows: K,=4.7+0.9
mM, V=18.5+1.2 U/mg, K;=2.3+0.3 pM . Inset: Fit of the calcu-
lated lines to the initial rate measurements. (b) Double reciprocal
plots of initial reaction velocity versus [glycogen] at constant con-
centration of phosphate (20 mM), and varying concentrations of gly-
cogen (4-12 mg/mL). Concentrations of TH were as follows: 0 (O),
12.5 (@), 25 (A), and 50 pM (A). Best fit lines were computer gener-
ated as in (a). The calculated kinetic parameters are as follows:
K,=4240.7 mM, V=17.24+1.0 U/mg, K;=2.84+0.3 uM. Inset: Fit
of the calculated lines to the initial rate measurements.

synthesis. The final refinement gave an average B-factor
of 18.6 A2 for the TH molecule.

Interactions between TH and catalytic site residues

The mode of binding of TH with GPb resembles that of
H with GPb previously reported for room temperature®
and 100 K GPb-H complex structures.!? The glucopyr-
anose moiety of TH makes the standard hydrogen
bonds and van der Waals contacts as observed pre-
viously for glucose.?* The amide nitrogen (N10) makes
a hydrogen bond to the main-chain O of His377, an
interaction that was observed for the B-D-N-acetyl-glu-
copyranosylamine.”!'® In the GPb-TH complex, the
hydrogen bond to N8 is maintained, but it is longer (3.4
A) than in the GPb—H complex (3.1 A). The hydrogen
bonds to O12 are also maintained in both complexes,
but TH forms an additional hydrogen bond between
012 and main-chain N of Gly135. In the GPb—-H com-
plex, O11 makes a rather weak hydrogen bond to ND2
of Asn284 (3.4 A) and an indirect hydrogen bond to
OD1 Asp339 through a water molecule (Wat10). In the
GPb-TH complex, SI11 makes 6 van der Waals contacts
to Asn284 and to a water molecule (Wat10).

TH, on binding to GPb, makes a total of 15 hydrogen
bonds — an additional rather long hydrogen bond (3.4
A) is made between the N8 and ND2 atom of Asn284-
and 67 van der Waals interactions (3 nonpolar/non-
polar, 13 polar/polar, and 45 polar/nonpolar). The

Figure 2. A schematic view of the GPb dimeric molecule viewed down
the molecular dyad. The catalytic site, which includes the essential
cofactor pyridoxal phosphate (PLP) (not shown), is buried at the cen-
tre of the subunit accessible to the bulk solvent through a 15 A long
channel. Glucopyranosylidene spirothiohydantoin (shown in red)
binds at this site and promotes the less active T state through stabili-
sation of the closed position of the 280s loop (shown in white). The
allosteric site, which binds the activator AMP, the weak activator IMP
(shown in magenta), and other phosphorylated compounds, is situated
at the subunit-subunit interface some 30 A from the catalytic site. The
inhibitor site, which binds purine compounds such as caffeine (CFF,
shown in green), is situated at the entrance to the catalytic site tunnel,
formed by two hydrophobic residues of Phe285 and Tyr613. The
CP320626 binding site, located inside the central cavity formed on
association of the two subunits, binds CP320626 molecule (shown in
orange) and is some 15 A from the allosteric effector site, 33 A from
the catalytic site and 37 A from the inhibitor site.!”
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hydrogen bond interactions formed between the ligand
and the protein are illustrated in Fig. 4. The structural
results show that sulphur can be accommodated in this
position with essentially no disturbance of the structure.
There are no changes at the allosteric site, at the inhi-
bitor site or at the tower/tower subunit interface.

Comparisons between GPb-TH and T-state GPb-H
complex structures

The crystallographic analysis of the room temperature
GPb-H complex, in which H was diffused into pre-
formed crystals has been reported at a resolution of
2.4A 8 The structure of the GPb—H complex was further
refined by applying solvent mask correction and
including all data between 15 and 2.36 A. The
LSQKAB?’ superposition of the structure of the room

®)

Figure 3. Electron density maps of the GPb-glucopyranosylidene
spirothiohydantoin complex structure. Stereo diagrams of the gluco-
pyranosylidene spirothiohydantoin molecule (a), and the catalytic site
of the refined GPb-glucopyranosylidene spirothiohydantoin complex
(), showing bound glucopyranosylidene spirothiohydantoin and elec-
tron densities from the final weighted 2F,—F,. map, contoured at lc.
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temperature T-state GPb—H with the refined GPb—-TH
complex structure over well defined residues 17-208,
213-249, 261-312, 327-547 and 558-830 gave RMSDs
of 0.066, 0.083, and 0.132 A for Co, main chain, and
side-chain atoms, respectively, indicating that the two
structures have very similar overall conformations to
within the limits of the 2.26 A resolution data and do
not differ significantly at the interfaces between mono-
mers. Similarly, the LSQKAB superposition of the
100K T-state GPb-H'!?> and GPb-TH structures over
well defined regions (residues 17-208, 213-249, 261-312,
327-547 and 558-830) gave RMSDs of 0.287, 0.307,
and 1.045 A for Co, main-chain and side-chain atoms,
respectively. A comparison of the positions of TH and
H at the catalytic site is shown in Figure 5.

Potency and specificity

The structure of the GPb—TH complex pinpoints spe-
cific interactions responsible for the high affinity and
specificity of TH for the enzyme. The hydrogen bonding
network to the peripheral hydroxyls of the glucopyr-
anose moiety of TH is analogous to that observed for
the glucose complex.?* Inhibitor binding occurs with the
displacement of four water molecules. The increase in
entropy from the release of these waters, together with
the specific hydrogen bonds and van der Waals interac-
tions (Table 2) appear to be the major source of binding
energy that results in an inhibitor with pM affinity for
GPb. The rigid planar nature of the substituent group
suggests that there is little conformational energy
change on binding, a further favourable factor. In
native T-state enzyme there is no access from the buried
catalytic site to the surface. Access to this site is partly
blocked by the 280s loop in the T-state enzyme.? On
transition from T-state to R-state, the 280s loop
becomes disordered and displaced, thus opening a
channel that allows substrate (glycogen) access to the
catalytic site. The shift and disordering of the 280s loop
is associated with changes at the intersubunit contacts
of the dimer that give rise to allosteric effects.* The
refined structure of the GPb-TH complex shows that
TH, by making a hydrogen bond, through its O-2
hydroxyl, to Asn 284, 10 van der Waals contacts,
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Figure 4. Binding mode of glucopyranosylidene spirothiohydantoin to GPb. Contacts between glucopyranosylidene spirothiohydantoin and GPb

residues of the catalytic site.
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Table 2. Hydrogen bonds and van der Waals contacts between glucopyranosylidene spirothiohydantoin and residues of the catalytic site of GPb A.

Inhibitor atom

Protein atom

Distance (A)

Hydrogen bonds?®

02 Asn284 ND2 2.9
Tyr573 OH 3.1

Glu672 OE1 3.2

Watl02 2.8

03 Glu672 OE1 2.6
Ser674 N 3.1

Gly675N 3.0

04 Gly675N 2.8
Watl31 2.5

06 His377NDl1 2.6
Asn484 ODI1 2.8

N10 His377 O 2.9
N8 Asn284 ND2 23.4
012 Glyl135N 32
Leul36 N 3.2

Wat69 2.8

B. Van der Waals contacts

Inhibitor atom

Protein atom

No. of contacts

Cl His377 O 1
C2 His377 O;Glu6720EI1; 3
Wat 102
02 Asn284 OG 1
C3 Glu672 OEl; Gly675N;
Wat 131
03 Glu672 C, CG, CD; Ala673 C,CA, CB, N; Ser674 C, CA; 11
Gly675 CA; Wat 102
C4 Asn484 OD1; Gly675N; 3
Wat 131
04 Asn484 OD1; Ser674 C, CB; 6
Gly675 C, CA, O
C5 Glyl135 C; Leul36N; 3
Watl31
C6 Gly135 O; Leul39 CD2; 4
His377NDI1; Asn484 OD1
06 Leul39 CD2; His377 CG, CEl; Val455 CB, CGl1, CG2; 7
Asn484 Cg
05 Leul36 N; His377 4
CB,O,ND1
N10 Asn284ND2; His377 C, CB 3
C9 Asn284 CG, ND2 2
S11 Asn284 CA, CG, N, ODl1 6
ND2; Wat 10
N8 Asp283 OD1,0D2; Wat59; 4
Wat 165
C7 Leul36N; Asn284 ND2; 3
Wat59
012 Gly135 C, CA; Watl31 3
Total 67

*Watl102 is hydrogen bonded to Thr671 O (3.0 A) and to Ala673 N (3.2 A), Watl31 is in turn hydrogen bonded to Thr676 N (2.8 A) and OG1 (3.2
A); Wat59 is hydrogen bonded to Gly135N (3.0 A), to Asp283 ODI1 (2.8 A) and OD2 (3.2 A), and to Arg569N (2.7 A) and Lys574 (3.2 A) through

another water molecule (Wat63).

through its 02, N10, C9, S11 and C7, to Asn284, and 2
van der Waals contacts, through its N8, to Asp283,
stabilises the geometry of the 280s loop occurring in the
T-state GPb because it interacts with residues from this
loop, therefore inhibiting access of the substrate to the
catalytic site.

In conclusion, the structural results show that sulphur
can be accommodated in the catalytic site, and in parti-
cular, in the empty pocket in the B-configuration of Cl1
with essentially no disturbance of the structure. The
gram-scale availability of TH and its promising biolo-
gical effects 2>23 indicate that this compound can be of

potential use in controlling hyperglycemia. Further-
more, knowing the details of TH interactions with the
enzyme may help in the design of more potent and
selective related inhibitors by making chemical mod-
ifications to the spirothiohydantoin ring.

Materials and Methods

Materials

GPb was isolated from rabbit skeletal muscle
according to the method of Fischer and Krebs?® with
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Figure 5. Comparison of the structures of the GPb—glucopyranosylidene spirothiohydantoin complex with the GPb-glucopyranosylidene spir-
ohydantoin. Superposition of residues from the catalytic site in GPb. The view is similar to that of Fig. 4. The GPb-glucopyranosylidene spir-
othiohydantoin complex structure (green) with that of the 100K T-state GPb—glucopyranosylidene spirohydantoin white) complex structure are

shown superimposed in stereo.

the difference of using 2-mercaptoethanol instead of L-
cysteine. Phosphoglucomutase and glucose 1,6-bispho-
sphate were obtained from Boehringer Mannheim
GmbH, glucose-6-phosphate dehydrogenase and AMP
from Sigma. All other chemicals were purchased from
Reanal (Hungary).

Assay of GPb activity

Enzyme activity was assayed in the physiological direc-
tion of glycogen breakdown. The assay mixture con-
tained 50 mM pipes (pH 6.8), 10 pg/mL muscle GPb,
0.4 mM NADP, 10 uM glucose 1,6-bisphosphate, 2.5
mM magnesium-acetate, 4 U/mL phosphoglucomutase
(NHy -free, dialyzed 18 h against 50 mM sodium ace-
tate, pH 5.3), 10 U/mL glucose-6-phosphate dehy-
drogenase (NHJ -free, dialyzed 18 h against 50 mM
pipes, pH 6.8) and appropriate concentrations of glu-
copyranosylidene-spiro-thiohydantoin (TH) inhibitor.
Control experiments demonstrated that TH did not
influence the activities of coupling enzymes. For assays
intended for calculation of Kj, fixed concentration of
glycogen (10 mg/mL) and varying concentrations of
phosphate (3.33-20 mM) or fixed concentration of
phosphate (20 mM) and varying concentrations of gly-
cogen (4-12 mg/mL) were used. The rate of enzyme-
catalyzed reaction was monitored by absorbance mea-
surements at 340 nm and 30 °C due to the formation of
NADPH. Kinetic data were analyzed by the use of the
nonlinear regression program GraFit.?’

Crystallisation, data collection and processing

Tetragonal crystals of GPb were grown under condi-
tions similar to those described previously,?® except that
the weak activator IMP was not added in the crystal-
lisation medium. Prior to data collection at room tem-
perature, a crystal was mounted in a thin-walled glass
capillary and soaked for approximately 1 h in a freshly
prepared buffered solution (10 mM Bes, 0.1 mM
EDTA, 0.02 % sodium azide, pH 6.7) containing 70
mM TH. Data for GPb—TH complex were collected
from a single crystal on an image plate RAXIS IV using

a Rigaku Ru-H3RHB belt drive rotating anode
(A=1.5418 A), operating at 60 kV, 100 mA. The crystal
to image plate distance was set at 180 mm to give a
maximum resolution of 2.26 A at the edge of the detec-
tor. Data frames of 0.8° oscillation angle were collected
over total angular ranges of 46.4°. Crystal orientation
and integration of reflections were performed using
DENZO.?° Inter-frame scaling, partial reflection sum-
mation, data reduction and post-refinement were all
completed using SCALEPACK .?°

Structure refinement

Crystallographic refinement of the GPb—TH complex
was performed with X-PLOR version 3.83° using bulk
solvent corrections. All data between 28.06 and 2.26 A
were included with no sigma cut-offs. Throughout the
refinement, 5% of the data were flagged for calculation
of Rpee. The starting protein structure was the refined
model of the room temperature GPb-H complex (see
below). The Fourier maps calculated with SIGMAA3!
weighted (F—F.) and (2F,—F.) coefficients indicated
tight binding of TH at the catalytic site. A model of TH
generated using the programme SYBYL [Tripos
Associates Inc. (1992) SYBYL Molecular Modelling
Software, St Louis, MO, USA] was fitted to the electron
density map. Map interpretation was performed using
the program O.3? Several side chains of the enzyme
model were adjusted and additional water molecules
were added to the atomic model and retained only if
they met stereochemical requirements by using
WATERPICK (in X-PLOR). The final model was then
refined by the conventional positional and restrained
individual B-factor refinement protocol in X-PLOR 3.8
to give a final R factor value of 19.3% (Rpee=22.1%).
The final structure contained residues 13-842 and 256
water molecules. The first 12 N-terminal residues were
not visible; this is true for all other reported structures
of T-state GPb and GPb complexes. A Luzatti plot,3?
determined by using XPLOR 3.8 protocol, suggests an
average positional error of approximately 0.25 A. The
Ramachandran plot** showed 87.3% of residues to be
in the most favoured regions.
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Refinement of the room temperature GPb—H complex,
by using the structure of the GPb-glucose complex
(PDB accession 2GPB) as a starting model for X-PLOR
(version 3.1),%° to a crystallographic R value of 0.177 for
data between 8.0 and 2.4 A, was summarised pre-
viously.® Further crystallographic refinement of the
GPb-H complex was performed using the version 3.8 of
the X-PLOR by applying solvent mask correction and
including all reflections between 15 and 2.36 A. In brief,
the crystallographic R value for 31,588 reflections is
0.189 (Rfree =0.233) and the current model, comprising
residues 13-842, consists of 6749 protein atoms, 32
ligand atoms, and 220 water molecules. The RMSDs
from ideal bond lengths and angles are 0.008 A and
1.4°, respectively. The average B-factors for main-chain
atoms, side-chain atoms, PLP, H, and water molecules
were 30.1, 33.6, 20.0, 23.7, and 38.5 A2, respectively, if
residues that exceeded 60 A2 (13-22, 209-211, 250-261,
314-326, 548-557, and 831-842) were excluded.

The structures were analysed with the graphics program
0.%? Hydrogen-bonds were assigned if the distance
between the electronegative atoms was less than 3.3 A
and if both angles between these atoms and the preced-
ing atoms were greater than 90°. Van der Waals inter-
actions were assigned for non-hydrogen atoms
separated by less than 4 A. The protein structures were
compared using either the LSQ option in O3? or
LSQKAB.>

Coordinates for T-state GPb-H and GPb-TH com-
plexes have been deposited with the RCSB Protein Data
Bank (http://www.rcsb.org/) (codes IGGN, and 1HLF,
respectively).

Acknowledgements

This work was supported by a Joint Research and
Technology project between Greece and Hungary
(2000-2002) (to N.G.O. and P.G.), Hungarian Scientific
Research Fund (OTKA T26541), Hungarian Ministry
of Health (ETT 01/2000), Hungarian Ministry of Edu-
cation (FKFP 423/2000), Zsigmond Diabetes Founda-
tion (Hungary), SRS Daresbury Laboratory (HPRI-
CT-1999-00012), and EMBL, Hamburg Outstation
(HPRI-CT-1999-00017). We wish to acknowledge the
assistance of Irene Mavridis, Stella Makedonopoulou
and Nikos Pinotsis, at the National Center for Scientific
Research “Demokritos”, Athens, Greece, for providing
excellent facilities for data collection, and Katerina
Tsitsanou and Spyros Zographos for their contribution
to the project. Figures were produced using XOB-
JECTS, a molecular illustration programme (M.E.M.
Noble, unpublished results).

References and Notes

1. Newgard, C. B.; Hwang, P. K.; Fletterick, R. J. Crit. Rev.
Biochem. Mol. Biol. 1989, 24, 69.

2. Monod, J.; Changeux, J. P.; Jacob, F. J. Mol. Biol. 1965,
12, 88.

3. Johnson, L. N.; Hajdu, J.; Acharya, K. R.; Stuart, D. L;
McLaughlin, P. J.; Oikonomakos, N. G.; Barford, D. In
Allosteric Enzymes; Herve, G., Ed.; CRC: Boca Raton, FL,
1989: p. 81.

4. Johnson, L. N. FASEB J. 1992, 6, 2274.

5. Oikonomakos, N. G.; Acharya, K. R.; Johnson, L. N. In
Post-translational Modification of Proteins;, Harding, J.J.,
Crabbe, M.J.C., Eds.; CRC: Boca Raton, FL, 1992; p. 81.

6. Martin, J. L.; Veluraja, K.; Johnson, L. N.; Fleet, G. W. J.;
Ramsden, N. G.; Bruce, I.; Oikonomakos, N. G.; Papa-
georgiou, A. C.; Leonidas, D. D.; Tsitoura, H. S. Biochemistry
1991, 30, 10101.

7. Watson, K. A.; Mitchell, E. P.; Johnson, L. N.; Son, J. C;
Bichard, C. J. F.; Orchard, M. G.; Fleet, G. W. J.; Oikono-
makos, N. G.; Leonidas, D. D.; Kontou, M.; Papageorgiou,
A. C. Biochemistry 1994, 33, 5745.

8. Bichard, C. J. F.; Mitchell, E. P.; Wormald, M. R.; Wat-
son, K. A.; Johnson, L. N.; Zographos, S. E.; Koutra, D. D.;
Oikonomakos, N. G.; Fleet, G. W. J. Tetrahedron Lett. 1995,
36, 2145.

9. Oikonomakos, N. G.; Kontou, M.; Zographos, S. E.;
Watson, K. A.; Johnson, L. N.; Bichard, C. J. F.; Fleet,
G. W. J.; Acharya, K. R. Protein Sci. 1995, 4, 2469.

10. Watson, K. A.; Mitchell, E. P.; Johnson, L. N.; Cruciani,
G.; Son, J. C.; Bichard, C. J. F.; Fleet, G. W. J.; Oikonoma-
kos, N. G.; Kontou, M.; Zographos, S. E. Acta Crystallogr.
1995, D51, 458.

11. Zographos, S. E.; Oikonomakos, N. G.; Tsitsanou, K. E.;
Leonidas, D. D.; Chrysina, E. D.; Skamnaki, V. T.; Bischoff,
H.; Goldman, S.; Schram, M.; Watson, K. A.; Johnson, L. N.
Structure 1997, 5, 1413.

12. Gregoriou, M.; Noble, M. E. M.; Watson, K. A,
Garman, E. F.; Krulle, T. M.; Fuente, C.; Fleet, G. W. ].;
Oikonomakos, N. G.; Johnson, L. N. Protein Sci. 1998, 7,
915.

13. Martin, W. H.; Hoover, D. J.; Armento, S. J.; Stock, I. A.;
McPherson, R. K.; Danley, D. E.; Stevenson, R. W.; Barrett,
E. J.; Treadway, J. L. Proc. Natl. Acad. Sci. U.S.A. 1998, 95,
1776.

14. Hoover, D. J.; Lefkowitz-Snow, S.; Burgess-Henry, J. L.;
Martin, W. H.; Armento, S. J.; Stock, I. A.; McPherson, R. K_;
Genereux, P. E.; Gibbs, E. M.; Treadway, J. L. J. Med. Chem.
1998, 41, 2934.

15. Oikonomakos, N. G.; Tsitsanou, K. E.; Zographos, S. E.;
Skamnaki, V. T.; Goldmann, S.; Bischoff, H. Protein Sci.
1999, 8, 1930.

16. Oikonomakos, N. G.; Zographos, S. E.; Skamnaki, V. T.;
Tsitsanou, K. E.; Johnson, L. N. J. Biol. Chem. 2000, 275,
34566.

17. Oikonomakos, N. G.; Skamnaki, V. T.; Tsitsanou, K. E.;
Gavalas, N. G.; Johnson, L. N. Structure 2000, 8, 575.

18. Rath, V. L.; Ammirati, M.; Danley, D. E.; Ekstrom, J. L.;
Gibbs, E. M.; Hynes, T. R.; Mathiowetz, A. M.; McPherson,
R. K.; Olson, T. V.; Treadway, J. L.; Hoover, D. J. Chem.
Biol. 2000, 7, 677.

19. Tsitsanou, K. E.; Oikonomakos, N. G.; Zographos, S. E.;
Skamnaki, V. T.; Gregoriou, M.; Watson, K. A.; Johnson,
L. N.; Fleet, G. W. J. Protein Sci. 1999, 8, 741.

20. Osz, E.; Somsak, L.; Szilagyi, L.; Kovacs, L.; Docsa, T.;
Toth, B.; Gergely, P. Bioorg. Med. Chem. Lett. 1999, 9, 1385.
21. Somsak, L.; Kovacs, L.; Toth, M.; Osz, E.; Szilagyi, L.;
Gyorgydeak, Z.; Dinya, Z.; Docsa, T.; Toth, B.; Gergely, P.
Chem. Eur. J. 2001, 44, 2843.

22. Somsak, L.; Nagy, V. Tetrahedron: Asymmetry 2000, 11,
1719 (Tetrahedron: Asymmetry corrigendum: 11, 2247)..

23. Somsak, L.; Nagy, V.; Docsa, T.; Toth, B.; Gergely, P.
Tetrahedron: Asymmetry 2000, 11, 405.

24. Martin, J. L.; Withers, S. G.; Johnson, L. N. Biochemistry
1990, 29, 10745.



268 N. G. Oikonomakos et al. | Bioorg. Med. Chem. 10 (2002) 261-268

25. Collaborative Computational Project Acta Crystallogr.
1994, D50, 760.

26. Fischer, E. H.; Krebs, E. G. Methods Enzymol. 1962, 5, 369.
27. Leatherbarrow, R. J. GraFit Version 3.0.; Erithakus Soft-
ware: Staines, UK, 1992.

28. Oikonomakos, N. G.; Melpidou, A. E.; Johnson, L. N.
Biochim. Biophys. Acta 1985, 832, 248.

29. Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276,
307.

30. Brunger, A. T. X-PLOR Version 3.1. A System for X-ray
Crystallography and NMR. Yale University Press: New
Haven, CT, 1992.

31. Read, R. J. Acta Crystallogr. 1986, A42, 140.

32. Jones, T. A.; Zou, J. Y.; Cowan, S. W.; Kjeldgaard, M.
Acta Crystallogr. 1991, A47, 110.

33. Luzatti, V. Acta Crystallogr. 1952, 5, 802.

34. Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.;
Thornton, J. M. J. Appl. Crystallogr. 1993, 26, 283.



Eur. J. Biochem. 269, 1684-1696 (2002) © FEBS 2002

Binding of M-acetyl-NV’-B-p-glucopyranosyl urea
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phosphorylase b
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Two substituted ureas of B-p-glucose, N-acetyl-N’-p-p-glu-
copyranosyl urea (Acurea) and N-benzoyl-N'-B-p-glucopy-
ranosyl urea (Bzurea), have been identified as inhibitors of
glycogen phosphorylase, a potential target for therapeutic
intervention in type 2 diabetes. To elucidate the structural
basis of inhibition, we determined the structure of muscle
glycogen phosphorylase b (GPb) complexed with the two
compounds at 2.0 A and 1.8 A resolution, respectively. The
structure of the GPb-Acurea complex reveals that the
inhibitor can be accommodated in the catalytic site of T-state
GPb with very little change in the tertiary structure. The
glucopyranose moiety makes the standard hydrogen bonds
and van der Waals contacts as observed in the GPb—glucose
complex, while the acetyl urea moiety is in a favourable

electrostatic environment and makes additional polar
contacts with the protein. The structure of the GPb—Bzurea
complex shows that Bzurea binds tightly at the catalytic site
and induces substantial conformational changes in the
vicinity of the catalytic site. In particular, the loop of the
polypeptide chain containing residues 282-287 shifts
1337 A (Co atoms) to accommodate Bzurea. Bzurea can
also occupy the new allosteric site, some 33 A from the
catalytic site, which is currently the target for the design of
antidiabetic drugs.

Keywords: glucopyranosyl ureas; glycogen metabolism;
glycogen phosphorylase; inhibition; structure.

Glycogen phosphorylase (GP) has been exploited as a
potential target for inhibitors that might prevent glyco-
genolysis under high glucose conditions in type 2 diabetes.
Several binding sites have been identified as specific targets
for inhibitor binding, and in some cases detailed X-ray
crystallographic studies have elucidated key interactions
responsible for inhibitor potency and have revealed the
structural mechanisms of enzyme inhibition [1-9]. More
specifically, the catalytic site has been probed with glucose
and glucose analogue inhibitors, designed on the basis of
information derived from the crystal structure of T-state
glycogen phosphorylase b (GPb) [1-6]. The common
kinetic and structural features of these compounds is that
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Research and Biotechnology, The National Hellenic Research
Foundation, 48 Vas. Constantinou Avenue, Athens 11635, Greece.
Fax: + 3010 7273758, Tel.: + 3010 7273761, E-mail: ngo@eie.gr
Abbreviations: GP, glycogen phosphorylase; GPb, muscle glycogen
phosphorylase b; MalP, maltodextrin phosphorylase; glucose,
a-D-glucose; glucose-1-P, a-D-glucose 1-phosphate; Acurea, N-acetyl-
N’-B-p-glucopyranosyl urea; Bzurea, N-benzoyl-N’-B-p-glucopyran-
osyl urea; CP320626, 5-chloro-1H-indole-2-carboxylic acid
[1-(4-fluorobenzyl)-2-(4-hydroxypiperidin-1-yl)-2-oxoethyl]Jamide.
(Received 24 September 2001, revised 24 January 2002, accepted 25
January 2002)

they are highly selective for GPb, they are competitive
inhibitors with respect to the substrate Glcl-P, and they
bind at the catalytic site by stabilizing the 280s loop
(residues 282-287). In the T-state enzyme (less active), this
loop partly blocks access from the surface to the buried
catalytic site [10]. On transition from T state to R state
(active), the 280s loop becomes disrupted and displaced,
thus opening up a channel that allows substrate (glycogen)
access to the catalytic site [11-16]. In the nonregulatory
maltodextrin phosphorylase (MalP), the 280s loop is held
permanently in an open conformation [17,18], allowing
access to the catalytic site and creation of a constitutively
active enzyme.

One of the early successes in the design of glucose-like
compounds was the design and synthesis of N-acetyl-
B-p-glucopyranosylamine (1-GlcNAc), which exhibited
a K; value of 32 um, ~60 times better than glucose
(K; = 1.7 mMm) and also achieved the desired effects in
modulating GP activity in hepatic cells [19,20]. The amide
made a strong hydrogen bond to the main-chain carbonyl O
of His377, a group for which the hydrogen-bonding
capacity was otherwise unsatisfied, and the methyl group
displaced two water molecules [4,5]. After crystallographic
analysis of the 1-GIcNAc, a series of B-p-glucopyranosyl-
amines were synthesized and studied in kinetic and crystal-
lographic experiments [5], but none of them resulted in
improved K; values compared with 1-GlcNAc. The lead to
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the best glucose analogue inhibitor of GPb came from
(+)-hydantocidin, a ribofuranosylidene-spiro-hydantoin;
the corresponding glucopyranose derivative exhibited a K;
value of 3.1 um, more than 500 times lower than the
corresponding K; for glucose. The compound utilized the
same hydrogen bond to the CO of His377 as in 1-GIcNAc
and made additional hydrogen bonds from its own CO
group [3,6]. The analogous glucopyranosylidene-spiro-
thiohydantoin, which can be produced in gram amounts,
was recently shown to have a similar potency on GPb in the
direction of glycogen breakdown (K; = 5.1 um) and an
analogous mode of binding to GPb [21-23].

Because of its potential application to the control of
hyperglycaemia in type 2 diabetes, the study of GP
inhibition is a continuing challenge for physiology, syn-
thetic, and medicinal chemistry, and also protein crystal-
lography [8,9,24-26]. We report here on the kinetic
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Scheme 1. Acurea and Bzurea, showing the numbering system used.
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and crystallographic studies of two new glucose deri-
vatives, N-acetyl-N’-B-D-glucopyranosyl urea (Acurea) and
N-benzoyl-N'-B-p-glucopyranosyl urea (Bzurea). Both of
these compounds bind at the catalytic site. In addition,
Bzurea can also occupy the so-called new allosteric inhibitor
site. This compound is the first glucose analogue to show
affinity for this site.

MATERIALS AND METHODS

Rabbit GPb was isolated, purified, recrystallised four times,
and assayed as described [7,8]. Glucose-1-P (dipotassium
salt), AMP (oyster) glycogen, glucose-6-phosphate dehy-
drogenase, and other chemicals were obtained from Sigma
Chemical Company. Glycogen was freed of AMP by the
method of Helmreich & Cori [27]. Phosphoglucomutase and
glucose 1,6-bisphosphate were obtained from Boehringer
Mannheim GmbH.

Native T-state tetragonal (P4;2,2) GPb crystals were
grown as previously described [28] without IMP. Before
data collection, crystals were mounted in thin-walled glass
capillaries and soaked with (a) 100 mm Acurea (3 h), (b)
100 mm Bzurea (1.5 h), and (c) 10 mm Bzurea (3.5 h) in a
buffered solution (10 mm Bes, 0.1 mm EDTA, 0.02%
sodium azide, pH 6.7). Data for GPb-Acurea complex
were collected on the beamline X-31 at Hamburg
(A =1.05 A) at a maximum resolution of 1.97 A. Data
for the 100 mm Bzurea soak were collected on Station 9.6 at
Daresbury = Laboratory at a resolution of 1.80 A
(A =0.87 A) Data for the 10 mm Bzurea soak were
collected at a resolution of 2.26 A on an Image Plate
RAXIS IV mounted on a Rigaku Ru-H3RHB generator
with a belt drive rotating anode (A = 1.5418 A) Crystal
orientation and integration of reflections were performed
using DENzO [29]. Inter-frame scaling, partial reflection
summation, data reduction and postrefinement were all
completed using SCALEPACK [29].

Crystallographic refinement, with either xpLoR 3.8 or
cNs 1.0 using positional and individual B-factor refine-
ment with bulk-solvent correction [30,31], structural
analysis and comparisons were performed as previously
described [7,8]. Models of Acurea and Bzurea, generated
using the program syBYL (Tripos Associates Inc., St
Louis, MO, USA) were fitted to the electron-density maps
after torsion angles of the computed models had been
adjusted. For the bound Acurea, two possible conforma-
tions that differed by 180° in the torsion angle about
N2-C8 were explored in the refinement. Both gave similar
crystallographic R values and similar temperature factors

Table 1. Kinetic parameters for N-substituted f3-p-glucopyranosylamine analogues.

Compound Substituent at C1 K; (um)
N-Acetyl-N’-B-p-glucopyranosyl urea B-NHCONHCOCH; 370 + 70%
N-Benzoyl-N’-B-p-glucopyranosyl urea B-NHCONHCOPHh 46 + 0.9°
N-Acetyl-o-D-glucopyranosylamine B-NHCOCH; 32 + 1°
N-Benzoyl-o-D-glucopyranosylamine B-NHCOPh 81 + 7¢
N-Benzyloxycarbonyl-a-p-glucopyranosylamine B-NHCOOCH,Ph 350 + 209

# Calculated from double-reciprocal plots with varied Glc1-P concentrations (3-20 mm), constant concentrations of glycogen (1% w/v) and

AMP (1 mm) and 0.5, 1.0, and 2.0 mm inhibitor as described in Materials and methods. °
Data taken from [5].

with 10, 20, and 30 pm inhibitor. ¢ Data taken from [4]. ¢

Calculated from double-reciprocal plots as in #
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Table 2. Diffraction data and refinement statistics for GPb—Acurea and GPb-Bzurea complexes. PLP, pyridoxal 5’-phosphate.

Experiment

100 mm Acurea

100 mm Bzurea

10 mm Bzurea

Space group
No. of images (degrees)
Unit cell dimensions

Resolution range

No. of observations

No. of unique reflections

< Ilo(I) > (outermost shell)*
B-values (Az) (Wilson plot)
Completeness (outermost shell)
Rinerge (Outermost shell)b
outermost shell

Multiplicity (outermost shell)
Refinement (resolution)

No. of reflections used (free)
Residues included

No. of protein atoms
No. of water molecules
No. of ligands atoms

Final R (Rpee)®

R (Rpee) (outermost shell)
rmsd in bond lengths (A)
rmsd in bond angles (°)
rmsd in dihedral angles (°)
rmsd in improper angles (°)
Average B (Az) for residues

Overall

CA,C,N,0

Side chain

Average B (AZ) for ligands
PLP

Acurea

Bzurea (catalytic)

Bzurea (allosteric)

Water

P4:2,2
59 (0.8°)
a=b=1286A
c=1162 A
28.8-1.97 A

356 285

66 108

16.7 (5.4)

17.0

95.6% (97.7%)
0.048 (0.255)
2.00-1.97 A

3.6 (3.4)
28.8-1.97 A

62 517 (3341 free)
13-251,261-314,
325-836

6547

286

15 (PLP)

18 (Acurea)
19.0% (21.9%)
23.1% (27.7%)
0.005

1.24

22.1

0.78
13-251,261-314,
325-836

28.7 (27.2)4

26.5 (25.0)¢
30.8 (29.3)4

17.5
18.7

32.8

P4;2,2 P4;2,2
85 (0.8°) 91 (0.8°)
a=b=1287A a=b=1285A
c=1168 A c=1165A
27.84-1.80 A 28.75-2.26 A
668 695 391,254

88 865 44 261

15.63 (1.94) 10.9 (2.6)

25.1 28.0

97.6% (95.0%)
0.038 (0.481)

95.8% (86.5%)
0.096 (0.424)

1.83-1.80 A 2.30-2.26 A
49 (4.2) 53 (4.2)
27.84-1.80 A 28.75-2.26 A

84 264 (4447 free)
13-251,261-314,

41 952 (2247 free)
13-315,324-837

324-837
6560 6642
288 249
15 (PLP) 15 (PLP)

46 (Bzurea)
21.5% (24.6%)
36.3% (37.1%)

46 (Bzurea)
18.0% (21.3%)
31.4% (33.3%)

0.007 0.007
1.23 1.26

249 25.1

0.67 0.72
13-251,261-314, 13-315,324-837
324-837

31.4 (29.9)¢ 33.4 (30.8)¢
29.4 (27.9)¢ 31.4 (28.9)¢
33.4 (31.8)¢ 35.2 (32.7)¢4
20.1 21.2

20.8 20.2

56.1 88.9

38.9 34.6

* (1) is the standard deviation of I. b Rmerge =%, %y, | < Iy > — 1y |/Z; Xy Iy, where < [, > and [, are the mean and ith measurement of

intensity for reflection A, respectively.

¢ Crystallographic R = X | |F,| — |F, | |/Z |F,|, where |F,| and |F,| are the observed and calculated

structure factor amplitudes, respectively. Rp.. is the corresponding R value for a randomly chosen 5% of the reflections that were not
included in the refinement. ¢ Average B (A?) (given in parentheses) for protein residues if the poorly defined residues were excluded.

for the relevant atoms. However, in one conformation, the
methyl group (C9) came within 2.5 A of the N1 atom,
and this unfavourable contact led us to choose the
alternative conformation. A Luzatti plot [32] suggests
an average positional error for all structures of ~0.22-
0.25 A. Solvent-accessible areas were calculated with the
program NACCEsS [33]. Hydrogen bonds were assigned if
the distance between the electronegative atoms was less
than 3.3 A and if both angles between these atoms and
the preceding atoms were greater than 90°. Van der
Waals interactions were assigned for nonhydrogen atoms
separated by less than 4 A. Co-ordinates for the 2.0- A
resolution GPb-Acurea, the 1.8- -A resolution GPb-Bzurea
(100 mm), and the 226 A resolution GPb-Bzurea
(10 mm) complexes have been deposited with the RCSB

Protein Data Bank (http://www.rcsb.org/) (codes 1KTI,
1K06 and 1KO08, respectively).

RESULTS AND DISCUSSION

The new compounds studied in this work (Scheme 1) and
their kinetic parameters (K;) are summarized in Table 1.
Crystallographic data collection, processing and refinement
statistics for the structure determinations are shown in
Table 2. The overall architecture of the native T-state GPb
with the location of the catalytic allosteric effector and the
new allosteric inhibitor site is presented in Fig. 1. Electron-
density maps clearly defined the position of the inhibitors at
the catalytic site (Fig. 2A,B), consistent with the kinetic
results. Additional density at the new allosteric inhibitor site
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Catalytic site

Fig. 1. A schematic diagram of the GPb dimeric molecule viewed down
the twofold. The positions are shown for the catalytic, allosteric, and
the new allosteric inhibitor site. The catalytic site, marked by Bzurea
(shown in red), is buried at the centre of the subunit accessible to the
bulk solvent through a IS-A-long channel. By binding at this site,
Bzurea promotes the less active T state through rearrangement and
stabilization of the closed position of the 280s loop (shown in white
and green). The allosteric site, which binds the allosteric activator
AMP (shown in magenta), is situated at the subunit-subunit interface,
where the C-termini of the helices o2 (residues 47-78) and o8 (residues
289-314) come together, and it is closed by the cap” region (residues 36"
to 47’) from the symmetry-related subunit; it is some 30 A from the
catalytic site. The new allosteric inhibitor site, located inside the central
cavity formed on association of the two subunits, is closed at one end
by residues from the cap and o2 helices and at the other end by the
tower helices (residues 262-276) and the symmetry-related residues; it
binds another Bzurea molecule (shown in orange) and is some 15 A
from the allosteric effector site, 33 A from the catalytic site, and 37 A
from the inhibitor site.

indicated binding of Bzurea (Fig. 2C) but not Acurea. We
describe briefly the GPb—Acurea interactions at the catalytic
site and in more detail the GPb-Bzurea interactions at both
sites.

Binding of Acurea

As expected, the mode of binding of Acurea to GPb is
similar to those of 1-GIcNAc, N-benzoyloxycarbonyl-p-p-
glucopyranosylamine, and N-benzyloxycarbonyl-B-p-glu-
copyranosylamine derivatives (Table 1), but not identical.
There is a hydrogen bond between the amide N atom and
His377 O in the latter three analogues. In the GPb—Acurea
complex, this hydrogen bond is not maintained; in the
complex with Acurea, N1 is just too far away from the main-
chain O of His377 (3.9 A). However, both the carbonyl O7
and N2 contact Asp283 ODI through a water molecule
(Wat52). In addition O7 forms a hydrogen bond with the
Leul36 N, and carbonyl O8 is hydrogen-bonded to the
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Asn284 ND?2. There is also a possible intramolecular
hydrogen bond from N2 to O8 as suggested by the program
HBPLUS [34]. One water molecule (Watl0 in the native
structure) was displaced by the methyl group (C9), in
addition to those displaced by the glucopyranose (Wat284,
Wat297). Acurea, on binding to GPb, makes a total of 16
hydrogen bonds and 83 van der Waals interactions (five
nonpolar/nonpolar, 19 polar/polar, and 59 polar/nonpolar)
(Tables 3 and 4). The hydrogen bonds formed between the
ligand and the protein are illustrated in Fig. 3A.

The structural results show that Acurea can be accom-
modated at the catalytic site with essentially no disturbance
of the structure (Fig. 4A). The rmsd between the structures
of native GPb and the GPb-Acurea complex for well-
defined regions (18-249, 262-312, 326-829) are 0.124, 0.134
and 0.287 A for Co, main-chain and side-chain atoms,
respectively. By making a hydrogen bond to Asn284 and
Asp283 via a water molecule and several van der Waals
contacts to Asp283 ODI, Asn284 CG, ODI, and ND2
(through its O8, N2, O7, C7, and C8 atoms) Acurea
stabilizes the geometry of the 280s loop. There are no
changes at the allosteric effector site, the new allosteric site,
the inhibitor site, or the tower/tower subunit interface.

The Acurea was found to have a K; value of 370 um
(Table 1), indicating that it is 10 times weaker as an inhi-
bitor than N-acetyl-p-pD-glucopyranosylamine (K; = 32 pm).
The bound Acurea adopts a rather unfavourable confor-
mation, formed by the intermolecular contact between its
N1and O8 (2.5 A). Straightforward energy minimization of
Acurea using the program syBYL (with the Powell minimizer
and default parameters) resulted in an extended conforma-
tion, different from the bound structure. In the bound
Acurea structure, the torsion angle O7-C7-N2-C8 is 178.5°,
so that the conformation about the C7-N2 bond is
significantly different from that in the computed structure
(0.2°) of Acurea. Although there may be some favourable
energy from the release of one water molecule, the increase
in conformational energy of the ligand appears to be the
reason for its low binding energy.

Binding of Bzurea

Catalytic site. Bzurea binds at the catalytic site with the
urea and benzoyl moieties filling the empty space of the so-
called B-pocket, a side channel from the catalytic site that
leads toward residue His341, but with no access to the bulk
solvent [1,35]. There are in total 21 hydrogen bonds and 96
van der Waals interactions (seven nonpolar/nonpolar, 16
polar/polar, and 73 polar/nonpolar) in the GPb-Bzurea
complex. There is no hydrogen bond between the amide N1
and His377 O in the Bzurea complex as in the case of the
Acurea complex. N1 and N2 are hydrogen-bonded to
Asp339 ODI through two water molecules, Wat200, and
Wat251 which is also hydrogen-bonded to His341 NE2 of
the B-pocket (Fig. 3B). The carbonyl O7 contacts Leul36N
and GlyI35N and Arg569N through Wat47, and there are
also water-mediated (Wat242) contacts to Gly134N and
carboxyl OD1 and OD2 of Asp283, which undergoes
conformational change.

There are negligible changes in the overall conformation
on binding Bzurea to GPb, but there is a dramatic shift in
the 280s loop with concomitant changes in the adjacent
imidazole of His571, and some differences in the water
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A

structure at the catalytic site. The superimposition of the
structures of the native T state GPb and the GPb—Bzurea
complex over well-defined residues (18-249, 262-312, 326~
829) gave rmsd of 0.253, 0.259 and 0.656 A for Co, main-
chain and side-chain atoms, respectively, indicating that the
two structures have very similar conformations. The major
shifts between GPb-Bzurea and native GPb for main-chain
atoms are for the residues of the 280s loop, Asn282 (1.0~
13 A), Asp283 (1.3-1.6 A), Asn284 (1.3-3.7 A), Phe285
(2.5-2.9 A), Phe286 (1.3-1.8 A), and Glu287 (1.4-4.1 A) in
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Fig. 2. Stereo diagrams of the final weighted
2F,-F. electron-density maps contoured at 16
showing the bound Acurea at the catalytic site
(A), the bound Bzurea at the catalytic site (B),
and the bound Bzurea at the new allosteric site

©.

order to optimize contacts with the ligand (Figs 3B and 4B).
These conformational changes lead to increased contacts
between the inhibitor and the protein. Carbonyl O8 forms a
hydrogen bond to Asp283 ODI1 and contacts Glyl134N,
Leul36N, Glyl37N, and Glu88 OE2 through Watl38,
while the benzoyl moiety exploits 24 van der Waals contacts
in the B-pocket; these contacts are dominated by polar—
polar and polarnonpolar contacts with Asn282 and
Asp283. The phenyl and His341 rings are inclined ~ 60°
and there are also two nonpolar—nonpolar contacts between
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Table 3. Hydrogen bonds between Acurea and residues of the catalytic
site of GPb. Wat245 is hydrogen-bonded to Lys574 NZ and Glu672
OEl and to Gly135 N, Asp283 OD1 and Arg569 N through two other
water molecules (Wat149 and Wat63, respectively); Watl01 is hydro-
gen-bonded to Thr671 O, Ala673 N and His377 O and to Thr378 OGl1
through another water molecule (Wat218); Wat60 is hydrogen-bonded
to Thr676 N and OG1; Wat52 is hydrogen-bonded to Asp283 ODI
and to Glyl34 N, Gly137 N and Glu88 OE2 through another water
molecule (Wat84).

Inhibitor atom Protein atom Distance (A)

02 Tyr573 OH 3.1
Glu672 OEI 3.1
Wat245 32
Watl01 28
03 Glu672 OEI 28
Ser674 N 3.1
Gly675 N 3.1
04 Gly675 N 2.7
Wat60 27
06 His377 NDI 27
Asn484 OD1 2.9
07 Leul36 N 32
Wat52 3.0
N2 Wat52 3.1
08 Asn284 ND2 3.3

them (Tables 5 and 6). The strong affinity (K; = 4.6 um) of
Bzurea for GPb can be interpreted in terms of its extensive
interactions with the protein.

In the native GPDb structure, His571 is hydrogen-bonded
to Asp283. In the GPb-Bzurea complex, His571 is rotated
(x1) ~=20° so that ND1 and NE2 atoms are shifted 0.9 and
1.2 A, respectively, in order to make a hydrogen bond to the
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new position of OD2 of Asp283. In the T state GPb, Phe285
is partially shielded by a van der Waals interaction with
Tyr613, and the packing of these two aromatic groups gives
rise to the nucleoside inhibitor site, a site that binds caffeine
and a number of other fused ring compounds [8]. In the
GPb-Bzurea complex, Asn284 is now sandwiched between
the side chains of Tyr613 and Phe285 (Fig. 5B), resulting in
destruction of the inhibitor site, by mimicking the T to R
allosteric transition.

In fact, the key transition between inactive T-state and
active R-state GP involves movement and disruption of the
280s loop, which allows a crucial arginine, Arg569, to enter
the catalytic site in place of Asp283, and which also opens
up access for glycogen to the catalytic site. The shift and
disruption of the 280s loop is associated with subsequent
destruction of the inhibitor site and changes at the
intersubunit contacts of the dimer which give rise to
allosteric effects [15]. In the R-state GP, the 280s loop is
not well ordered and its position has not been established
definitively. In contrast, in the MalP the 280s loop is held in
an open conformation through interactions with the tower
residues [17,18]. This allows access to the catalytic site and
creates a constitutively active enzyme. Arg569 is also in the
correct position to bind the substrate phosphate. A further
significant conformational change in MalP structure on
binding oligosaccharide (e.g. maltopentaose) involves move-
ment of the 380 s loop (residues 377-384), resulting in
closure of the catalytic site and creation of the recognition
site for oligosaccharide [36].

Superimposition of MalP-G5 complex on the GPb-
Bzurea complex structure over well-defined residues of the
catalytic site [88 (67), 133136 (112-115), 280290 (256—
266), 292 (268), 338-339 (306-307), 377387 (345-355), 569
(534), 571-573 (536-538), 608 (573), 613 (578), 674676
(639-641), 770 (737)] gave an rmsd for Caatoms of 1.224 A.

Table 4. Van der Waals contacts between Acurea and residues of the catalytic site of GPb.

Inhibitor atom Protein atom

No of contacts

Cl Wat245; Leul36 N 2
C2 His377 O; Glu672 OE1; Wat245; Watl01 4
02 His377 O; Asn284 ND2, OD1 3
C3 Glu672 OEL; Gly675 N; Wat60; Wat245 4
03 Glu672 CG,CD; Ala673 C,CA,CB,N; Ser674 C,CA; 10
Gly675 CA; Watl01
C4 Asn484 OD1; Gly675 N; Wat60 3
04 Asn484 ODI; Ser674 C,CB; Gly675 C,CA,O; 8
Thr676 CG2, N
C5 Glyl135 CA, C; Leul36 N; Wat60 4
C6 Glyl135 C, O; Leul36 N; His377 ND1; Asn484 OD1 5
06 Leul39 CD2; His377 CG,CEl; Val455 CG1,CG2; 6
Asn484 CG
05 Gly135 C; Leul36 N, CA, CB; His377 CB, NDl1 6
N1 Asn284 ODI; His377 O,CB 3
C7 Leul36 CB; Asn284 ODI1; Wat52 3
o7 Leul36 CA, CB; Asp283 OD1; Asn284 ODI1; Wat84; Wat149 6
N2 Leul36 CB; Asn284 ODI1 2
C8 Asn284 ND2, OD1, CG; Asp339 ODI 4
C9 Asp339 ODI1; Wat343; Wat277 3
08 His377 C, O, CB; Asn284 ODI1, CG; Thr378 CB, CG2 7
Total 83
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Fig. 3. Interactions between Acurea and GPb (A) and between Bzurea and GPb (B) in the vicinity of the catalytic site.

A structural comparison between GPb—Bzurea and GPb—
glucose complexes and GPb—Bzurea and MalP-G5 com-
plexes in the vicinity of the catalytic site is shown in Fig. 5B.
It is apparent that the shifts in the 280s loop in the Bzurea
complex are not in the direction of the T to R allosteric
transition. Bzurea binds at the catalytic site by causing
substantial conformational changes to the 280s loop, but the
inhibitor still favours the interior position of the 280s loop
because it interacts with the 280s loop. Arg569 is still in
place, while there are no changes at the subunit-subunit
contacts on binding Bzurea to the catalytic site. The tower
helices (residues 262-276) and the cap’ (residues 36" to 47')
o2 helix (residues 47-78) contacts in the N-terminal region
of the molecule (Fig. 1) have the same positions as in the
native T-state GPb. These observations indicate that Bzurea
should be classified as a T-state inhibitor.

On binding Bzurea to GPb, Wat244 and Wat252 were
displaced because of the shift of the 280s loop, and Watl10
and Wat201 were shifted by 1.8 A. New water molecules,
unique to the GPb-Bzurea complex structure were Wat44,
Wat200, Wat242, Wat243, Wat250, Wat262 (in the position
previously occupied by Asn284 OD1), and Wat268; these
water molecules form important links between the ligand
and the protein.

In Fig. 6, we compare the binding of 1-GlcNAc, N-ben-
zyloxycarbonyl-B-p-glucopyranosylamine,  N-benzoyl-p-
D-glucopyranosylamine, Acurea, and Bzurea within the
catalytic site of GPb. The positions of the glucosyl
components of each of the structures are similar, indicating
that the glucosyl-recognition site does not change substan-
tially. The largest difference in positions is in their N1
positions, a difference that reflects the presence (2.9 A in
1-GlIcNAc, 3.0 A in N-benzyloxycarbonyl-B-p-glucopyran-
osylamine, 3.2 A in N-benzoyl-B-p- glucopyranosylamme)
or absence (3.9 A in Acurea and 4.2 A in Bzurea) of a
hydrogen bond between N1 and the main-chain O of
His377 in these derivatives.

New allosteric inhibitor site. Bzurea, on binding to GPb,
also occupies the new allosteric inhibitor site, the site that is
almost buried in the central cavity of the enzyme. The new
allosteric site, identified recently as a target for drug
interactions [7,9], has been shown to bind a number of
indole-2-carboxamide inhibitors. The conformation of the
bound Bzurea is not identical with that described above for
the catalytic site. In the bound Bzurea structure, the torsion
angle O7-C7-N2-C8 is —179.3°, so that the conformation
about the C7-N2 bond is in frans geometry, significantly
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Fig. 4. Stereo diagrams showing (A) a comparison of Acurea bound to GPb (orange) with native GPb (white) in the vicinity of the catalytic site, and (B)
a comparison of Bzurea (orange) bound to GPb with native GPb (white) in the vicinity of the catalytic site.

different from that in the catalytic site (0.2°) of Bzurea. In
addition, the phenyl ring is coplanar to the urea moiety,
whereas, at the catalytic site, the plane of the phenyl ring is
inclined ~ 30° to the plane of the urea moiety.

Bzurea on binding at the new allosteric inhibitor site of
GPDb makes a total of nine hydrogen bonds and exploits 80
van der Waals interactions, 28 of which are interactions
between nonpolar groups; in total, there are 21 contacts
with the symmetry related subunit (Fig. 7, Tables 7 and 8).
The benzoyl moiety exploits 43 van der Waals contacts (25
nonpolar—nonpolar), which are dominated by the substan-
tial contacts (20) made to almost all atoms of Arg60. There
is also a hydrogen bond from the carbonyl oxygen OS8 to
Arg60 NHI1. The urea moiety is located between the side
chains of Arg60 and Lys191 and exploits 14 van der Waals
contacts with residues Arg60, Glul190, Lys191, and Thr38’
(where the prime refers to residues from the symmetry-
related subunit). There is a hydrogen bond from N2 to the
main-chain O of Glul90, and water-mediated hydrogen
bonds from carbonyl O7 to residues Asn187, Glul90, and
Alal92 (Table 5). The glucopyranose moiety makes 23 van
der Waals contacts, 19 of which are with residues from the
symmetry-related subunit. The glucopyranose and His57

rings are inclined ~ 80°, and there are extensive contacts
between them. There are hydrogen bonds from His57'NE2
to both hydroxy groups O3 and O4 and a rather weak
hydrogen bond (3.4 A) between hydroxyl O6 and
Lys19INZ. In addition, hydroxyl groups O2 and O3
hydrogen-bond O3 and 02, respectively, of the gluco-
pyranose from the symmetry-related bound Bzurea mole-
cule. There is, however, only moderate complementarity of
van der Waals contacts between nonpolar ligand and
protein groups for this part of the molecule and there are no
aromatic-aromatic, amino—aromatic and CH-r interac-
tions that are characteristic of the tight binding of the
4-fluorobenzyl moiety of CP320626 [7].

The binding of Bzurea at the new allosteric inhibitor site
of GPb does not promote extensive conformational changes
except for small shifts in the atoms surrounding the
inhibitor, similar to those observed on binding of
CP320626 to GPb [7], i.e. of residues 60, 64, and 191,
which undergo conformational changes to accommodate
the ligand.

The inhibitor, on forming the complex with GPb,
becomes almost entirely buried at the new allosteric site.
The solvent accessibilities of the free and bound Bzurea are
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Table 5. Hydrogen bonds between Bzurea and residues of the catalytic
binding site of GPb. Wat81 is hydrogen-bonded to Ala N, His377 O,
and Thr671 O and Thr378 OGI through Wat232; Wat234 is hydro-
gen-bonded to Lys574 NZ, Tyr573 OH and Wat47; Wat47 is hydro-
gen-bonded to Gly135 N, Arg569 N and PLP OP3 (through Wat49),
and Wat242; Wat242 is hydrogen-bonded to Gly134 N and Asp283
ODI1 and OD2; Watl08 is hydrogen-bonded to Thr676 N and OGl,
and PLP OP3; Wat200 is hydrogen-bonded to Wat262, and Asp339
ODI1 through Wat251; Wat251 is also hydrogen-bonded to His341
NE2 and Ala383 O through Wat245; Wat138 is hydrogen-bonded to
Glyl134 N, Leul36 N, Glyl137 N, and Glu88 OE2.

Inhibitor atom Protein atom Distance (A)

05 Leul36 N 33
02 Glu672 OEl 3.1
Tyr573 OH 32
Wat81 2.8
Wat234 2.8
03 Gly675 N 3.1
Ser674 N 3.1
Glu672 OE1 2.8
04 Gly675 N 2.7
Asn484 OD1 33
Watl108 3.0
06 Asn484 OD1 2.8
His377 ND1 2.7
N1 Wat200 3.0
o7 Leul36 N 3.0
Wat47 33
Wat242 33
N2 Wat200 2.8
08 Watl38 29
Wat242 2.8
Asp283 OD1 32
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525 A% and 77 A2, indicating that a surface area of 447 A2
becomes inaccessible to water and that Bzurea becomes
85% buried in the enzyme complex. Binding of the inhibitor
is associated with both subunits; surface areas from the two
subunits that are buried in the inhibitor are 280 A2 (Ist
subunit) and 167 A2 (2nd subunit). Both polar and nonpo-
lar groups are buried, but the greatest contribution comes
from the nonpolar groups which contribute 306 A2 (84%)
of the surface that becomes inaccessible. On the protein
surface, a total of 162 A2 solvent-accessible surface area
becomes inaccessible on binding Bzurea, of which 81 A2
(50%) is contributed by nonpolar groups. In the CP320626
(ICso = 334 nm) complex [7], in contrast, the correspondmg
areas buried by ligand and protein are 536 A2 and 283 A%,

A structural comparison between the GPb-CP320626
complex and the GPb—Bzurea complex shows that the two
proteins have very similar overall structures and do not
differ significantly at the interfaces between monomers. The
two structures superimpose quite well; the positions of the
Co, main-chain and side-chain atoms for residues 17-208,
212-249, 261-313, 326-549, and 558-830 deviate from their
mean positions by 0.242 A, 0.248 A and 0.428 A, respect-
ively, indicating no significant changes between the complex
structures. Figure 8 shows details of the contacts made at
the new allosteric inhibitor site for the T-state GPb-Bzurea
complex and GPb-glucose-CP320626 complex. The two
structures superimpose well and they closely resemble each
other in the vicinity of the new allosteric site.

In a crystallographic experiment with 10 mm Bzurea
(3.5 h soak) (Table 2), electron-density maps suggested
strong binding of Bzurea at the catalytic site, but partial
occupancy of the new allosteric inhibitor site by the ligand.
Despite the low occupancy of Bzurea, the density was
sufficiently well resolved to indicate the conformation of the

Table 6. Van der Waals contacts between Bzurea and residues of the catalytic binding site of GPb.

Inhibitor atom Protein atom

No of contacts

05 Glyl135 C; Leul36 CA,CB; His377 ND1 4
Cl Leul36 N; Wat234 2
C2 His377 O; Glu672 OEL; Wat81; Wat234 4
02 His377 O; Wat262 2
C3 Glu672 OEL; Gly675 N; Watl08; Wat234 4
03 Glu672 CG,CD; Ala673 N,C,CA,CB; Ser674 C,CA;

Gly675 CA; Wat81 10
C4 Asn484 ODI1; Gly675 N; Watl108 3
04 Asn484 ODI1; Ser674 N,C,CA,CB,0G; Gly675 O,C,CA 9
C5 Glyl135 C,CA; Leul36 N; Watl08 4
C6 Gly135 C,0; Leul36 N; Leul39 CD2; His377 ND1; Asn484 OD1 6
06 Leul39 CD2; His377 CG,CEl; Val455 CG1,CG2; Asn484 CG 6
N1 Leul36 CB; Wat262 2
C7 Leul36 N,CB; Wat200; Wat250 4
(o)) Gly135 N,C,CA; Leul36 CA,CB; Watl38; Wat234 7
N2 Leul36 CB,CDI1; Wat200; Wat250; Wat262 5
C8 Asp283 OD1; Watl138; Wat242 3
08 Asnl33 CB 1
C10 Asp283 O; Wat200 2
Cl1 Asn282 O; Asp283 O; Watl66; Wat244; Wat245 5
Cl12 Asn282 O; His341 CE1,NE2; Watl166; Wat244 5
Cl13 Glu88 OEIl; Asn282 O; His341 CEl; Wat218; Wat240 5
Cl4 Glu88 OEI; Asnl133 ND2; Wat218 3
Total 96
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Fig. 5. Comparison between (A) the GPb—glucose complex (red) and the GPb—Bzurea complex (green) in the vicinity of the catalytic and inhibitor sites
and (B) the GPb-Bzurea complex (green) and the MalP—-G5 complex (white) in the vicinity of the catalytic site. (A) In the GPb—glucose complex,
Phe285 from the 280s loop is stacked close to Tyr613, and, together with these two hydrophobic aromatic residues, form the inhibitor site, where
caffeine (not shown) binds. (B) In the GPb—Bzurea complex, because of the substantial shift of the 280s loop, Asn284 occupies the space between
Phe285 and Tyr613, thus destroying the inhibitor site. MalP and GPb have an overall 46% sequence similarity, and in the region of the catalytic site
there is a 98% sequence identity [37]. In MalP the 280s loop is held in an open conformation and this allows access of G5 to the catalytic site. In
contrast, in the GPb—Bzurea, the 280s loop is still in an inactive T-state conformation which blocks access to the catalytic site.

Fig. 6. Comparison of the positions of the
inhibitors 1-GlcNAc (red), /V-benzyloxycarbo-
nyl-B-p-glucopyranosylamine (magenta),
N-benzylacetyl-B-p-glucopyranosylamine
(blue), Acurea (yellow), and Bzurea (green)
bound at the catalytic site of GPb.
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Table 7. Hydrogen bonds between Bzurea and residues of the new
allosteric binding site of GPb. Watl4l is hydrogen-bonded to
Alal92 N; Wat248 is hydrogen-bonded to Asnl87 O, Glul90 O,
Glul90 OELl (through Watl40), and Asnl87 N and Glul90 OEl
(through Watl158).

Inhibitor atom Protein atom Distance (A)

02 BZA1920 03 3.0
03 His57’NE2 2.9

BZA1920 02 3.0
04 His57’NE2 33
06 Lys191 NZ (3.4)
07 Watl41 2.8

Wat248 2.8
N2 Glul90 O 2.9
08 Arg60 NH1 32
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Fig. 7. Interactions between Bzurea, GPb, and
water in the vicinity of the new allosteric site.
Residues from subunit 1 are shown in green,
and their symmetry-related equivalents (from
subunit 2) are shown in cyan.

ligand. It seems therefore that the new allosteric site is not
the primary binding site for Bzurea.

In conclusion, this study provides high-resolution struc-
tures of GPb complexed with two substituted ureas of -p-
glucose, Acurea and Bzurea. There is a significant rear-
rangement of the 280s loop within the catalytic site on
binding Bzurea, which is not seen in the interaction with
Acurea. An additional significant feature of binding of the
two ureas is the absence of a hydrogen bond to the main-
chain O of His377, which is present in all substituted
B-D-glucopyranosylamines studied so far. The present
results indicate that Bzurea can also occupy the new
allosteric inhibitor site, which is highly specific for indole-2-
carboxamide inhibitors [7,9], that is currently a target for the
development of hypoglycaemic drugs [26]. These observa-
tions will be of value in the design of further potent and
specific inhibitors of the enzyme.

Table 8. Van der Waals contacts between Bzurea and residues of the new allosteric binding site of GPb.

Inhibitor atom Protein atom

No of contacts

05 Lys191 CE,NZ; Watl141; Thr38 O 4
Cl Thr38” O 1
C2 Thr38” O,CG2 2
02 Arg60 NH1; BZA1920 C3,02 3
C3 His57'NE2; BZA1920 O2 2
03 Thr38” CG2; His57" CD2,CE1,NE2 4
C4 His57" CE1,NE2 2
04 His57” CE1,NE2 2
Cé6 Wat284 1
06 Leu39” CDI1; Wat284 2
N1 Lys191 CD; Thr38” O 2
C7 Lys191 CD; Glul90 O; Watl41; Wat248 4
o7 Glul90 O 1
N2 Arg60 CZ,NH2; Glul90 C,0; Lys191 CA,CB,CD 7
C8 Arg60 NE,CZ,NH1,NH2; Glul90 O; Lys191 CD 6
08 Arg60 NE,CZ; Phe37” O; Thr38" O; Vald0” CG2 5
C9 Arg60 CD,NE,CZ 3
C10 Arg60 CG,CD,NE; Val64 CG2; Watl91; Val40” CG2 6
Cl1 Arg60 CG,CD,0; Val64 CG2; Watl91 5
C12 Arg60 CG,CD; Thp67 CE3, CZ3; Pro229 CG 5
Cl13 Arg60 CG,CD; Trp67 CZ3; Trpl189 C,0O; Pro229 CD,CG 7
Cl4 Arg60 CD; Prol88 O; Trp189 C,0O; Glul90 C,0 6

Total

>
(=
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Fig. 8. Stereo diagram showing a comparison
of Bzurea bound to GPb with CP320626 bound
to GPD in the vicinity of the new allosteric site.
Green: GPb—Bzurea complex (subunit 1);
cyan: GPb-Bzurea complex (subunit 2); white:
GPb-glucose-CP320626 complex. All figures
were produced using xoBJECTS (M. E. M.
Noble, Laboratory of Molecular Biophysics,
University of Oxford, UK, unpublished
results).

ACKNOWLEDGEMENTS

This work was supported by the Greek GSRT (PENEDI1999,
99ED237), the Joint Research and Technology project between Greece
and Hungary (2000-2002) (to N. G. O. and P. G.), the Hungarian
Academy of Sciences and CNRS, France supporting the collaboration
of L. S.andJ. P. P., the Hungarian Ministry of Education (FKFP 423/
2000), the Hungarian Ministry of Health (ETT 01/2000), the Zsigmond
Diabetes Foundation (Hungary), the EMBL Hamburg Outstation
through the IHPP (HPRI-CT-1999-00017), and the SRS Daresbury
Laboratory through the IHPP HPRI-CT-1999-00012).

REFERENCES

1.

Martin, J.L., Veluraja, K., Johnson, L.N., Fleet, G.W.J.,,
Ramsden, N.G., Bruce, 1., Oikonomakos, N.G., Papageorgiou,
A.C., Leonidas, D.D. & Tsitoura, H.S. (1991) Glucose analogue
inhibitors of glycogen phosphorylase: the design of potential drugs
for diabetes. Biochemistry 30, 10101-10116.

Watson, K.A., Mitchell, E.P., Johnson, L.N., Son, J.C., Bichard,
C.J.F., Orchard, M.G., Fleet, G.W.J., Oikonomakos, N.G.,
Leonidas, D.D., Kontou, M. & Papageorgiou, A.C. (1994) Design
of inhibitors of glycogen phosphorylase: a study of o- and
B-C-glucosides and 1-thio-B-p-glucose compounds. Biochemistry
33, 5745-5758.

Bichard, C.J.F., Mitchell, E.P., Wormald, M.R., Watson, K.A.,
Johnson, L.N., Zographos, S.E., Koutra, D.D., Oikonomakos,
N.G. & Fleet, G.W.J. (1995) Potent inhibition of glycogen
phosphorylase by a spirohydantoin of glucopyranose: first
pyranose analogues of hydantocidin. Tetrahedron Letts. 36, 2145—
2143.

Oikonomakos, N.G., Kontou, M., Zographos, S.E., Watson,
K.A., Johnson, L.N., Bichard, C.J.F., Fleet, G.W.J. & Acharya,
K.R. (1995) N-acetyl-a-D-glucopyranosylamine: a potent T state
inhibitor of glycogen phosphorylase. A comparison with
B-p-glucose. Protein Sci. 4, 2469-2477.

Watson, K.A., Mitchell, E.P., Johnson, L.N., Cruciani, G., Son,
J.C., Bichard, CJ.F., Fleet, G.W.J., Oikonomakos, N.G.,
Kontou, M. & Zographos, S.E. (1995) Glucose analogue
inhibitors of glycogen phosphorylase: from crystallographic ana-
lysis to drug prediction using GRID force-field and GOLPE
variable selection. Acta Crystallogr. D51, 458-472.

Gregoriou, M., Noble, M.E.M., Watson, K.A., Garman, E.F.,
Krulle, T.M., Fuente, C., Fleet, G.W.J., Oikonomakos, N.G. &
Johnson, L.N. (1998) The structure of a glycogen phosphorylase
glucopyranose spirohydantoin complex at 1.8 A resolution and
100 K: the role of the water structure and its contribution to
binding. Protein Sci. 7, 915-927.

11.

14.

15.

. Oikonomakos,

. Johnson, L.N., Hajdu, J.,

Binding of glucopyranosyl ureas to phosphorylase (Eur. J. Biochem. 269) 1695

. Oikonomakos, N.G., Skamnaki, V.T., Tsitsanou, K.E., Gavalas,

N.G. & Johnson, L.N. (2000) A new allosteric site in glycogen
phosphorylase b as a target for drug interactions. Structure 8, 575—
584.

N.G., Zographos, S.E., Skamnaki, V.T.
Tsitsanou, K.E. & Johnson, L.N. (2000) Flavopiridol inhibits
glycogen phosphorylase by binding at the inhibitor site. J. Biol.
Chem. 275, 34566-34573.

. Rath, V.L., Ammirati, M., Danley, D.E., Ekstrom, J.L., Gibbs,

E.M., Hynes, T.R., Mathiowetz, A.M., McPherson, R.K., Olson,
T.V., Treadway, J.L. & Hoover, D.J. (2000) Human liver glycogen
phosphorylase inhibitors bind at a new allosteric site. Chem. Biol.
7, 677-682.

Acharya, K.R., Stuart, D.I,
McLaughlin, P.J., Oikonomakos, N.G. & Barford, D. (1989)
Glycogen phosphorylase b. In Allosteric Enzymes (Herve, G., ed.),
pp. 81-127. CRC Press, Boca Raton, FL.

Sprang, S.R., Acharya, K.R., Goldsmith, E.J., Stuart, D.I,
Varvill, K., Fletterick, R.J., Madsen, N.B. & Johnson, L.N. (1988)
Structural changes in glycogen phosphorylase induced by phos-
phorylation. Nature (London) 336, 215-221.

. Barford, D. & Johnson, L.N. (1989) The allosteric transition of

glycogen phosphorylase. Nature ( London) 340, 609—-616.

. Barford, D., Hu, S.H. & Johnson, L.N. (1991) Structural

mechanism for glycogen phosphorylase control by phosphory-
lation and AMP. J. Mol. Biol. 218, 233-260.

Sprang, S.R., Withers, S.G., Goldsmith, E.J., Fletterick, R.J. &
Madsen, N.B. (1991) Structural basis for activation of glycogen
phosphorylase b by adenosine monophosphate. Science 254,
1367-1371.

Johnson, L.N. (1992) Glycogen phosphorylase: control by phos-
phorylation and allosteric effectors. FASEB J. 6, 2274-2282.

. Oikonomakos, N.G., Acharya, K.R. & Johnson, L.N. (1992)

Rabbit muscle glycogen phosphorylase b: structural basis of
activation and atalysis. In Post-Translational Modification of
Proteins (Harding, J.J. & Crabbe, M.J.C,, eds), pp. 81-151. CRC
Press, Boca Raton, FL, USA.

. O'Reilly, M., Watson, K.A., Schinzel, R., Palm, D. & Johnson,

L.N. (1997) Oligosaccharide substrate binding in Escherichia coli
maltodextrin phosphorylase. Nat. Struct. Biol. 4, 405-412.

. Watson, K.A., Schinzel, R., Palm, D. & Johnson, L.N. (1997) The

crystal structure of Escherichia coli maltodextrin phosphorylase
provides an explanation for the activity without control in this
basic archetype of a phosphorylase. EMBO J. 16, 1-14.

. Board, M., Hadwen, M. & Johnson, L.N. (1995) Effects of novel

analogues of D-glucose on glycogen phosphorylase activies in
crude extracts of liver and skeletal muscle. Eur. J. Biochem. 228,
753-761.



1696 N. G. Oikonomakos et al. (Eur. J. Biochem. 269)

20.

21.

22.

23.

24.

25.

26.

27.

28.

Board, M., Bollen, M., Stalmans, W., Kim, Y., Fleet, GW.J. &
Johnson, L.N. (1995) Effects on a C1 substituted glucose analogue
on the activation states of glycogen synthase and glycogen phos-
phorylase in rat hepatocytes. Biochem. J. 311, 845-852.

Osz, E., Somsak, L., Szilagyi, L., Kovacs, L., Docsa, T., Toth, B.
& Gergely, P. (1999) Efficient inhibition of muscle and liver gly-
cogen phosphorylases by a new glucopyranosylidene-spiro-thio-
hydantoin. Bioorg. Med. Chem. Lett. 9, 1385-1390.

Somsak, L., Nagy, V., Docsa, T., Toth, B. & Gergely, P. (2000)
Gram-scale synthesis of a glucopyranoslidene-spyro-thiohy-
dantoin and its effect on hepatic glycogen metabolism studied
in vitro and in vivo. Tetrahedron: Asym. 11, 409—412.
Oikonomakos, N.G., Skamnaki, V.T., Osz, E., Szilagyi, L.,
Somsak, L., Docsa, T., Toth, B. & Gergely, P. (2001) Kinetic
and crystallographic studies of glucopyranosylidene spiro-
thiohydantoin binding to glycogen phosphorylase b. Bioorg. Med.
Chem. 10, 261-268.

Ainston, S., Hampson, L., Gomez-Foix, A.M., Guinovart, J.J. &
Agius, L. (2001) Hepatic glycogen synthesis is highly sensitive to
phosphorylase activity: evidence from metabolic control analysis.
J. Biol. Chem. 276, 23858-23866.

Somsak, L., Kovacs, L., Toth, M., Osz, E., Szlagyi, L.,
Gyorgydeak, Z., Dinya, Z., Docsa, T., Toth, B. & Gergely, P.
(2001) Synthesis of and a comparative study on the inhibition of
muscle and liver glycogen phosphorylases by epimeric pairs of
D-gluco- and D-xylopyranosylidene-spiro-(thio)hydantoins and
N-(D-glucopyaranosyl) amides. J. Med. Chem. 44, 2843-2848.
Treadway, J.L., Mendys, P. & Hoover, D.J. (2001) Glycogen
phosphorylase inhibitors for tratment of type 2 diabetes mellitus.
Exp. Opin. Invest. Drugs 10, 439-454.

Helmreich, E.J.M. & Cori, C.F. (1964) The role of adenylic acid in
the activity of phosphorylase. Proc. Natl Acad. Sci. USA 51, 131—
138.

Oikonomakos, N.G., Melpidou, A.E. & Johnson, L.N. (1985)
Crystallisation of pig skeletal phosphorylase b. Purification, phy-

29.

30.

31

32

33.

34.

3s.

36.

37.

© FEBS 2002

sical and catalytic characterization. Biochim. Biophys. Acta 832,
248-256.

Otwinowski, Z. & Minor, W. (1997) Processing of x-ray diffrac-
tion data collected in oscillation mode. Methods Enzymol. 276,
307-326.

Brunger, A.T. (1992) X-PLOR, Version 3.1. 4 System for X-Ray
Crystallography and NMR. Yale University Press, New Haven,
CT, USA.

Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros,
P., Grosse-Kunstleve, R.W., Jiang, J.-S., Kuszewski, J., Nilges,
M., Pannu, N.S., Read, R.J., Rice, L. M., Simonson, T. & Warren,
G.L. (1998) Crystallography and NMR system; A new software
suite for macromolecular structure determination. Acta Crystal-
logr. D54, 905-921.

Luzatti, V. (1952) Traitement statistique des erreurs dans la
determination des structure crystallines. Acta Crystallogr. 5,
802-810.

Hubbard, S.J. & Thornton, J.M. (1993) NACCESS, Computer
Program. Department of Biochemistry and Molecular Biology,
University College London, London, UK.

McDonald, I.LK. & Thornton, J.M. (1994) Satisfying hydrogen
bonding potential in proteins. J. Mol. Biol. 238, 777-793.
Barford, D., Schwabe, J.W.R., Oikonomakos, N.G., Acharya,
K.R., Hajdu, J., Papageorgiou, A.C., Martin, J.L., Knott, JJC.A.,
Vasella, A. & Johnson, L.N. (1988) Channels at the catalytic site of
glycogen phosphorylase b: binding and kinetic studies with the
B-glycosidase inhibitor p-gluconohydroximo-1,5-lactone N-phenyl-
urethane. Biochemistry 27, 6733-6741.

Watson, K.A., McCleverty, C., Geremia, S., Cottaz, S., Driguez,
H. & Johnson, L.N. (1999) Phosphorylase recognition and phos-
phorolysis of its oligosaccharide substrate: answers to a long
outstanding question. EMBO J. 17, 4619-4632.

Palm, D., Goerl, R. & Burger, K.J. (1985) Evolution of catalytic
and regulatory sites in phosphorylase. Nature ( London) 313, 500
502.



142 Protein Modules in Cellular Signalling
L. Heilmeyer and P. Friedrich (Eds.)
1OS Press, 2001

Effect of glucopyranosylidene-spiro-
thiohydantoin on the enzymes of hepatic
glycogen metabolism in rats

T. Docsa, B. Toth, L. Somsak* and P. Gergely
Department of Medical Chemistry, Medical and Health Science Center, *Department of
Organic Chemistry, Faculty of Science, University of Debrecen
H-4026 Debrecen, Bem tér 18/B, Hungary

In muscle and liver, the accumulation and breakdown of glycogen are regulated by
the reciprocal activities of glycogen phosphorylase and glycogen synthase. The
control of these enzymes can occur by reversible phosphorylation, by hormonal and
neuronal stimulation and by allosteric effectors. The major role of liver glycogen is
to supply glucose to the circulation maintaining the normal blood glucose level.
Glycogen phosphorylase catalyses the key step of glycogen degradation and its
activity can be inhibited by glucose and its analogues. Obviously, any readily
accessible inhibitor of glycogen phosphorylase can be used as a potential therapy of
non-insulin-dependent or type 2 diabetes. Enzyme assays with a and b forms of
muscle and liver glycogen phosphorylases showed spiro-hydantoin and spiro-
thiohydantoin derivatives of glucose 1o be the best and equipotent inhibitors with X
values in the low micromolar range. The study of epimeric pairs of D-gluco and D-
xylo configurated spiro-hydantoins corroborated the role of specific hydrogen
bridges in binding the inhibitors to the enzyme.

1. INTRODUCTION

Type 2 diabetes (non-insulin-dependent diabetes mellitus) is a prevalent disease, afflicting
about 140 million people world-wide [1]. The disease is characterized by chronic
hyperglycaemia and insulin resistance. Type 2 diabetes can be treated with lifestyle changes
(diet and exercise, for example), with drugs that promote insulin release and with insulin.
Tight control of blood glucose level prevents and delays the onset of diabetic complications
but such a control is rarely achieved with oral antidiabetic agents. Safer and more effective
therapy is urgently needed [2]. Glycogen phosphorylase (GP; EC 2.4.1.1) appears as a
potential target for such efforts because of its essential roles in glycogen metabolism and
control of hepatic glucose output [3].

The liver is the predominant source of blood glucose in fasting type 2 diabetes.
Hepatic glucose output is regulated by a complex system of enzymes. The main regulatory
enzyme of this system is glycogen phosphorylase and only the phosphorylated enzyme
(GPa) has significant activity. GPa releases glucose-1-phosphate from glycogen as shown
in Fig. 1 suggesting an important role for glycogenolysis in hepatic glucose production.
Gluconeogenesis from lactate and other precursor molecules can also contribute to the
clevated blood glucose levels, however, it was clearly demonstrated that glucose arising
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from gluconeogenesis has cycled through glycogen. Therefore the inhibition of hepatic GP
could suppress glucose production arising from both glycogenolysis and gluconeogenesis

(4]
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Figure 1. Some details of hepatic glycogenolysis and gluconeogenesis. GPa and GPb represent the
phosphorylated, active form and nonphosphorylated, inactive form of the enzyme, respectively.

The above enzyme system is under hormonal, neuronal, and metabolic control [5].
Positive effectors promote degradation of glycogen (e.g. glucagon, AMP), while negative
effectors (e.g. glucose, glucose-6-phosphate, ATP) retard degradation. The catalytic activity
of GP can be inhibited by glucose and other glucose-based compounds, which bind at the
active site [3,6-8], and by caffeine and analogous heteroaromatic derivatives which bind at
the purine inhibitory site, also called the I-site. Very recently an indole carboxamide
derivative (CP-91149) has been shown to be an efficient inhibitor of recombinant human
liver glycogen phosphorylase and it also lowers blood glucose level in vivo [9].

2. RESULTS AND DISCUSSION

In order to find potent glucose analogue inhibitors of GP extensive synthetic [5,10-12],
crystallographic [6,13-16], molecular modelling [5,7,8,13,17], and enzymological [5-
8,10,11] studies have been carried out. As a result of these investigations a
glucopyranosylidene-spiro-hydantoin emerged as the strongest glucose analogue inhibitor
of muscle glycogen phophorylase b known to date [10]. However, the published synthetic
routes to the effective glucopyranosylidene-spiro-hydantoin were rather lengthy (10 or
more steps from an easily available precursor or the free sugar) and the inhibitor was not
accessible in larger quantities in order to carry out more elaborate biological investigations.

We have disclosed full experimental details of a simple, short, highly chemo-,
regio-, and stereoselective procedure for the preparation of D-glucopyranosylidene-spiro-
(thio)hydantoins [18,21] , which was also, applied for the synthesis of their D-xylo
configurated analogues [21]. The synthetic sequence used for the preparation of the spiro-
thiohydantoin derivative is outlined in Fig. 2 which also shows its improved version
facilitating accumulation of this compound in gram quantities [19,20].
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Figure 2. Syntheses of the glucopyranosylidene-spiro-thiohydantoin (Ac = CH;CO, Bz = C4HsCO; chrom.
indicates the necessity of column chromatographic purification)

Kinetic data obtained with muscle and liver glycogen phosphorylases for glucose
analogue inhibitors demonstrate that such compounds may possess hypoglycemic activity.
Furthermore, investigation of D-xylo configurated compounds shed light on the importance
of a particular H-bond between the enzyme and the inhibitor.

The kinetic studies with glycogen phosphorylases were performed as described
previously with the exception, that higher D-glucose-1-phosphate concentrations (between
12.5 and 100 mM) were used for the assay of liver phosphorylases [18]. Kinetic data for the
inhibition of phosphorylases by monosaccharide compounds at varying concentrations of
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D-glucose-1-phosphate and constant concentration of glycogen were presented in the form
of double-reciprocal plot (Lineweaver-Burk). The plots were analysed by a non-linear data-
analysis program. The inhibitor constants (K;) were determined by Dixon plots, replotting
the slopes from the Lineweaver-Burk plot against the effector concentrations. The means of
standard errors for all calculated kinetic parameters averaged to less than 10% [18,19].

Table 1. Inhibitor constants (K;) of monosaccharide derivatives for muscle glycogen phosphorylase b

Anomeric substituent Kj [LM] Ref
Entry  Sugar skeleton o B
1. 0/%,5 CONH-CONH 3.1 [10]
Ho
H oL
42 [18.21]
2. CONH-CSNH 5.1 [18,21]
3 NHCO-NHCO 320 [11]
105 [18,21]
4. OH CONH 3100 [20]
5. H OH 7400 (5]
6. OH H 1700 [5]
7. H CONH; 440 6]
8. CONH3 H 370 [6]
9 78 B CONH-CONH 11500 [21]
H oL
10. CONH-CSNH >10000* [21]
11. NHCO-NHCO >10000% [21]

*Because of insufficient sample quantity no precise value could be obtained.

Inhibitor constants (K;) determined with muscle GPb for compounds with D-glucose
or D-xylose skeletons are summarized in Table 1. The glucopyranosylidene-spiro-
hydantoin and its 8-thio analogue have been identified as the highest affinity inhibitors of
muscle GPb [10,18] and a [18] (Table 1, Entries 1, 2). These findings are supported by X-
ray studies underlying the significance of a H-bond between N-7-H of the hydantoin ring
and the peptide backbone oxygen of His377 [14]. This important H-bridge has been shown
to be present in the muscle GPb-thiohydantoin complex as well [22]. The epimeric
hydantoin is obviously devoid of this interaction with the enzyme and, in agreement with
published data [11], it proved less efficient inhibitor (Entry 3). Hydroxy amide (Entry 4)
proved to be a weak inhibitor. This seems to be surprising when compared to a-D-glucose
and P-carboxamide, which show stronger inhibition and have the hydroxyl and the
carboxamido groups in the same position (Entries 6 and 7, respectively). The joint presence
of these moieties at the anomeric centre is clearly highly detrimental for the binding.
Changing the configuration of the sugar ring from D-gluco to D-xylo, that is removal of the
hydroxymethyl side chain, brought about a decrease of four orders of magnitude in the



146 T. Docsa et al. / Effect of Glucopyranosylidene-Spiro-Thiohydantoin

inhibition (Entries 9-11). This is in keeping with earlier data obtained with 6-deoxy-D-
glucose [23] and clearly indicates the importance in binding of an optimal hydrogen bond
between the side chain of His377 in the enzyme and the oxygen of the hydroxymethyl side
chain in the inhibitor revealed by X-ray studies [14,22].

Potential antidiabetic compounds should exert their inhibitory action on the active a
form of glycogen phosphorylase, and especially important is their effect on the hepatic
enzymes. Therefore, inhibitor constants for spiro-hydantoin (H) and spiro-thiohydantoin
(TH) which had the highest inhibitory activity against muscle GPd were also determined
for muscle GPa and liver phosphorylases b and a (Table 2).

Table 2. Inhibitor constants (K;) of spiro~(thio)hydantoins for muscle and liver glycogen phosphorylases

HO
e NH
HO | =X
s K, [#M]
X liver GPb liver GPa muscle GPb muscle GPa
O (hydantoin, H) 12.8+1.1 16.5+1.3 4.2+0.4 26.0+2.4
S (thiohydantoin, TH) 7.040.6 29.842.9 5.140.5 10.941.0

The inhibitor constant of H for muscle GPb was already known [10] but no data
were available for the physiologically active a forms of muscle and liver phosphorylases.
The newly synthesized spiro-thiohydantoin derivative of D-glucose (TH) was found to be a
very potent inhibitor of muscle and liver GPb and a. The muscle GPa was somewhat less
inhibited by H than the b form. The hepatic GPb and a forms were efficiently inhibited by
both H and TH, however, the thio-analogue TH was less inhibitory for the active a form.

It is known that glucose and glucose analogues cause a sequential inactivation
(dephosphorylation) of liver GPa and activation (dephosphorylation) of glycogen synthase
b (GSh), for references see [24]. We also tested the coordinated regulation of GP and GS in
gel-filtered rat liver extract. Fig. 3A illustrates the effect of 20 mM D-glucose and 50 uM
TH on the dephosphorylation of GPa in gel-filtered rat liver extract catalysed by
phosphorylase phosphatase [19]. Both ligands can enhance the dephosphorylation
(inactivation) of hepatic GPa, however, TH, applied in a much lower concentration, seems
to be more effective. Fig. 3B demonstrates the effect of either glucose or TH on the
dephosphorylation (activation) of GS in gel-filtered rat liver extract. It can be seen that TH
significantly increases the active form of GS in liver by significantly decreasing the latency
in the dephosphorylation of GS.

The results presented here show that TH promotes the dephosphorylation of hepatic
GPa in cell extracts. The effects of TH on GP and GS confirm the sequential mechanism as
originally suggested for liver extracts [25]. The mechanism by which TH inactivates GPa
and activates GS may be complex and requires further experiments. However, the observed
effects of TH clearly indicate that this compound and its analogues can be of potential use
in controlling hyperglycaemia.
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Fig 3. Effect of TH on the dephosphorylation of glycogen phosphorylase a (A) and glycogen synthase b (B) in
gel-filtered liver extract. Post-mitochondrial supernatants were prepared and filtered through Sephadex G-25
as described. The filtrates were supplemented with 5 mM (NH4):SO4 and | mM magnesium acctale (O) in
the presence of 20 mM D-glucose () or 50 uM TH (A). The filtrates were incubated at 30 °C and samples
were withdrawn at the indicated times for the assay of GPa or GS [26]. The results are mean values -+ S.D. of
four independent experiments.

3. CONCLUSION

Type 2 diabetes is a prevalent disease that is characterized by chronic elevated blood
glucose level and resistance to the action of insulin and/or a deficiency in the secretion of
insulin. Maintaining control of blood glucose levels is critical in minimizing the debilitating
effects of diabetes. There is a search for compounds that can improve therapy. Liver GP has
been identified as a new target for drugs that control blood glucose concentration. Several
compounds with different chemical structures have been probed for the inhibition of
hepatic GP. Glucose and its analogues were shown to be potent inhibitors of the enzyme.
Glucopyranosylidene-spiro-thiohydantoin (TH) was found as one of the most potent
glucose derivate which inhibits the catalytic activity of both muscle and liver GP enzymes
[18,19]. The synthetic procedure allows the stereoselective preparation to produce gram
quantities of TH in six-seven steps starting from D-glucose [21]. The structure of GPb-TH
complex as revealed by X-ray studies demonstrates that the inhibitor can be accumulated in
the catalytic site of T-state GPb with very little change of the tertiary structure, and
provides a basis for understanding potency and specificity of the TH [22].

A new binding site in human liver GP for a class of promising antidiabetic agents
was identified crystallographically [27,28]. The site is novel and functions allosterically by
stabilizing the inactive conformation of GP inspiring the design of a new class of inhibitors,
which bind with nanomolar affinity [27], and should accelerate efforts to develop
therapeutically relevant molecules for the treatment of diabetes.
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Abstract: Reaction of C~(1-bromo-1-deoxy-p-D-glucopyranosyl)formamide 2 with thiocyanate ions was the key step
of a short synthesis of D-glucopyranosylidene-spiro-thiohydantoin 7 which proved to be a potent inhibitor of muscle
and liver glycogen phosphorylases. © 1999 Elsevier Science Ltd. All rights reserved.

Non-insulin dependent diabetes mellitus (NIDDM or Type II diabetes) can be controlled mainly by dietary
regulation and with the use of hypoglycaemic agents.' Blood ghicose concentration, however, cannot be regulated
very efficiently by these methods. Therefore, considerable efforts have been made to understand the action and elicit
inhibition, using glucose derivatives, of glycogen phosphorylase (GP) the main regulatory enzyme of blood sugar
level** The most potent inhibitor, known to date, of muscle GPb is a glucopyranosylidene-spiro-hydantoin derivative’
5 (Ki=3.1 £ 0.2 uM), for which several multistep syntheses have been published.>”” Apart from the lengthiness of
these synthetic sequences, unfavourable stereoselectivity as well as anomerizations in the intermediates strongly
decrease the stereochemical efficiency of this compound’s production. It is therefore unlikely that these syntheses will
be useful for the preparation of the large amounts of this inhibitor’ required for more elaborate biological
investigations. Obviously, any readily available potent inhibitor could facilitate deeper understanding of the mechanism
of action of GP and validate the concept of its inhibition as potential therapy of diabetes.

Herein we report the synthesis of a glucopyranosylidene-spiro-thiohydantoin (7) based on a six step, simple, highly
chemo-, regio-, and stereoselective procedure starting from D-glucose and the kinetic data demonstrating efficient

* Authors to whom correspondence should be addressed — e-mail: somsak@tigris kite.hu; Iszilagyi@tigris.klte.hu;
tel: (+36)52-512-900; fax: (+36)52-453-836.
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inhibition of muscle and liver glycogen phosphorylases by this compound.
Chemistry

1-Bromo-1-deoxy-B-D-glucopyranosyl cyanide 1,° readily available by radical-mediated bromination’ of the
corresponding acetylated B-D-ghicopyranosyl cyanide,” was transformed into the C~(1-bromo-1-deoxy-B-D-
glucopyranosyl)formamide 2! by TiCly mediated partial hydrolysis.™" Ring closure of 2 was effected by AgOCN in
dry nitromethane whereby formation of a mixture of spiro-hydantoins 4'" and 8" (ratio 1 : 10 by 'H NMR) was
observed. Transformation of 2 with AgSCN or KSCN in dry nitromethane gave 6'' as a single anomer. In each
reaction a small amount of 3'' could be isolated as an unavoidable by-product. Deprotection of 4, 6, and 8 under
Zemplén-conditions afforded 5, 7," and 9, respectively.

OAc OR 4

3
AcO 0 R norm 8 N RO 5O 2
Ro )= + RO ; NH
3 AcO R2 R01 X RO
r& I'ly\?(s
2R'= CONHZ.R =Br 5R H, X = o 9 R=H

3 R'=CONH,, R* = OH i~ 6 R=Ac, X=8
7 R=H, X=8

Scheme: i TiCL, H;O, AcOH, 0 °C-r. t.; ii AgOCN (4 eq) dry CH;NO,, 80 °C; iii AgSCN (4 eq) or
KSCN (2 eq), dry CH3NO,, 80 °C; iv NaOMe, MeOH, r.t.

Constitution of the spiro-hydantoins was established using NMR methods.”™"* Compounds 4-9 showed
characteristic 'H and "°C resonances expected for the (thio)hydantoin rings'*"® and corresponding long-range
PC/H correlations were identified in the HMBC spectra. The pyranose ring conformations were deduced from ™
values as ‘C, for each derivative and the C-6 configurations determined as S for 6 and 7 and R for 8 on the basis of
*Jius,c-10 values."! The "H and *C NMR spectra for § and 9 were identical with the reported ones.” The configurational
assignments were supported by 'H chemical shift rules recently established' for spiro-hydantoins.

Kinetic Studies

Glycogen phosphorylase b was isolated from rabbit skeletal muscle according to the method of Fischer and Krebs®
with the difference of using 2-mercaptoethanol instead of L-cysteine. Phosphorylase kinase was prepared from rabbit
skeletal muscle” for converting muscle phosphorylase & into phosphorylase a as described in.”> Hepatic phosphorylase
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b and a were prepared from rat livers according to the reported method.™ For the preparation of liver phosphorylase a
glucagon (100 pg/kg) was injected intravenously 30 sec before cutting the jugular veins and 50 mM NaF was added to
the buffers to keep the enzyme in the phosphorylated form in all subsequent steps. Liver phosphorylase b was prepared
from non-glucagonized rats without NaF addition to the buffers. Phosphorylase activities were assayed in the direction
of glycogen synthesis at 30°C with 10 pg/ml enzyme, 1% glycogen, in the absence of AMP (muscle or liver
phosphorylase a) or in the presence of AMP (1 mM AMP for muscle and 2 mM AMP for liver phosphorylase b) with
or without hydantoins 5, 7, and 9 in 50 mM triethanolamine/HCI (pH 6.8) buffer, 100 mM KCL, 1 mM dithiothreitol
and 1 mM EDTA. The kinetic studies were performed as described previously” with the exception that higher D-
glucose 1-phosphate concentrations were used for the assay of liver phosphorylases as suggested by Stalmans and
Hers.?® Inhibition of liver phosphorylase b by compound 7 according to Lineweaver-Burk is shown in Fig. 1. The
inhibitor constant for 7 calculated from a Dixon plot (Fig. 2) is K;=7 uM.

Figure 1 Figure 2
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Figure 1. Double-reciprocal plot for liver phosphorylase & at constant concentrations of AMP (1
mM) and glycogen (1%), and varying concentrations of D-glucose 1-phosphate. Concentrations of 7
were as follows: 0 (O), 10 (W), 20 (), 30 (+), 40 (A) and 50 uM (®). The plots were analysed by a
non-linear data-analysis program.?’

Figure 2. Determination of X; value by replotting the slopes in Figure 1 against the inhibitor
concentrations.”® The means of standard errors for all calculated kinetic parameters averaged to less
than 10%.
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Inhibitor constants (X;) of thiohydantoin 7 for muscle and liver phosphorylases are summarized in Table 1.
For comparison, inhibitor constants of hydantions 5 and 9 determined with muscle and liver phosphorylases are
also presented together with those published previously”’ for muscle phosphorylase 5. Compound 5 proved to
be a potent inhibitor as described before,’ the epimeric 9 was, however, found to be more effective than
reported.” Liver phosphorylase @ was only slightly inhibited by 9. It can be concluded that phosphorylase a
activities (assays in the absence of AMP) are less sensitive to the inhibitory action of compounds 5 or 7.

Table 1.
Inhibitor constans (X; [pM]) of spiro-(thio)hydantoins 5, 7, and 9 for muscle and liver phosphorylases
Type of phosphorylase 5 7 9
Liver phosphorylase 5 128+1.1 7.0+ 1.0 nd*
Liver phosphorylase a 16.5+1.3 29.81+29 2050 + 180
Muscle phosphorylase b 42104 51+£0.5 1059
(3.1+0.2%) (320
Muscle phosphorylase a 260124 109+1.0 n d.*
*not determined
Conclusion

The newly synthesized spiro-thichydantoin derivative of D-glucose (7) was found to be a very potent inhibitor of
muscle and liver glycogen phosphorylases b and a. The inhibitory efficiency of 7 is comparable to that of the best
substance (5) known for this purpose to date. Due to the minor difference in the structures of 5 and 7 the important
hydrogen bond between N7-H and His377, detected by X-ray crystallography for muscle GP5—5 complex,” may also
exist in the enzyme-7 complexes resulting in similar inhibitions. Purified liver phosphorylases were used for the first
time in our experiments implying a potential role of inhibitors in the hepatic glycogen metabolism,
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