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| A_bstraét . |
o Glutaﬂuone S-transferase (GST) class P1 has two tryptophan rﬂsm:tes which are

conserved within domam’ Ine. Trp38 plays a ﬁm::tmnal rale in sequsstenng f
' glutathxone at the actwe site, whereas Trp28 plays a sh'ucmral role The effects of - |

the stencally-conservanve substﬁutlon of Trp28 to Phe were mmugated When the .

| _W28F mutant was compared with the mld-type enzyme, mutation of ’I‘rpZS to Phe

was not Well tolerated and resulted ini 3 dimeric pmtem with impaired catalync o f' |
function and conformauonal stability. ~ The quahty of purified enzyme was
_ detennmed by SDQ—PAGE sme—exclusmn HPLC IEF and western blot. The ! ._ .
| enzymes speclﬁc enzyme actmty and oatalytlc eﬂiclenoy were halved Interacuon | -
of glutathione w1th its bmdlng site fthe G-site) did not seem to be aﬂected, as

.' Suggested by the unchauged K, tor glutathlone a.nd unchanged I 50 values f‘or the - |

| competmve m]nbltors, the S-hexylglutathone and glutathmne sulphonate The o

| topography of hydrophoblc binding site (the H-site) for the eIectmphihc substrate "

o (1—ch10ro-2,4~dmttrobenzene) was affected, as reflected in the two-fold increasein

' the substrate’s K, value, Thermal inactivation and equﬂlbnum unfolding
experiments showed the Trp28 - Phie mutant to be thermodynamically less stable -
than the wild-type enzyme. Equilibrium unfolding and urea-gradient gel
electmphoresxs experiments suggested that the foldmg/unfoldmg of human GSTPI 1

isa two—state process involving folded native dimer and unfolded monomer Its

stability was also shown to be dependent on proteul concentratmn. A mutant-_'- o

- structure was constructed by homolﬂgy modellmg and the relatlonslup between-' |

_Phe28 and its nelghbourmg environment was mspected ‘These results Suggest an
essexmal structural role for Trp28 in nrxamtannng a ﬁmcnonal H-mte and a stable |
01353 Pi enzyme structure, It indole side chain i is. involved in the network of polar SR

 interactions buned in the prctein matrix below the H-vsfce B
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 Chapter 1
Introduction
1.1 Historical perspective |

* Glutathions S-transferases (EC2.5.1:18) (GST) were initially identified in 1961 as

@ liver enzyme that catalyses the conjugation of 1-chloro-2,4-dinitro-benzene
(CDNB) wﬂ:h reduced glutathione (Booth et al., 1961; Coombs and Stakelum., o

| 1961) GSTs are a famﬂ;y of mlﬂn-ﬁmctmnal protems that function botiz as eminent
enzymes of detoxlﬂcatnon and mtmcellular binding proteins. These exceptmnal |

'ﬁmotmns are of interest to investigators in.. hmchemical toxicological,
.phammcaloglcal cell biological and phys:ologlcal fields and interests in the GST -

* superfamily continve to proliferate. ‘The chronological order of the major advarces
inGST research are presented m.T_ab]e.l. S

" 1.2 Families of GST _iso_enzymes

GSTs exist in multlple forms and cytosolic GSTs can be grouped into five
| evohxhonary classes, designated Alpha, My, Pi, Theta and Slgma (Mannervik et al

1985; Mannervik and Danielson., 1988; Meyer et al,, 1991; Hiratsuka et al., 1990;
Buetler and Eaton,, 1992 Jxetal 1995) Anew class ofGST ngtna, hnsnecently )

been isolated from squid dlgesuve gland (Ji et 4, 1995) The microsomal -

_glutathlone S-transferase is a membrane-bound meinber of an unportant .
detoxxﬁcatlon system cons:stmg of a number of enzymes that catalyze the
cdnjugauon of glutathione to a wide rang_e of electrophzhc compounds (M_annemk R
and Danie‘l'sqn_., 1988; Morgeustern dnd DePierre.,' 1988 ; .-Pickﬁetl:_and_Lu_.,. 1989;

Ammstrong,, 1991). Microsomal GST is abundant in liver micrcsomes and inthe



1961 Demonstration of GST activity.
1973 First purification schemes for GST.
1974 Ligandin (Y protein) identified as a GST
1976 Selenium-independent glutathione peroxidase is & GST
1977 Use of SDS-PAGE to identify Ya, Yb and Yec GST.
1979 Ligandin activity attributed to the Ya-type subunit.
1981 Proof that distinct GST subunits can hybndlze, forming:- heterodlmers
: Demonstration of polymorphic expression of GST i m homans,
1982 Isolation of a unique microsomal GST.
1984 First full-length cDNAs encoding GST described.
Expression of pi-class GST in hepatic preneoplastic nodules,
1985 Overexpression of GST in drug-resistant cells hnw _
Alpha-, Mu-, and Pi-class GST families defined.
1986 Association between absence of mu-class GST and suscepttbzhty to lung
cancer.
1_988 Identitication of a bactenal GST respons1ble for resmtance to antxblotxc
- fosfomyein. .
1990 Identification of novel cis-acting elements in ﬂankmg regnons of GST
'genes that respond to xenobiotics. |
1991 Theta-class GST characterized.
' X-ray crystallography of GST. . -
: Three-dimensional structure of class Pi GST determined.
1992 Crystal structure of class Mu GST determined.
GSTs were involved in the elimination of Phase Il con_;ugauon products as the
third phase of detoxification.
Class Sigma GST was proposed,
1993 ' Crystal structure of class Alpha GST detenmned
1994 GSTs can activate compound to form alkylating agents.
~ Crystal structure of class Mu GST determined. o '
1995 Sigma-class GST characterized and Theta-class was p1'0posed as the evolutionary -
forerunner of cytosolic GST isvenzymes.
Crystal structures of blowfly class Theta and class Sigma GSTs determmed
The projection structure of microsomal GST obtmned by two-dimentional
crystallogray. .y shown to be a trimer,
1996  The first crystal strur ure of plant GST ﬁ:omdm.mbahm -
' determined. .

Table.! Historical overview of GST research (adopted and modified ﬁmm Beckett
and Hayes., 1993).



outer mltochondnal membrane (Morgenstern and DePlerre 1988), but calls uf the

" other tissues also express the enzyme at a lower level, The mcmsomal moenzyme o
has the ability to proteot ce]ls against lipid peromdatton Morgenstem and DePierre,

1988). Pemble and Taylor (Pemble and Taylor., 1992) suggested that Alpha, Mu
and Pi c:lasses moenzyme 01t‘1gmated from duphcatlon ofa Thetaahke gene. The Mu .
- class GST dlverged from the common AlphaJMulPl geng before the dwergeme of
Alpha and Pi classes. WhenJi etal (Jietal, 1995) compared the pmnary structure -
gene structure and three-dunensional structure of dlft‘emnt c!asses of GSTS, they' . __
-preposed that the Sigma rclass isoenzyme diverged ﬁ:om the ancestral precursor -
before the dwergence of the precursor gene for Alpha, Mu, Piand Theta oias;ses |
 The proposed evolunonary scheme for GST famﬂy is shnwn in F;g 1 SR

| --1.3_ 'Nnmenéla'ture and c‘:kssiﬁcaﬁ‘_bn'

The earhest reported atlempt to- classnfy the dlﬁ'erent forms Qf glutaﬂuone S~ E
transferase was mads by Boyland and Chasseaud (Boylard and Chasseaud., 1969).
They classified the GSTs into five groups GSH—S-a:yltransferase, GSI-I-S-» :
epoxldetransférase, GSH—S-aIkyltranszme, GSH-Saaralkylh-ansferase and GSH-S*
alkenetransferase. Classﬁcanon was based on GST's substrate spemﬁclty towards. -
'elech“ophﬂxc Substrates, Companscn of the. speclﬁc activities of isolated )
~ isoenzymes with morfs dxverse substrates dlsplayed ovexlappmg subsi;:ate. -
spec:ﬁrrﬂes, and their actmtxes were proved not to be lmked toa smgle functmnal

group. For example, the punﬁed epomdetransferase was act:ve thh alkyl and

 aralkylhalides in the conjugative process (Pabst et al,, 1973). In 1975, Kamisaka
et al (Kamisaka et al., 1975) grouped the five basic (class Alpha) forms of _GST
" isolated from human hver; these wet2 assigned in Greekalphabetlcal sjr__inﬁols, =
namely @, B, Y, 6 and &, The neutral form (class Mu) GST inliverand the



Sigma ._ | 51’\'—*[[;' | | . S

' Theta _T;‘ . Alpha/MuPi

| .Fig I The proposed evo[utmnmy qchemu for GSTs. lt cxplams t!weaﬂy diverp — offigmé cfass
. Theta ancestor followed by the dwergence of Mu chiss GST's frofit the common Alpha/MufP: ancestor.
| GST dwerg,ed from the commen Alphafo ancester {adopted ﬁ'om .ix et al iﬂ%) P



. placental acldlc form (P1) were also de51gnated as u, 1|:, ¢ and T (Pl) (Guﬂrenberg
et al, 1979; Warholm et 4l 1981 Singh et al 1987; Hayes et al,, 1939) o
| Stoclﬂnan et al (Stockman ot al. 1985) developed a system based on the quatemmy '

o structure Of PlDtBlIlS This particular system described the three enzymes (B;B,, - A
o Bx” and Bsz) fomwd bythe combmatmn of two distmct subumts called B, and B, .
o (Stoc}ﬁﬂﬂnﬂt al, 1987) Analternate approachto the class1ﬁcatmn of the GST was -

) to number the enzymes accordmg 3 their gene locl, usmg ev:dence obtained fram -
-zymogram analysm (Board 1981b° Strange 1984). It gave nse to the demguatlon '

o of GSTl GSTZ GST3, which were the locl encodmg My, Alpha and Pi ciasses ER

| moenz;anes, respectwely Jakoby and co-workcrs suggested tliat the sxx forms of |

. GsT, whmhtheyhad identified in.rat liver, namely E, D, C, B, A, AA, inthe order
- of the:r elution from a carbmqamemylcelluiose wn-exchange matrix (Mannemk and o
| Damelsan 1988) Dne of the nomenslature systems was developed according to

thei isoenzymes' relatlve mobilities i in sodmm dodecyl sulphate polyacrylannde gel |
- eiectrophoreszs. Subumts started with Y and were followed by ! Roman letters in

| | subscnpt that desagnated the appropnate subunits (Mannemk., 1985 Mannemk o

and Damelson,, 198 8). An obstacle arose as the relattve moblhty was dependent on

the degree of crosslinking of SDS-PAGd gel and the true molecular mass values
‘were hot reﬂected ﬁ‘om the SDS-PAGE {Hayes and Mantle,, 1986) A unified ] o

systemwas finally mtmduced in 1992 by | Mannemk etal (Mannervxk etal 1992) EE
and the gmdelmes for the nomenclamre of hmnan GST were descn‘bed in detalL . -

" Examples of dlﬁ'erent GST nomenclature are shown in Table. 2. Tnthe example of -
 buman GST Pi-1(AGST P1-1), h represented the species origin of the enzyms, P a
was demgnated to the Pi class isoenzyme W1th Arabm number 1-1 dlsplayed the -\
assocmt:on of 1dentwal type -1 subumts. : |



 Previous designation as GST o Cuss

BIB;, GSTZ_type 1, Ha(SuBtﬁﬁt fl_).,ukpgx,',. .GS.T&' . N Alpha |
'.13"232, eGsrz;iype'-f Ha(subunit-z); wu,,GSTy A
.GSTl-typeZ Hh(submntdu) GSTM, ) - . Mu
GSTl-typel GS"Mz e 'M;;-..'

Microsomal GST =~ - S R wmso'mf

'I_‘abl_e.z EXBIHPIC of human GST Isazjnne nomendlature.
_ {adopted from Mannervik et al,, 1992).



1.4 Funptions of GSTs

141 GSY's involvement in the déioxiﬁcaaan_ o pmy. -

S \_

Toxie compounds are produced by mmro«-orgamsms, plants and ammals asa form N | L

of gelf protectzdp enabling sucoessﬂﬂ evolunonary adaptatlon agamst predators., '_
" Toxins are also produced by hum.ans as a consequence of modern mdustrmlzsed -

procese%es
. - The detomi:cat:on of strucmraily dwerse tomns was classxfied into two dlstmcuve o
. pathways._'_._ = o : S I
(@) Pn-giycoprotein system: xenobiotics are exported by P-glycoprotein, a 170 kDa

plasma memb:ane glycoprotem that medlates the eﬁlux of drugs and xenoblotlos
| (Endlcott and ng " 1989) |

(O Thres phase detoxiﬁcaﬁon pathway (see Fig2): Phase I ofthe metabolismof

xenobiotics of the three phase deto:oﬁcatnon pathways involves the activation of |
- xenobiotics by oxidation, reduction or hydrolysis. An example is the oxidation of B

“xenobiotics by the cytochrome P450 superfamily which resulted i in the fonnatlon of
reactive groups in the xenobloucs and provnled a reactive group for phase 11 system . -
| Vanatzons in the order of pmduct reIease and the mtenned1ates utlhzed can result o
ina vanety of pmduots, including mono-oxygenase produots reduction products, . n
epoxides and peroxides (Guengerich., 1991; Porter and Coon., 1991) The seoondi o
phase generates genotoxic electrophnles, actwated xenobiotms, mcluchng the o
products of phase I, whlch is deactwated via conjugatxon of the activated ﬂm::tlonal' -

group with glucuronyl, sulphuiy! and gl_utattnonyl moiety, and tr_ansfozmod into



- more hydrophlhc forms (Hayes and Wolf 1990) Phase II enzymes mciude '_ ._
 glutathione S-ttansferase, UDP-glucuronosyltransferase and expoxide hydroiase o
e | The hydrolysed epoxlde by-produrt can react readxly mth pmtems by Schxﬂ’»«base o
o ':_fonnatlon or bmd o DNA (Ishlkawa 1992). In the example of glutathmne o
. :conjugatmn by GSTs the nsks nf exposmgthecellular envzronment to cammogpf

e;:aomdes and 1ts hydrolysed product are reduced

- 'Phase l]I mvolves t}w celhﬂar ehrmnatlon of mactwe and water soluble conjugates '_

o “via an ATP dependant pump located m the blasma membrane Thls is because the |

- miracellular accummauon of glutaﬂnonenconjugates can Iead to a deerease in the

o detomﬁcatlon abﬂny ofphasenenz;me(lsfukawa 1992} The GS-X pump, whlch -

E _' _._'Was pmpnsed by Ishikawa et al (Islukawa et al 1986), exhibited hngh afﬁmtnes : S
- '._toward glutathione S-conjugates that carried 2 long ahphatw Wb"“ chain and S
| suggested another role i in transportmg naturally occmnng glutathlone coruugates‘,-' .

e °g leukotnenes 04 (Samuelsson et al,, 1937 Ish:kawa etal, 1989a)

 Three phase detoxlﬁcahon pathway was 1ot onl) mvolved in tha metabohsm of' .

- 'xcnobmt:cs but was also :nvolved in the synthesm and release ofbxologlcally actwe ; R
" endogenous campounds e.g. prostaglandin (Chzmg ef al, 1987b) dnd LC,
- 'Arach1domc acid was omdlsed via the hpoxygenase paﬂ‘Iway and conjugated with

| GSH, whmh Ieads to the formatmn of LC,, from 1A4 (Chang et al., 19873)
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-_ F1g 2 The three-phase paﬂlway of detomﬁcanon Df xenobwtlcs Xa xenoblotms |
that are exported by P-glycoprotein: Xb: xenobiotics that are bioactivated by

monooxygenase in phase I and conjugated with glutathoine in the phase If system. . |
- The metabolites bioactivated in the phase I can react with cellular protein or DNA. -+~
- The glutathione S-conjugates formed in the phase II system are eliminated from the .

cell by the GS-X pump (phase m (adapted from Ishikawa., 1992)



- 1’_;4;2. T-he ATP dependant glutatljidhe ¢9njﬁgaté pm_pﬁ_

" The ATP dependaut glutaﬂuone S—conjugate pump was mmally proposed by several o
mvestlgators (Board., 1981a; Akerboom etal, 1982; Ism&.awa 1986) and was -

conﬂrmed later fmm expenments usmg plasma memhrane vesmles prepared fom |

-eryﬂzrocytes, rat heart and liver (Kando et al., 1982; Ishikawa., 1989%; Kobayashi
etal, 1989; Kitanura etal, 1990). Kinetic studies showedthatATP was essential

for theu'misportﬁmctmn ofthe glutathlone S-conjugates (Ishlkaw&., 1989b). ’I'he
o 'ATP dependant pumP senes two ftmcnonsi it facﬂltates the degradatmu of R

_' gliatat}uone S-cunjugate by expomng the conjugates out of the ce]l, which is then s
- _:_tmnsportto the kldneys bybloodplasma. Thxs occurs as 1t is v:ttalto mamtamthe o

- eﬁciency of the detomﬁcatlon enzyme system in the cell. The pump consmted of

. the P, © and G domains where the P domam was. responmbie for the

_ phosphorylatlon, and the C and G domams were mvolved in the recogmtlon of I

| ghltathmne S-oonjugates (Ish:kawa., 1993) The GS-X pump also exhibits a broad __ | -
Spectmm of substrate sPeclﬁsﬁy towards drﬁérent types of glmathtone S-conjugates o

143 'Deg_md‘aﬁon of glutﬁthibné Sfconiugateé

The degradatxon of glutathione S-conjugate starts wrththe removal of '\' glutamyl

mmety and is foﬂowed by the cleavage of Cys-Gly pepnde bond hy a peptldase

The remaining S- (substntuent)-cysteme demanve can be metabohsed further npon_ ::-7 -
acetylanon of the cysteme conjugate by acetyl-‘coenzyme A to pmduce a final

product called mercapturic acid, which i is excreted via the lndney Alternatwely, the
cysteme tnoiety can be cleaved at the C-S bond with the ehmmatlon of pymvate and

ammonia, resulfing in ihe production of mercaptan. The thiol group of mercaptan | |
| 'can be ﬁmher glucm'onosylated with m‘:dmedlphosphoghwmonate or methylated i .
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| | w1th S—adenosyi methmnme to form methyl—thml conjugate and ﬂus can be ﬁthher

| omdxsed to form methylsulﬁnyl derivative which may be oxxdlsed to form the Iast B

| product whmh was a methylsulfonyl denvauve Thmglucuromde or methylthlc_ S

- denvatwe of xenobmtms, toge’ther with mercaptunc aud are excreted by kldneys | .
- (’Mannervﬂc. 1985) Detalls of the degradatmn pat]lway can be seen in Fxg 3 e

144 Bmdmg aﬁd _inti'sice.lluiar trans;;ort 0f_ﬂ0ﬁfsi¥_b8fr3té hgan d_s. .

o _: The GSTs were concurrﬂntly charactenzed based on then' non-substmte mnﬂ o

- bmdmg abiity. These enzymes were ongmally called Y- protein or hgandm befdm-_ :

Kaplowﬁz et al (Kapl&wﬁz et al. 1973) obserVed the gh:tathmne S—transferase_ Lo

| actmty fmm them GSTs bmd to a dlverse vanety of large hydrophoblc and

| amphlpathm non-substra‘te hgands such as stermd hormonas, thyroid hormones,
“bilirubin, - heme bile acid, fatty acids, Ieukomenes, progtaglandins and L

neurotransnutters (Boyer 1989; L1stowsky 1993) Tl:us protem also has the

o B capamty to bind various exogenous substauees sach as drugs, dyes a.nd xenobxet:cs, | _'ﬁ_:. - o

mcludmg mut..gens and carcmogens (l..IStOWSky et al., 1988)

Non—substrate ligands can act as mn-competltive mhxbxtots Ev;dence for th1s_ |
includes: (1) covalem labellmg of the non-' ;ostrate hgand bmdmg site m rGST .
A1-2 does not result in complete loss of activity (Boyer 1986), 2) the degree of o

| mhibmon by non-substrate ligands is PH dependm (i.e. due to the formanan ofa .

kinetically active enzyme-substrate-mhsztor complex) (Van der Jagt et al,, 1982;

- Boyeretal., 1984; Boyer and Vessey., 1987); (3) some forms of GST stﬂl retajn B o

full activity at 100% ligand saturation (Boyer et al 1934), (4) Certam non-.'

substrate ligands (phenoxyherblcldes) have stlmulatory effects mstead of mhlbxtory o

| effects (Vessey and Boyer 1984; Vessey and Bevyer., 1988) and (5) SI26CST
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_retamed 100% enzyme actmty when the enzyme was assayed at the preseme of - L
500 pcM concenﬁ‘atmn of non—substrate hgand Pl'ﬂmquantel (Walke r et al. 1 993) -

__ Praz1quante1 occupxed the solvent accessxble cleft created by the assocmtmn of o
. ..Subumts was observud from the 3D structure of SJZSGST MGquue et aI 1 99 5) __ -

c ytoto:cic -eﬁ'ects_ occur' wlﬂ:un the cgllS whéh_ the -ce_llhla_r_ confse_niratipns' of noh;i
| substraté ligands exceed 'the’ Capabity of theii:r 'Spéciﬁc recep'tors df if there is no_
speclﬁc receptor for the poiaentlally tOXlC compound, Tippmg and Kettemr (Tlpplng _- "

'and Ketteter 1981) observed GSTS' mvolvement m the transport of mlbstrates for" =

| cytochrome 450, and suhsequently the product of cytochrome P459 system will b& -

: | used by GST as H—sﬂ:e substrates GST can regulate the metabohsm m. toxic

- compomds bb' bmdlﬂg the toxm and rendenng it more water- soluble and, therefm-e, .
| faclhtat:ngthe metabolism of toxms and protertmg the cells agamst cytotomc effect co
o (Llsxowsky s 1993) :

A tfiegative effect asises when the metabolites formed become mufagenic or
cﬁrciﬁogenic and'induce an oVer-expfessicﬂ“of GSTS, resulting in: anmcreased .

| cellular resistance u toxic compound. However, this can be couunlled by GST
itself For stermd and thyro:d hormones, the dxssocxatlon rate of honnones at high
- affinity receptor sites allows an. eﬁme_nt transfer of non—_substrate hgands or

alternatively, when the GST level is high, the enzyme will divert the bound hormone
to another s:te to be metabolized (Llstowsky 1993) The h1gh capamty of GST- IR
“thyroid hormone (T or ’I;) bmdmg allows the regulatmn of actlon and metabohsm_ S

of the thyroid hormone by controllmg their mh'ace]lular transfer to receptors and
components mvolved in t‘txmmd hormone metabohsm (Ishlgaln et al,, 1989) Chang

- etal (Chang n al, 1987) also suggest GSTs are potczntially mvolved in the cgmmlz S

 of cellular concentration of androgen—dependent gmwth honnone '
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1.5 Structure and conformational stability of GSTs |

1.5.1 Structural coniparisons of GST family

 Cytosolic GST exists as homo- or hetero- dimer actording tn the dimerization of
monomers within same class of isoenzyme. Members within the Same_ c:lassés share "
a high '_amino acid saquence identity and similar subunit sizes (24-28 kDa) (Dimet
 al., 1994b;- Wilce and Parker., 1994). Unlike the cytosolic GSTs, mictosomal
‘GSTs exist as trimerio protein with moleoular mass of 17.3 kDa per mopomer

(Blebert et al., 1995). The folding topology of membrane-bound microsomal GSTs

s different from cytosolic GSTs as each monomer contams an inner core of six
parallel a-helices dehneatmg a central low densnty region and the helical bundle is
partly surromlded by elongated domams (Hebert ¢t al., 1995) o

Sequence identity between the different gene classes dlsplays littfe 1dent1tv (Pl—Mu
__ 30%; Pi-Alpha 32%; A!pha-Mu 20%, ‘Sinning et al 1993). Class Pii isoenzyme
' shares the highest serence identity with class Alpha, and moreover they also
shared a high degt ~ o1'suuctural similarity why+ the superimposed structures of
the two classes are cu.spared (Dirr et al,, 1994b). However, class Pi and class Mu
do share a higher -degree of overull structural similarity when the supenmposed |
* backbone conformations are compared (Sinnin_g_et él-., 1993). The plant class Theta
' GST of 4 thaliana shared less than 20% of sequence identity with class Alpha, Mu
and Pi GSTs (Reinemer et al,, 1996). The blowily class Theta GST also shared 2
very low sequence identity with Alpha, Mu and Pi GSTs, just below 21% (Wilce et
al., 1995); The class Sigma GS'_I' isolated from squid digestive iglan;d; shared 19- |
34% sequence identity with the other four principle vertcbrate classes GBTs (Jiet =
&L, 1995), The class Sigma GST shared highest identity with class Pi GST; 38,7%



fd;f_domain 1 and 31.2% for the entire moleune (Reineme:?"et o, 199).

'Classes Of GS’I’s share 26 mvarmnt ammo acid t‘emdues, w:th many relatwel}" o

conservaﬁve subsumtmn changes that are accommodated wnthout any major .

_ -. Stmctural adjustments (Dirr et al 1994b)

'Many of these res1dues are lmmted at the actwe site and conmbute towardS"_ -

- ~ ‘substrates bmdmg, catalysis and cﬁnfarmanonal stablﬁty (Dirr etal 1994'b) The |
. ;nvanant ammo acid residues are as follows Tyr'?(Pl)/TyrG(h»iu)/I‘yrB(Alpha),- L
- Argll(m)/Arglo(MuyA:glz(Alpha), Glyl2(P:)/GlylI(Mu)/GlyIB(Aipha), Argl8 o

(Pi)/Argl 7(Mu)!ArgI 9(Alpha), Leuzﬁ(Pl)fLeul 9(Mu)/Leu2 I(Alpha), Lﬁuzl(P')/ _'
| Lm;zomuymmwpha), GIuBO(Pl)fGluZS'(Mu)/GIuS 0(Alpha), Phed7(P1)/Phes6

 (MuYPheS1(Alpha), ProS1(PiVPro60(Mu)Pros5(Alpha), Gin62(Pi)GIn7 (M)

/Gin66(Alpha), Tle66(P1)/Lie75(Mu)le70(Alpha), Leu76(PiyLeus5(Mu)Leus)

(Alpha), Gly78(PIVGly87(Mu)/Gly82(Alphz), Glus3(PiVGO2(Mu)/Gius7(Alphe) o

| AspS8(P1)/A8p97(I\du)/ASpW(AIpha), Asp%(Pl)!ASpIOS(Mu)/Asp100(A1pha), ! o

_'Leu104(pf)fmumomumxumswpha), Leul 31(Pi)/Leul41(Mu)Leul39(Alpha), .
Gly143(Pi)/Gly149(Mu)/Gly149(Alpha), ASp1SO(PL)/ASPISG(Mu)/AsPlSﬁ(Alpha), .
Leul S7(Pi)/Leul63(MuYLeul63(Alpha), Phel71(Pi)/Phel77(Mu)/Phel77(Alpha),

Pro1 72(Pi)/Pro1 78(MuY/Pro1 78(Alpha), Leul74(Pi)/Leul 80(Mu)/Leu180(Alpha), |
ArngO(Pl)!ArgISG(Mu)IArgI 86(Alpha), ﬁozoom)/pmzosmu)fpmzoewpha) o

- (Dirret al,, 1994b)

| Each subunit pa]ypepsr de cham folds into two sh-uctumlly dlshnct domam.s that have -

a total secondary 8¢ mre content about 48—59 % a—hehx and 8-10 % fi-strands |
(Ditr et al,, 1994b). The mallerN—termmal domam has the topologmal artangement

- forthe secondary sm_wtma elements folded into the Bo.popPo motif (Dir et al._ -



1994b) ‘The supenmposed subumt structure showed a hxgh degree of backbone_ - o

sixuctural similarity between Alpha, Mu, Piand ngma ciasscs of GSTs (Smning et
| a] 1993, Dirr et al., 1994b; Ji et al,, 1995) Each class has specific structural
| charactenstms P‘or exampie, class Mu GST has an extended and mcbile Mu loop

connecnng strand B2 and helix &2 (Jl etal, 1992) The folding and frame work of ) . |

| class Mu GSTs was, therefore, not ffected by the umert:on of the Mu 1oop (Dm: et | |
» 1994b). Domain 1 of class Alpha subunit is folded from two separate |
olypeptlde segments This domain has an addltlonal amplupathlc ei-helix, helix

@9, which is created by the folding of the C-terminal region of the clags Mpha -

p@lypepude. ;:ham (Sinning et al, _1993) Blowﬂy class Theta GST did nat have the
" loop fend in class Mu GSTs or the C-terminal belix characteristic of class Alpha
| GST (Wilce et al, 1995). Helix 5 of blowfly Theta class GST is shorter and not
- beit. The conformation of the loop connscting helix 4 and 5 of blowily Theta olass
GST together with the absence of hehx 8 are unique featm'es (W ﬂce et al,, 1995) - |

Dminz‘ is compcsed of five amphipathic u-helices (Dite ot al.‘,' 1994‘5; Wilce ad

- Parker., 1994; Ji et al,, 1995), The vai-iations in sequenices (due to substitution,” -

*insertion or deletion) kave led to some overall siryctural readjusiments between gene
classes, such as the rotation of.fstr:mt!.tra} domains (Sinning et al,, 1993), Class Pi
and My shared higher degrees of structural similarity of domain 2 where class Alpha_
has a longer o5 helix and & shorter three-residue B-strarid near the Cutermmal
‘segment which forms a structural part of the domain I of class Alpha (Dirr et al,
1994b). The folding top010gy of class Sigma GST was simila to other known GST
- except for a significant difference at the posmon of the a4—tum~oc5 (resxdues 102-
125) Gietal, 1995). | :
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A distinguishing feaiure between GST classes is the interactions involved atthe
dimer interface. A lock- and “key type of hydrophobxc interaction is established m._
Alpha, Mu, Pi and SJGST(whlch belongs to the class Mu of GST family) by the
wedging of a hydrophobic side chain of a Phe residue (PheS2/Alpha; PheS6/Mu;
Phe 47/1’1, Phe51/SJGST) from onie subumtmtb a pocket between a4 and a5 in the o
other subunit (Jietal, 1995). This pafucular type of lock- and -key mteractmn is
- ot present in squid class Sigma GST due. to the absence of Pheand - ® { L
| “the loop on which the Phe resxdes. The two resxdues out of .,we resxdues (aflm |
- fonn electvostatm mteractxons ratherthan hydrophobm intoractions and the hoie csf.
'the lock is blocked by the side chain of Glu8® and Phel29, The dmease in
hydrophnbm mteracﬂon is cnmpensated by the increase of e.ectrostaac mteracrmns -
(Jz et al., 1995) The subunit recogmnon of enzyme classes that have the
'hydrophobm lock (Alpha, Mu, Bi, $J GST) are controlled pnmanly by th. relative
otientation of the N-and C-termina) domams (Sxmnng et al., 1993) which altess the

. distan.) between the key of subunit 1 and the lock of the subunit 2. This fits well

into the hypothesis of the earliest divergence of class Sigma from the common
- ancestor (Jietal, 1995) and the dnner mterf‘ace of GSTs evolved ﬁ'om hydropluhc
~ to more hydrophobic, |

1.6 Catalysis

- 1.6.1 _Basis ofeatalysis'byGSTs o

Glutathione S-transferase catalyses a varlety of reax;tmts, mcludmg nucleOphlhc o
. aromatxc substltutxon (85Ar) between reduced glutathione (bound to the G—sﬂ:e as

the activated thmlate)_ and a broad__spectmm of el_ectmphxles. _The ‘most cq_mmon' |
method to study the ability of GST to conjugate GSH with electrophilic substrates.

'-.‘ .
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is the specn*ophotomemc assay develﬂped by Hablg and Jakoby (Hablg and J akoby, -

 1981). 1-ohloro-2,4-dinitrobenzerie (CDNB) was used as an electrophilic substrate
to observe the GSTs catalytlc activity (Hab:g et al 1974) See the illustrationin -~

| F1g4 for the catalysis by GST. Most biomolecular aromatm nucleopmhe
substitution reactions on activated substrates are thought to proceed through an

_unstable Meisenheuner or o- complex intermediate Wthh represents the rate'.'
'_hrmtmg step in this type of chemmal catalysis. Gmmmalu and co-workers

| (Gra;mnsh et al., 1989b) observed that the ability of rat liver class Mu i isoenzyme S

33 and 4-4 to stabilize the Meisenheimer complex mtermedzate. These works use :

1,3,5-trinitrobenzene (TNB), an activated areng lacking a good leaving | group The N

electron deficient aromatic ring of TNB, dld not favour the remaval of hydrogen

atorn and the substlmtmn reaction, it revermbly forms the dead—end Mexsenhe:mer -

complgx intermediate at the active site of GST (Graminski et aL, 1989b), Studies
- on the class Pi and Mu isozymes suggest a positive correlaﬁ(m between catal}_ftic |
efficiencies for the nucleophilic aromatic substitution'reacﬁdn with the enzymes |

, abi.tyto stabilise the Mel.;enhexmercomplex (Grammlskl et al,, 1989h Blco etal, - o

'1994)

. Proposed steady-state Kinetio mechanisms for GSTs include ping-pong, sequential
and random mechanisms (Wilce and Parker., 1994). Most of the studies support the
idea of the random addition of glutathlone and elecrophilic substrates However,

under physmlog;cal conditions, the intracellular concentration of reduced ghitathione

is in the 1-10 mM range, whereas the dissociation constant of the enzyme vaies
between 10 -200 M. This is much higher than the Kd of GSY, allowing the
t, utathione to bind to GST first as that will drive the initially proposed random



| 1-Ch5ﬂm—_Z_;é-lll'initl‘ﬂhéhzenE | -ch!nro-I (S—g!utathmnyl)—z 4- 'I{Saglﬁiathiony
| - o d:mtmcydohexadlenate - -dinitrobenzene

| NOz
-(S-glutathwnyi}«ﬁi&,ﬁ- o
tr:mtrocyclnhexad;enate o

- I',3-,5.-.-t'rinitrobehz'ene

Fig 4 (a)'I‘he conjugatmn of I-chloro-z 4a-d1mtmbenzene (CDNB) wﬁh reduced glutathmn (GSH) t
. formation of Meisenheimer complex with 1,3,5-trinitrobenzene (TNB). GS represents the thiolate a
i F!g.4(b) represents the formatlon 0f product did not proceed (adopted from Blcn et al, 1994) |



é:_ddiﬁon to & sequental additioﬁ_ of Sﬁbsirates. - _

Roberts and co-workers (Roberts et a, 1986 estimatedthe the sl holstoarion
- was 10° tnmes more reactive than its conjugate acid when aompanng relanve -

- reactmty in aqueous solntxom A central aspect of the catalytic mechamsm is the o
- abmty of the enzyme to lower the lunettcally determined pKa of the sulﬂwd:yl gmup _-
of reduced GSH ﬁ'om 8,990 in aqueous solutmn to values of 6-‘7 = |

- (spectrophotememcally detennmed) when the thiol group of glutatlu one boun POV

 Gesite (Chenet al, 1988; Graminski etal, 1989b), The estimated pKaforthe

bound thiol group is 5,7-6.9 fnr class Mu (Grammskz et al., 1989a,b; Liu et al,

- 1992), 6,77 for class Alpha (Huskey etal 1991, Wang et al 1992) andﬁ 3 for ._ o y

- class Pt (Kong etal. 1992b)

An evolutlonary conserved Tyr (class Pi) /Tyrﬁ(Mu).’I‘yr& (Alpha)f ’I‘yr? (Slgma) is
:dlrectly mvolved in the catalytic activation of glutaﬁnone whlch is supported hy |

- evidenice from crystallographlc, kinetic and spectroscopw studies ofwﬂd—type and .

Tyr ~r Phe mutant GSTs (Grammskl et al., 1989a,b' Reinemer et al,, 1991; -
Stenberg et al,, 1991* Jiet al. 1992; Reinemer etal 1992; Kolm etal. 1992;
Wang et al, 1992; Liu et al, 1992; Manoharan et al, 1992a); Kongetal,
1992a,b; Pemngton arid Rule., 1992' Sinning et al., 1993 Raghunathan et al,, |
1994; Ji et al,, 1995). It was found in Theta class GST a conserved senne resxdue |

took over the catalync tymsmes role (Ser9 of L. cuprma GST and Serll of
A. Thaliana GST) (Wﬂce et al 1995- Reinemer et al‘, 1996) | '

Tyt 7 is in close prbximity_ to thez sulphpnic group of glutathiqne sulphonate, the

hydroxyl group of Tyr and one of the oxygen atonts of sulphonate, which is situated
within hydrogen bonding distance (Reinemer et al,, 1991; Dirr etal., 1994a). This
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| | | | o
s further supported by comparing crystallngraphxc stmctures of GST in complex- |
- with vanous GSH analogues (Reinemer et al., 1991 Rememr et al 1992 Garc:a-»

Saez et a.l., 1994 Jiet al,, 1992),

The replaéeixlént of tyrosine residue with phenylalanine by site-directed

- mutagenesis resulted in a very low tmnover rate ut pH 6. 5 However, the enzyme
still retamed glutaﬂuone bmdmg affinity which 1mp11es that the Tyr res1due s

pnmanly involved in the activation of the thiof group of glutat‘ruone (Stenberg et a,l -

1991; Llu et al., 1992 Manoharan etal, 1992&)

- The close prommlty of Tyr to the sulphur atom of GSH suggests a pnsmve mﬂuence -
by Tyr on the pKa values of the thiol in the enzyme-glutaﬂnone complex. The pKa o
of enzyme bound thml group is approximately 2 pH units below the pKa of free

thiol of glutathione (Granunsk; et al,, 1989a). The Y6F mutant of i isoenzyme 3-3
has a higher pKa value (pKa > 8) than wid type i the bound enzyme-thiol complex,
implying that the hydrogen bond between them is mvolved in ‘the stahnhzatlon of the
thiolate anion at the G~sxte (Liu et al., 1992). An alternative role for the tyrosine at
the active site has been proposed by Karshikoff et al (Karshikoff' et al., 1994). In

'this pmposa], the deprotonation of the hydroxyl group of Tyr is influenced by

protein charge constellatmn, and in particular by the hlgh positive potentlal

_- generated by peptide dipoles of Gly12, Arg13 and Cysl4 which belong to the N-

terminus of helix «A of domain 1 (Karshikoff et al,, 1993). ‘This s1gmﬁcant a_-he_h_x o
dipole moment activated the hydroxyl group of Tyr7 and resulted ina coﬁsiderable |

~ reduction of pKa of Tyr7. Thus, at physiological pI-I it can act as a general base

and promote proton abstraction from the GSH thiol by creatmg a thiolate anion thh |

high nucleophlhc reactivity (Karshikoff et al, 1993)



o Tbeacnve sues mthecrystal structure of GSTsare open to bulk solvent (Duretal :

1994b) and the solvation of the actwe site can result m a d1mm1shed catelync N

function (Adams etal, 1989\ However, the exclusxon of weter from the active site N

o followmg the substrate bmdmg could contribme to the destabxhzatmn of glutathmne'

. and thus, the ratalytm potentxal In the class Mu GST crystal stmcmre ‘one _

| hem:sphere of the sulphur atom of glistathione was found to be completely shxelded_ N . y
- from soivent (31 ot al., 1992) and the desolvation of thiolate anion at the active site o
would, therefore lead to enhanced nucleophrhc reactmty of glutathmne (I—Iuskey et_ IR

| al., 1991)

o "I‘he conjugatmn of GSH also mvelves the bmsynthesm and release of biologmaily L .'

'actxve endogenous substances such as postaglandm (Chang et al., 1987b) )

 Arachidonic acid is omdxsedwa the hpooxygenase pathway and i is eonjuga}ted with
GSH, wh:ch leads to the formation of leukotriene C,from A,, (Lhang etal, 19874).
. Thisin turn, regtdates the allergm and analphylatm rea.ctmn, resultmg in smooth_ | :

- muscle contraction; the release of luteinizing hormone, and modulatnon of the G- j'
protein gated potassmm channels (Ishlkawa 1992) | |

1. 6.2 Recognition of GSH at Gosite

 'The Gusite of GST is highly specific towards the thiol substrate GSH bound to the -
G site and it assumes an extended eenformatian. Variants of thio'ls; such as N-Ac-
L-Cys, L-cysteine, 2—mercaptqethanol' and the tetrepeptide y-—L—Glu-y-L-Glu—L—Cys-*
Gly are siot recognised by GST as substrates (Habig et al, 1974; Abbott et al.,
 1986). ‘They also have & very low affinity towards the retro-inverse isomer of GS,
as the GST canmot recognise the reversed order of glutathwne peptldes (Chen etal, |
1933) |



" The y-glutamyl moiety is the major binding determinant, which allows the thiol

 group to align properly at the G-site (Adang et al, 1988; Adang et 'ai. 1989;

Adang et al, 1990) It interacts extenswely wnth a hydroph:hc complementary =

pocket folmd near the subumt mterfaoe This is formed by the conserved and o -
conservatwely l’eplaced residues mthe domam 1 of one subunit and domam 2 of the L

- adjacent suhumts (Dn-r et al,, 1994b) The a—oarboxylate group of the y-glutamyl )

| site chain is the most important recogmtton site as it is obhgatory for enzyme - :

- :actwlty (Adanget ., 1990). The o:C-helix dipole could function as an elestrostatio
o anehor for the y-glutamyl mmety and it would assist inthe bmdmg and onentatmg- |

of the y-g]utamyl moiety of GST (D:rr et al., l994b) Mu 3-3GSTis also able to o N
: -recogmse non—y—glutamyl—oarboxylate groups, é. g analogues of GSH wrch ok~

- ghnamyl or o-D-ghutamyl residues. The ammo group of y-glutamyl is not the maJor L
| detemunan’t, as GST is still able o catalyse the analogue which has the amino group o
 ofy glutamyl mmety omltted Crystallographlc WOrks on class Pii isoenzyme with - .

o glutatluone sulphonate demonstrates that the ammo group of 'y-glutamyl moxety s |

- also unportant for recogmmn at the G-sxte (Dn:r et al 1994b)

| 'I'he posmon of cystemyl resuiue is critical for the oonjugatlon w1th the ﬂuol group .

| | The Glyoyl-modlﬁed analogues showed that the Glycyl residue is the least .

- re_smot_:vo moiety and not essential for the reoo_gxnt;on of G_SI-I at th_e G-site. . -'
L 6}_ 3 Substrate sowiﬁoiﬁr of GS'I‘s -

GSTs -ofe able to suct with a large mnnbei' of stmictilrally diverse mhstrafes, o
_mcludmg alkyl— and a:ylhahdes, lactones, epoxides, qumones, ester and aetlvated |
. alkenes (Mannomk andDameIson., 988) These all share the common feature of -
bemg mostly hydrophobzc and bearmg an electrophlhe centre The speolﬁclty of o



- _GSTs toward eertam substrates has proved useful | in elassﬁymg :uew classes of-'f | -
GSTs. For example elass Alpha GSTs are h:ghly reactive towards cumene o

| __hydreperomde (Beekeﬂ: and Hayes 1993 Wnlce and Parker 1994), a.nd A%~ |

| _Androstene -3, 17- chone will dmhngtush submt type 1 &om type 2 of class Alpha- - |
CGeT (Beekett and Hayes 1993) Class Mu GSTs has a preference fer epoxxdes S
and eiass Pi GSTs are highly reactwe thh ethacxyme acid (Beckett and Hayes .

o 1993 ‘Wilee and Pa:ker, 1994), whereas Class Sigma GSTs are highly reactive with
o CDNB (31 et al 1995) Type 1 subunit of class Theta GST is 1dent1ﬁed by 1,2 - "

§: EPOKY'B' (P'mPheme) propane, and type 2 submnt is identified by menaphthyl w

- sulphete (Beckett and Hayes 1993)
1}_7. -Gluta_tliiene S—tranéferaee'ai_ld .it_s a':ssﬁeei'ai_tien. w:thhealih and diéeasee o

| The dlsmbutlon of GST across human tlssue is sald to he heterogemous and t:ssue

" speclﬁc (Tsuchxde and Sato,, 1992) The d:ft‘erence in tlssue dlstn‘bntl.an can. be_ _ .

. explalned by distmct tlssue flmctlon. GSTs act elther as carner protems (hgandm

- function of GST), or be metabehcally active and detomfv the potentla]ly harmful
| 'xenebmnes, Wild-type sub_mects dlsplay dominate amount of Al,pba GST
 together with small quantities of class Mu and mmrosomal GS'I' presest m the liver

(Hayes et al, 1991). The class Alpha GST is expressed iv the liver, kidney , small
intestine and adrenal glands (Tsuchida and Sato., 1992; Listowsky., 1993), while |
~ in most hepatocellular carcmoma, class Alpha GSTs are expressed in the hver Co

* (Coles and Ketterer,, 1990; Hayes et al, 1991). The class Pi GST is expressed'_ -
and umformly distributed in exn'ahepatlc tissues (Pemble et al . 1986; MeLellan and
~ Hayes., 1987) and found mainly i m normal cell types, such as eryﬂlroeytes, pletelets, -

placenta, and in the thyrotd gland and lungs, wheteas in the k1dney, heart, testis, |

ovary and u_te:us,_ nultiple forms of GSTs are expressed_(Llstewsky.,_- _1993).-_ -



N Investxgators have paxd attentxon to the use af rat or human class P1 GST asa - |

rehable preneuplastlc or neoplastlc marker enzyme mdmatmg that the detection of i

elevated levels of Px class GST would pmwde a simpler pathway to 1dent1fy |
_' mahgnancy of tlssues thanthe convennonal method used (Tsuch1da and Sato., 1992;
| Llstowsky '1993). The class Pi GST is normally expressed in minimal levels in
* adult hepatocytes and thus the increase of class Pi GST levels is due to the increased

transcnptmn of the P1 gene m the mahgnant cells (Suguoka et al. 1985) Thjs _ o

o moenzyme (class Pi) has been vanably reported to be normal or mcreased in human o
o hepatocelhﬂar cawmoma (Soma etak, 1986 Kano et al., 1987), mcreased n both -

. dysplashc and. neoplasuc lesions af uterme cervix (Shu'aton et al., 1987), colon_.., |
~ adenomas (Kodate et a.l 1986) and cancers in the lungs, bram and skm (Tsuchda o
and Sato 1992) - | B

| The class Ma GSTis subjected to polymorphism and the expression of Mu class is
 population specific. Itis expressed in apprommately half of the population studied
Sby Hussey and co-workers (Hussey et al, 1987) In humans, there are tbree o

autosomal alleles at the GST M-1 Iocus (Type 1 Type 2 and Type 0orn ull), and |

hence four possible phenotypes may be expressed in the liver (genotype 1, 0 orl,l;

genotype 1,2; genotype 2,0 or 2,2; genotype 0). The ﬁ’equency of these. four
phenotypes in the European pOpulatlon were 18, 6, 35 and 41 %, respect:vely .
(Strange et al., 1984) Themfore, 40 % of the populatmn studled lacked the class
Mu GST (genotype Oor null). It was later faund that the heredltary dlﬁ'erences n
the expremon of class Mu GST is due to the deletion of the gene (Seidegard et al.,

© 1988). Strange et al (Strange et al, 1991) suggested that individuals lacking the L

expression of class Mu GST have a greater tisk of deVﬁlOng adenncarcmoma of._ :

the stommh or colon than those with class Mu GST, The class Mu GST was

- suggested as a posslble marker for greater susceptlbﬂlty to human lung canuer -



| o o | %
among smokers. Experments have shownthe dlmnnshedGST (cla,ss Mu, mmono- g

| _nuclear leacocytes from lung canver patients toward trans-stﬂbene omde when -
compared wnth a matched cont:rol group of smokers (Seldegard et al., 1986 _—
_' Seidegard et al., 1990) o o . o

o There are two ways to explam the over-expression ofa partlctﬂar 1s¢:aenzymmra m_ |

mahgnancy Firstly, the ﬁver-expresszon of a putticular isoenzyme is due to the .

r-lonal expansion of cells expressing particular GST of, alternatively, the selechve -

over-expression which offers replicative advantage 1o dlﬁ'erennated cells, as in the
- case of developed drug resistance. The over—expressmn of GST in tumours

o produces res:stanca in the neoplasmto certam anncancer drugs (Hayes et al.,, 1991; N | | _. |
Beckett pnd Hayes., 1993; Gulick and F ahL 1995) Elevated levels ﬁf GST have o

| beenobservedmhumanaudammalnnnours(Chmchaeletal 1988; Sheaetal.,-_ |
1988; Lewis et aL, 1989; Di Iliio et al., 1988 a, b; Howie et al,, 1990; Moorghen |

etal, 1991; The decreased drug—bmdmg membrane bound protem and decreased o

- activity | | cytochrome P450 system would result a slower rate of antmancer drug\_- -

metabolism (Hayes etal, 1991).

~ Labelled antibody immunoassay is able to distinguish classes of cytosolic GSTS-

~ (Hussey et al., 1987; Howie etal,, 1988; T suchida et al., 1989) and hetero-dimrs o
frora homo-dimers (Beckett et al,, 1984; Stockman et al,, 1985). The advantage of

| the 1mmunoassay allows us to. exclude the artifacts created by problems suc.h as

bound hgands (vile, bilirubin), which decrease the enzyme act.mty and CAUSE errors

* in the kinetic test. The class Alpha enzyme is the primary enzyme measured in liver

dlseases, e.g. paracetamol poisoning, acute. slcohol ingestion, acute liver damage, o

- hypoglycaemia, and anethesia with halothane (which causes liver injury) (Beckett |
and Hayes,, 1993). The class Alpha GSTs are also used in the detee_tmn of chm_mc



Y

o -hver d:lseases, such as autmmmune chmmc acnve bepatitis, alcahohc clrrhesxs and '.

thyroid hormone assoclated diseases (hyperﬂmyroxusm and momtonng the thyro:une

| replacement therapy) (Beckett and Hayes 1993) This class of GST (Alpha class) -
‘can also be used to detect renal damage and to predwt the cadaver kidney function

prior to transplantatlon (Cho et al,, 1981) The class Mu enzyme is mainly used to
dtﬁerentmte chronic hepatms, as 94 % of patients with chronje hepat:tls were found

to express the class Mu enzyme (Harada et al, 1987). It has also been found that
patients lacking the class Mu GST are more susceptible to the adenocarcinoma of - "
the 'st”oinach dr colon. The elevated class Pi GST expression is agsociated with
"'*":tromtestmal ‘malignant growth and can be use as a tumour marker for |

L ..ratobxhary and gastromtestmal mahgnant tumours, |
'1.8' ﬁpplicaﬁoh of GSTs

1.8.1 Environmenta! bioremediation

 Dichlorometbane is a widely used industrial solvent and known carcinogen (Anders
and Pohl, 1985). Dichloromethane-dehalogenase from Methylophzlm sp DM11
“is a GSH-dependent enzyme which catalyses the hydrolyt:c dehalogenation of

 dichloromethane to formaldehyde for biosynthesis purposes, as well as inorganic
~ chloride (Wackett et al,, 1992), The formaldehyde is then oxidized to carbon

dioxide for energy, or assimilated nto cellular organic molecules (Scholtz etal,

1988). = Sequence analysis of the bacterial (Metfgdophﬂus sp. DMII)
dictioromethane dehalogenase has shown the enzyme to be a GST humologue and
a member of the _Thétn class '(Blocki et al, 1994), The utilization of
dichjoromethane as the carbon and energy source by methylotrophlc bacteﬂa can be

‘applied in the bioremediation ofa po]luted en*m'onment The use of the nucrobmt |

s



system to tréat- mchlommethmw will Jimit its exposure to mammals and thus protect
the environment against pollution by discharging mote water soluble formaldehyde
into tha environment (as unsupported hypoth:‘_esis) (Wackett., 1994). P

1.82 Géﬁe 't_heraﬁnpy invblving GS’I‘s -

Chemotherapy is generally limited in 1ts eﬁ‘ecﬁveness by the tomcxty wf the

chemomerapeutm drug being used in haalthy tissue, for example, the bone marrow. -

It was suggested by several authiors that an appropriate vector system be used to

~ introduce th'e' resistance-confen'hig gene into he bone marrow whish would be aﬁle. -
to increase the concentration of chemotherapemlc agents in cells and wmch would
‘then selectxvely k:ll a larger number of tumour cells, thus providing transwnt' |

resistance and protectlon for healthy cells duting the course of chemotherapy -

* treatment (Dolan et al., 1991; Sorrentino et al,, 1992; Deisseroth, 1993). Gulick
and Fahl (Gulick and Fahl,, 1995) speculated that GS‘I‘ rutants w;th which confer

) greater ms:stance against specific drugs wowd be more efﬁcxent at pmtecnng the

bone marrow dunng chemotherapy‘

Another possible appﬁcation of GST is to design 2 GST specifically to _'activate. |
prodrugs which can be introduced into solid tumours. Introduction of the activating
GST into the tumour populatlon may result in an mcreasa in toxicity fnr that

population of cells only, which means that the drug can tnen &eat a locahzed tegion

of solid tumours (Guhck and Fahl 1995)



1.9 Structural aﬁpe_c'ts of class PiGSTs |

181 General description of las Pi. 6sTs

 The first P class GST+o be crystalhzed was from bnvme placema (Schaﬁ‘e;r et al
. 1988). However, the crystalhzauon condltmns were ot reproduclble between .'
protein ba.tches and, in addition to this they did not acquire cammdent diffraction
N patterns between crystals. Porcine class Pi GST from lungtissue was umchem;cally' B

characterized and crystallized by Dirr et af (Dirr et al, 1991), who also produed
- the first thme-dlmensmnal structure of the GST supergene fam_ly (Rememer etal, .

1991; Dirr et al, 1994a). The pamme enzyme. was: cmxygtaﬂmed thh ity

_competltwe h:.hzbltor, glutathmne sulphonate (Reinemer et al., 1991; D:rr et al., o

' 1994a). Other three-dimensional structures of class Pi GSTs have been resolved o

| ~ Such an example is the human placental class Pi GST i in campiex with the

_competitive mhnbltor, -hexylgl.ttath;one (Ramemer ot al 1992). Class P1
 isoenzyme from mouse liver complexed with competmve inhibitors such as S-(p-
nitrobenzyl) glutathmne, glutathlone sulphonate and S-haxylglutattnone (Garcm*
 Seezet al,, 1994), :

Class Pi moenzymes from dlﬂ'erent Species share pmnary sequence 1dent1taes B |
ranging from 82 to 86%. Pair.wise identities are s follows: lauman-pomine 82‘%’

human-mouse: 85%, human-rat; 85%; and hmnr:f:-bovme 86%. The secondary .
stmcture conient of GST is about 48-59 % o he!m_. and 8-10 % B sheets (Bn‘r ﬁt

al., 1994b) See scquenca al1gnment of class Pi GSTs in Flg 5,

“The three-dnnensmnal structure of human placental class Pi GST was solved n 3

complex with S~hsxy1glutatlﬁone at 2.8 A resolumn (Rmnemer et aL, 1992)



Human class Pi I-GST is a homo-dimeric pfOtein Wtﬁch:cdnSists of two idénticél B -

subumts (see Fig.6); this phenonwmn can be observed throughout the human
| _bavme, pig, rat and meuse species of class Pi GST isoenzyme. 'Each subunit of

hursan and murine class Pi isoenzyme consists of 209 amino acids, as wellas

sharing a common msemon of two: extra amino acids when compared Wlth the' | )

* porgine moenzyme (Reme_m_er. ¢t a_l., 1__99_2,_ Garc1a~_Saez et_a_l.,_ 1994)

The subunit of hmnan claas P1 moenzym.e is charactenzed by two stmcturally -

distmct dcmams (see Fxg 7 a smaller N-tenmnal domam wlm:h is desngnated as

- domam 1 (remdues 1-76), and a larger C-terrmnal dommn which is des:gnated aq' :  '
L domamz (remdues 81-209) ‘These two domams are connected covalently by a6
| .residue Imker, Domam 1 consists of afom'-stranded B~sheet ([51 to B4). Blis

parallel to BZ which i is parallel with 1, [53 and p4 runnmg autiﬁparallel to each_ -

| other. oA and aC helices he packed. agamst the ﬂ«sheets with their axes nmnmg .
parallel to the four stmndcd B sheets. 'Ihfzy are ﬂanked on one slde by the B-sheet, o

| whmh ﬁmns part of the non-solvent contact area. B is highly mobile as it faces
and is exposed to the solvent (it a]sa exh1b1ts elevated temperature factors ) |
(Rememeret al, 1992).

Porcine and murine class P1 (STs have an aB-Em helix ib ﬂ1c saltrae posmnn. The_ g .

~oB region ufporcine class Pi GST is berit due to the presence of the two prohne |

‘residues (Pro39 and Pro40) (Remmer 6t aL 1991; Dir et al., 1994a;° Garc:a~Saez' - _'
et aL, 1994), The murine class Pi GST has a sait bndge formed between (he .

-carbony! oxygen atom at the C-t;ennmus of B and the mde n_m_'ogen atthe N»



sovine hGSTP-]

murine hGSTP1-1-
rat . hGSTPI-1 -
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o ..1 L
orc.me hGSTP1-1

PPYTITYFPVRGRCEAMAMLLADODOSWKEEVVIMETWE -~ PLKPSCLFRQLPKEFODEDL
PRYTIVYFFVQGRCEAMRMLLADQGOEWKEEVVAMD SWLOGPLKASCLYGOLPKEQDGDT: |
PEYTIVYFPYRGRCEAMRMLLADQGOSWKEEVVTI DIWMQGLLKPTCLYGOLPKEFEDGDL
POYTIVYFPVRGROEATRMLLADQGRSWKEEVVEI DVRLOGS LRSTCLYGQLPKFEDGHL,

k. !TVVYFPVRGRCAALRMLLADQGQSWKEEVVTVETWQEGSLKASCLYGQLPKFQDGDL .

dkkw | ek i W &****** ******** - ** ** ek e ok ****

'"rwasxmLRHLGRSmx.manxmvmnevannncmmz.rwmymexﬂxm .
| TLYQSNAILRHLGRTLGLYGKDOQEAALVOMVNDGVEDLRCKYVSLI YINYEAGKEDYVK -
| TLYQSNAILRHLGRSLGLYGKNQREAAQMDMVNDGVEDLRGKYVILI YINYENGKNDYVK -

. TLYQSNAILRHLGRSLGLYGKDOKEAALVDMVNDGVEDLRCKYGTLIYTNYENGKDDYVR

.TLYQSHTILRHLGRTLGLYGKDQQEAALVBMVNDGVEDLREKYISLIYTNYEAGKDDYVK

dedede R btk kR ***** LA *********** * W ******* **- L g

FLPEHLKPFETLLSONQGGQARVVGSQT SFADYNLYL. DL LRI HOVINBSCLDAFPLLSAYV

ALPQHLKPFETLLENNKGEQAFI VGDRI S FADYNLLPLLRIHQVLAPSCLDSFRLLSAYV

- ALPGHLKPFETLLSQNQGERAFIVGDOT SFADYNLLDE LLITHQVLAPGCLDNFFLLSAYV

ALPGHLKPFETLLSQNGSGRAFIVENQT S FADYNLLDLLLVHQVLAPGCLONFPLLEAYV

..“ ALPGQLEPFETLLSQNQGGKT FIVEDQI SFADYNLLDLLLIHEVLAPGCLDAFPLLSAYY

TR Y T T I T I e etk e Jh ARk ek dedkodedekodrdk

ARTSARPKIKAFLASFEHVNREINGNGKN 207 -
ARLNSRPKLEKAFLASPERMNREINGNGRQ 209

" ARLSARPKIKAFLSSPEHVNRPFINGNGKQ 209

ARLSARPRTKAFLSSEDHLNRPINGNGKQ 209
GRLSARPKLKAFLASPEYVNLPINGNGRQ - 200

LA I IR S A S I I LR L2

Fig,5 Sequence alignment of human, porcine, rat, bovine sad mwine GST P1-1,
Asterisks indicates conserved amino acids. The delection in the poreine sequence
creates two gaps between residues 39 and 40. All sequences are extracted from

SWISS-PROT. ‘The accession codes are as follows: P80031 (poreine GST P1-1);
P19157 (murine GST P1-1); P28801 (bovine GST Pl-l), PUA906 (rat GSTP1-1)
and P09211 (human GT 21-1) - -
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| - N o | 33- o
| - terminus of the followmg Bm-hehx It was proposed that the secondary struetm'al
. similarity between murme and porcine enzyme at this regwn was mamtamed in tlus '

| way (Gam:a—Saez et al 1994) The huma.n enzyme has an msertzon of twe amine .

- 'aclds (Glu40 and Gly41) which causes a2 break i in the regzon of «B and results - .-
Bl and B2 (Rememer et al., 1992), mstead of ez-hehx fellewed by the 3,-helix

- _'_observed in the murine and poreme structure (I{ememer et al,, 1991; Dlrr etal,

o 1994a, Garem-Saez et al 1994) Poreme, hmnan and murine class Pi asT shared o
_' a smular overall folded protem structure desplte the minute stmctural difference 8
i (Rememer otal, 1992, Garcm-Saez et al 1994)

. ) | 'Domamz eemlsts "af a nght han.ded bundle of six oc-helmes (ocD ezI ) Helmes aD’._; :

B and o2 sre conneeted by a short S-shaped leep and packed in an antn-parallel'

- fashmn_,_ whlle o«E has a distinct creseent-shaped appearance._ This specl_al bent
feature in the o can be explaén as & contribution made by the two proline residuss
 (Pro123, Pro128) of the E helix which disrupted the main chain hydrogen bonding.

s mterestmg to note that the Pro123 and Pro128 are specifically conserved in Pi |

class i meenzyme which contributed to this special bend, cheractenstm of class Pi :
GSTs. One small left handed 3,0-hehx connects the ¢E and onF wh:le oF and oG

* run perpendicular toward each other. H possess a sharp bend as a resu]t ofthe

Prol87 and Prol96. A small 3,chelix is feund between helices F and G It was
proposed initially that the 3,,-heiix situated between helices F and G, helix I wasa

~ special feature Of human class Pi G‘ST’(R‘einemer et al. 1992), however, it has -

subseqw:nﬂ} been found that these two features are elso presented in ‘the poreme B
and murine class Pi GST (Du'r et al I994a, Garchm et al,, 1994) .

' Three helices, oG, «H and .aI,' follow with sharp bends betvveen' them; due_ to the
" Pi class isoenzyme conserved proline residues (Prol74, Prol87, Prol96 and



| | | | | L 34
- Prozoz) and this results in the speclal U~shaped spatxal dmposxtzon in the known

: three-«dnnensmnal structure of porcine, murine and human class Pi GST. Helices -
 aD, aE, oF and oG, together with their connecting loops, packed together formthe

‘main body of domain 2. Helices o} and ol are separated from the mainbody of

domain 2 and are highly exposed to solvent. The above-average main-chain thermal

- factors of porcine class Pi GST, which correspond to the human counter part, |
L indicate that they are lnghly mobile (Dirr et al., 1994a), The C-terminus polypeptnde :
' tums back to the main body of domain 2 and associates vnth the C-terminal reglon_- -

of aD and the N—termmal of «F, respectwely. The polypeptlde cham ends at the o |

. hydrophobw regmn of the actlve site.

B 1?.92 Duﬁiain‘ iil'terﬁice.

Several forces participate mﬂw 'associa_tibn of the two domains. The :;on-c.ov&lent_ | "

~ main-chain and side-chain contacts are mediated by polar interactions (which. o

| mclude hydrogen bondmg and salt bndges) and hydrophubw htemcuons with
| hydmphobm elements in oA, the* 20p between ocA and p1, and the oC region of
~ domain 1 with aD, oF, «H, ol and C-termmus region of domain 2. Residues of
 human class Pi GST involved in the polar interactions between the two domains and
* which are within 3.5 A are: Argl1 - Tyr198, Argl1 - Leu20l, Argl1 - Pro202,
Argl1 - TIe203, Gly12 - 11e203, Arg*? - Glug, Asp23 - Tyr153 Asp23 Argl86,
Asn66 - Asn93, A.rg"l’ﬂ Asp94 and. G1y73 -Leu78 (Rememér et al, 1992) There -
“are also polar interactions only observed in one subunit, ASp23 - Len189, Arg’m - _'
~ AspS0 and Arg70 - Asn93 are: observed in subumt 1, Asp23 - Lyslss and Gln24 -
Tyr153 are present in the Subumt 2, respectwely (Rememer etal, 1992), |



B

Fig7 Subunit structure of hGST PI-1 showing dowin 1 and domain 2

(Reinemer et al, 1992). ' The structure.is viewed perpendicular to the SR
crystallographic 2«f01d axis. The diagramme is gen*rated using the vnewmg_ "

‘programme RASMOL (Sayle and Mller-Whlte‘, 1995),



Hydrophobic interactions within 4 A are: between wA. (residues Alal5, Meti9and
Leu20 ) and ¢F (Phel50, Tyrl53, Leul56 anﬂ'Aspls'/), between aA (Argl8, i

Met19 and Ala22) and aH ( Leul89, Phe192 and Loui93); between Trp28and -
Phel92; and between o (Leu69 and Arg70) and oF (Phel50 and Asnis4

o _(Rememe: et al, 1992) Ttis very mte:mstmgto note that most of the ¢ ammo acxds ) a

* involved in the polar and hyd:ophoblc mteractmm at the domain mterface ae

conserved within the P1 ciass 1soenzyme (see Flg 5 for ahgned sequences)

1.9_. 3 Assnciaﬁ_onho'f sfub_:u_iité -

c_:_f;"-

. The dimeric c]ass Pi G‘:‘»T 1soenzyme is globular wrth approxxmate dnnenswns of SRR

45A x55 A %60 A (Dirr et al, 1994b; Wilce and Parker., 1994) The total buried
: surface area between monomers of class Pi 1soenzyme is about 1300 A“ with
'. appmmmately 14-15% of motiomet’s mmal water-access‘ble surface area of solvent -
acce&mble ared reduced upon d!menzatlon of 1 monomers (Rememar et al,,-1991; :
| Rememer et al., 1992 Dirr etal, 1994b) The buried surface area 1& wrthm the
| range nonnally found for dimeric pmtems of sumlar subtmit molecular mass (Dsrr -
etal,, 1994b). The most striking feature of the structure of this dimeric class Pi GST
- is the distinctive V-shaped interface. This caube seen from the mew perpendlcular
to the two fold axis of the dnnenc stiucture of human class Pii 1s0enzyme in Flg 8.

| -'Two types of forces contnbute towards the inter-subunit contact, namely the |

hydrophob:c and polar mteractwns Ammmacnd palrs whmh pamclpate in the
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- Fig.8 A ribbon representation of the backbone of hGSTP1-1 (Reiriemer et al,,
1992). ‘The dimeric structure is viewed from parpendlcular to the
crystallograbtuc 2-fold axis, Diagramme is generawed using the gr:aphlc
viewing pmgramme RASMOL (Sayle and Mlller-W}nte., 19‘35) R
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- mter»sublmxt polar mteractmns and Whlch are related by local symmetry w1th1n 3 5 | _.
Aareas fouows Tyr49 (subunit 1) - « Met 91(subunit 2); Thr 67(1) - Asp94(2), Arg

74(1) Thr 79(2) Arg 74(1) Asp90(2), and Thr 75(1) - Gln 83(2). “Thers arealso |
'arnmo ac1d pairs that were not found to have local symmetry relations between-

" subunit 1 and2 within 3.5 A, Such amino acids pairs include: Gh164(1) Asp94(2),
Gl 64(1) Gly95(2), Ala 87(1) - Axg74(2), and MetQI\l) 67(2) |
Hydmphob:c interactions are the dominant forces participating in the mter—subumt .
.contac:t (Rememer et al., 1992) Ammo-aczd palrs whtch mvolve ’qydrophobm?_--

R, .

mteracuons with local symmetry relatonsl-ups and which oceur within the 4 A range, _'
are as folluws. between Leud8, Tyr49, hehces D (Met 91) and oE (Pro128 and - L

 Leul32); between stmnd 54 (LeuGO Leu62 and Tyr63) and hehx oD (Gh184

~ Ala87 and Met91), betweenhehces aC (’I‘hr6’7, His?l and Arg74) and helices ocD B o

'(A_I__asﬁ,_ A1a87., AspQO_.and _Metgl_)_‘___ The pnly rcplﬂ_slve force involved in the

associaﬁon of the human class Pi isoenzyme subunits ocours between the symmetry -
related Arg?O residues of the mdmdual monomers (Rememer et al., 1992) The

majonty of the ammo aclds mvolved in the associahoa of monomers are canserved | Lo

| thought the class Pi isoenzyme (see Fig.5 for Jetails of aligned sequences) |

1.9.4 Active Site

Cytosolic..glut_a‘thione transferases-havé two kinetically indep'endent- active sites per | |
dimer, and each site has two distinctive finctional regions:  the G-site (G is short
for glutatlnone) for bmdmg of the physmloglcal subs‘irate (reduced glutaﬂunne), ad

| the adjacent H-site (H is shr-* for hydrophoblc) for the bmdmg of sﬁ'ucturally - |
diverse electrophilic substrates (Damelson and Ma:memk 1985). The " floor" of‘ o

the active site consists of the top of str ads Bl _and. B2 of domain 1, and the N | o

 terminys of helices 0 A and .C. "The "external wall” is formed by helices ocB-é_m_d'_- )



| | . | 3
3,8, while the I“internaji wall" is frrmed by the s_ubn#iructufe of the large don_ia’in 2,
e C-terminal loop and helix «D of two monomers (Garcia-Saez et al,, 1994),

1.9.4.1 The Glutathioue-binding_ site .

The, glutathlane bmdmg site can be identified when the enzyme isin complex w1t11 "'

glutat‘mone or glutaﬂnone analogues. A mlmhﬁ' “fﬁlutatlugne analogues havebeen

co-crystallized with class Pi isoenzyr' “exylgiutaﬂuom, -glutaﬂuone o
sulphonater and S—(p-mn'obenzyl) glutatlﬂd Cw ostall 1991; Reinemer et
al, 1992; Dir et al, 1994a; Garcia-Saez . j*  The Frst competitive

 inhibitor used to complex with class Pi isoenzyﬁié wu . hione _sulphonétg and
the amino acids in confact with glutathione Sulphona'te were deﬁnéd (Rbiﬁémer et
al., 1991), This was further proved when the structure of human class Pi GST
- complexed with S-hexylglutathione was solved (Rﬂihemér' et aL,_ 1992), and the
refined crystal siructure of pqrcine class Pi enzyme cﬁfnple’xed with glutathione
sulphonate at higher resolution (Dirr et #d., 1994a) In the same year, Garcla~Saez -

etal (Garma-Saez gtal, 1994) resolved fhe crystal structure of murine ¢lass Pi GST -

in complex with all three different glutathione analogues at an improved resolution -
of 1.8 A, which firther supports the assigned G-site. The extended conformation

of glutathione analogugs with class Pi GST was similar to those which complexed

with other clas:ies of GSTs. For oxample, the rat class Mu isoenzyme complexed-

| with reduced glutatluone (Ji et al, 1992), and ‘human clags Alpha isoenzyme

. complexed W1th S-benzylglutathione (Smmng et al, 1993) Plant class Theta

isozyme complexed with S-hexylglutahuone (Reinemer et al., 1996), and blowfly

class Theta GST complexed with reduced glutathione (Wilcs et al., 1995), while

squid class Sigma GST complexed with 1- (S-gltuaﬂunnyl)z 4-dm1trob3nzene (Ji et
al,, 1995). - -



40

The G-éite‘ is formed mainly by helix oB, a..loop cohnecﬁrig‘ hielix aB to strand p3

anda loop connectmg strand pdtc hehx aC Rer asanition and bmchng of GSH at - i

the G-site involves sevetal side and main-chain polar interactions. Amino acids

 involved in the recognition and bindmg are identical in class Pi1 isozyme irrespective

- of the type of inhibitor co-crystalhzed w:th the enzyme. Thls is due to the > than } .

80 % amino acid sequence identity and cﬁnservaﬂon of amino acxds mvolved i

binding of glutathione analqgues. Aligned amino acid Sequ_ences of several -

mammalian glutathione S-transferase displaying these residues are strictly conserved
or conservatively replaced (Dirr et al., 1994b). Residues of different classes GSTs
involved in recoguition and binding 0f glutathmne and 1ts analogues are shown in
Table. | e

3 Gln64 is_ hydrogen bonded to the nitrogen atom of the y-Ghu residue of ghutathione,
- and this nitrogen atoin is also hydrogen-bonded to A8p98 of the other subunit, The
hydroxyl group of Ser65 interacts with one carboxylate oxygen of 'y-G‘lu of

'glutaﬂnanﬂ, whm‘eas the amide mtrogen of Ser65 is hydrogen bonded to the second -

carboxylate oxygen of the same y-Glu residue. Argl3 is situated close to the
- terminal carboxylate group of the y-Glu of glutathione and its guamduﬁum moiety
is hydrogen bonded to the oxygen atom of y-Glu in the porcine and human class Pi
isozyme (Dirr et al,, 1994a). Argl3 is also salt bridged with Glu9?. In the case of
- murxne class Pi isozyme, the orientation of the guamdunmn moiety with the oxygeri |
“atom of carbaxylate group did not form hydrogen bonding, although the distance
between the two atoms fall i into the allocated range needed for hydrogen bondmg, |
3.5A (Garcia-Saez etal, 1994), Instead Argl3 is hydrogen-bonded and linked by

salt bridge with Glu9?. Stenberg et al (Stenberg et al,, 1991) have shown that the

replacement of the conserved Argl3 residue of hmzjnan_ class Alpha i _xsoenzyme with -
Alanine resulixd in 2 dramatically reduced enzyme catalytic activity and.aitered
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| | steady-state kinetic parameters. ’Ilns can be mterpreted as a *oducod bmdmg_'

*affinity toward glutathione. Widersten et al (Widersten et al, hogz) have shown the
contnbutzoﬂ of t‘oo forces between Arng \...-"Ii Glu97 rosnduos towards the.,.
| oonfbrmatxonal stabxhty in termos of thermostablhty 'I‘hoy replaced Argl3 withan

Alanine residue in the fuuman class Pi enzyme. This supports the uoncopt of Argl3's R

parhcnpatton in the binding of glutathione and ito analogues at the active mto, as well

as the oontnbm:on of the salt bndgo betweon Arng and Glu.‘)'? m stabilizing the o
protem conformation at the y-Glu site of GSH. The N¢ of GInS1 of human class P

enzyme is hydrogen bonded to the C-nterrmnal oarbox,ylate oxygen atem ofthe Cys .
| resadue of glutattuono as well as to the carbonyl oxygon ofy-G‘lu. Leusz mtoracts -
with i its main chain by hydrogen bonding in an anu-parallel [& -sheet manner with the

atoms of the Cys residue of glutathione, This thus topresonts an fmportant factor

in the recognition and proper onentdﬁon of glutathmne (Chen et al,, 1988)_

' However, there is a variation occurring in the class Mu isoenzyme when compared -

with Alpha and Pi classes. Class Mu isoenzymes have the dlstmctive character of
special backbine conformation at the C‘ys-G-ly peptide bond. The carbonyl oxygen |

of Cys is hydrogen bonded to the indole nitrogen of Trp7. This is in contrast with -

the Cys-Gly peptide backbone (in the case of Alpha and Pi classes), which have
conserved Phe residue in the equivalent position /Dirr et al., 1994b). |

‘The hydroxyl group of Tyr forms a bifurcated hydrogen bond to sulphonate oxygens
* O'and O%inthe sulphonate complex, Inthe § - (p-nitrobenzyl) glutathione and $-
hexylglutathione complexes, the hydroxy! oxygen of "l‘yxf is '_af the correct hydrog_o'ri |
bonding range, except that it is hydrogen bonded to the sulphur atom (Garcla-Saez

et al., 1994). A similar situation was observed in class Mu GS’I" with glutathione

(Ji et al., 1992). GlnS1 is also hydrogen bonded o the C-terminal carboxylate
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'Table.3 (a) 'I'he stmctare of glusathlom, (b) Amino aclds mvolved in the speclﬁc pelar mteracnons sequestermg "

c:onmbuted ﬁ@m remdues of nelghboarmg suhumt (adopted anﬂ madlﬁed from Rememer et al., 1996)

glutathione at the G-site of cytosolic ghitathione S-transferases from different species. Asterisks indicate the interaction |



oxygen atoms ofthe Gly re51due of glutat}ﬂonet The other carboxylate oxygen atom
- ofGlyi 1s hydrogen bonded to both the N* of the mdule rmg of Trp38 and the amino -
mtrogen fmm the Slde cham of Lysd4 (Garc:a—Saez et al., 1994) o

1;9._43 "Bindinfg' Sité.-.-for hydrophobic substra'tes o

| 'Ihe bmdmg mte for xencbmt:c substrates of GST was mxtzally 1dent1ﬁed when the .
| human class Pi enzyme was ccmplexed with S~hexylg1utatlmone (Rememer et al.,
© 1992) and human,class Alpha GST (hGST Al-1) complexed with S-benzyl GSH .
N (Smmng et al,, 1993) The benzyl or long hydrophablc hexyl group dlspiayed the
- amino aclds relatedto the H—sm: (Rememer et al., 1992, Smnmg et al, 1993), The o
H-site i 1s made up of stmctural elements from bnth domains \mthm the same suhmnt'
and includes the loop connecung B1 to. ozA (Phes Pro9 and VallO), the begmnmg_
of uB (Va]35 for human class Pi enzyme and T35 for murine class Pji 1suenzvmc), -
- C-terminus. of oD (Tyr108); and the C-termmus of the polypeptlde chain (GIyZﬂS)
3 (Du-r etal,, 1994b; Garcia-Sacz etal., 1994), The hurine class Pi GST incomplex
with S-hexylglmaﬁuone and S-(p-benzyl) glutathlone further venﬁes the locatmn of
‘the H-gite in the human isoenzyme {Garcia~Saez et al., 1994), Ccmparlson of -
aligned class Pi GST sequences have shown that Phe8, Pro9, Vali0, Tyr108 and
| 'G1y205 are conserved, whereas'amino;gcid at position 35 displayfad-the variation of -
hydrophobic amino apid isoleucine, valine and mcth_ioni;:e(see 'details 361'.”- n__iul_tiplé- N
sequence aligq‘nient inFig.5). . . | .

Compansons 01‘ the H—s1te between the structures of class P1 enzyme complexes
with - S- hexylglutathlone and class Alpha enzyme camplexes with S
 benzylglutathione show that the hexy! and benzyl groups of the ana.lugues bmd in

approximately slrmlar regmns (anmng et al., 1993) | |



As a consequence of sequence variation between different gene classes, there isa -

* variation in the topologies of the H-site (Rememer et aw., 1992; Ji et al, 1992' -

Smmng etal, 1993; Garcia-Saez et al,, 1994). This subsequently results in speciﬁc |
stem: limitations within its gene class and further encom'ages the stereo»—selectmty ;. :_
toward hydrophobxc subStrates at the H-site (Mannemk and Damelson., 1988). “The )
GST supergene fanuly generally exhibits hlgher affinities toward the more |
mrdrophoblc electrophﬂes because the mcogmtlon of the subs*rate at the H-site was
- medlated pr:manly by hydrophob;c interactions. When a serie§ of S |

alkylglutat}none denvatwes were screened as xnlubltors for the GST it was - '_
observed that the mh1b1tory effect mcreaeed proporaonally wuh the increase inthe

length of the hydrocarbon chain of the a]kyl group (Askelaf et al 1975) Damelson
et al (Damelson et al,, 1987) pomted out that cytosolic GST BXthlt increased. |

‘binding afﬁmty in response to increased hydmphobxcr,ty of 4-hydroxyalkenal
substrates.

- The C-tenninus region of the class Pi and Mu polypeptide ichain_ exhibit above-_' .
average temperature factors which demonstrate elevated conformational flexibility
~ and is controlled by a hydrogen bond between the amide niﬁ'ogén of G1y203 (Pi) or
the amide nitrogen and side chain of Ser209 (M) and the hydroxyl group of Tyr108
_.(Pi)/Tyrl 15(Mui) of the C-terminus end of aD (Dirr et al,, 1994b). A highly :
flexible C-terminus will lower the barrier of pmduct release and enhance the rate of
product formation, since the rate limiting step ina mucleophilic aromatic substltutmn
reaction is the product dlssoctatmn (Digr et al 1994b). The higher ﬂexnbihty of the
Hesite will promote the acccnnnodatlon ofa broader range of struotu dly d:ﬁ‘erent
| hydrophoblc electrophﬂes |



R site—aireetea m:;tagensig-.éfcgass Pi GsTs

o 'Class Pi GS’I‘s are ﬁ-equently used- iri s1te-d1rected mutagensxs to smdy the

contribution ofanmm acid residues towards catalyuc acnvxty, substrate binding and

' conformational stability (Tamai et al,, 1991; Kong et al., 1991; Ko]metal 1992;
| .'letuhlra et al,, 1992; Manoharan etal 19923,b' Wldersten et al., 1992 Kogg
etal, 1992; K?ng et al, 1993; Baker et al,, 1994; Zum}iak ctal, 1994; Ricoi ,
| - et al, 1995) Results of mutatlons done on class Pi GSTS are smmnm'lsed m_ o
_ Tab1e4 ' . )

| _1'-1'1 Tryptophan residues
There aro two tryptophan residues present in domain 1 of the siburit of the homo-
' finent ciass.Pim;. o and bommfophan fesidues are evoimianary' ccsnsen»éd'

': seqaenccs in Fxg,s ) Trpza is lncated a:tthe N-teﬂmnus nf the [52 sheet and is non- |

| spemﬁcally conserved within different classes of GSTs i moenzymes. The S1de~cham o

nelghbours, which are within 5A of Trp28 of human class Pi GST are; Leul 7,
Leu2i, Argls 'Ala22, Met19, Phes, ValS Ser27, G1u19'7 Phel92 ard Glu30
(Rememer et al, 1992) Itis thought that TrpZS resxdue may be mvalved n the
| binding of the non-substrate hgand (whlch miay regulate enzyme actmty of class: '_ {_ 5

.Pl 1soenzyme) o : - ' S

| -Tryptophan 38 § is Iocateri at the N—termmus nf hehx n:B at the actlve sﬂ:e of the -
human class Pi GST and is involved in *he recogmtion of the Gly res:due of

glutathione. The side chain nelghbuurs ofTrpfiS within:5 A are ValS Val6, Thr4,
Pro53 PheSS GluBI Lys29 and LysS4 (Rememer et al‘, 1992) ;

(



| Residue mutated

. Environment, poss:ble functmn and eﬁ%cts of mutations

' "Refere‘xces o

| :Tyﬂ_
| .._'..Ar.gis"
s

| Lysts

active site; catalytic; depromnates glutathione and stabilizes the
 does niot inny.2ie glu!athloue binding abiiity.

p]aythestmcturalmle mteractmns m&domasttabﬂmesﬂze
i .m:t:ve-sne loop; replacement d:munshcs catalytm function. -

“aninished cata]ytwﬁmctmnandmarbd loss orGSHbmdmg
“"?-PaleY

' 'N termirius of helix «A of domain 1. mvolved in the activatic

deprotonation of hydroxyl group of Tyr? mutations resulied 3.
loss of catalytic activity. _ .

| i helix aAofdomam 1; s:de-chm:sbmcdanﬂsalt—]mkadtoﬁle

 conserved Glu30; mutations resulted decreased protein stabihty and
- S-cou_mgatmg activity ;

active s:te catalytic; nmtahon rmﬂtedmarkedreducnonof GSH
-bmdmgaﬁmtyandcatalyncactmty

| part of helix oB; active site; mvﬁlvedmthenﬁeractwnwxﬂltbe y

carboxylate group of Gly moiety of GSH; mutationresulfed

thiolate anion; replacement nearly abolishes all enzyme actmty, but '_

mxdmg and recognition of carboxyl group of y-th mmety of GSH,

" Kang'et'ai_, 193

considerable loss of enzyme activity and GSH or GSH—anaIugues -
| binding aﬁimty .

Manoharanctai. 19923, Kolmeta} 1992

Kong et al, 1992&
'Manoharan";t al, 19_921‘;- |

| Manoharan et al, 1992ab; Wlderstenetal.,
1992; Kongetal, 1992c.

“ammei et al., 1991,

| Manobasan et al., 1992b.

Nishihira et al., 19922; Bakeretal, 1994.

| Widersten et o, 1992; Konget al,, 1992c.

" Tabled A summary of site-directed mr‘tagenesis on .cIass Pi 'g!ﬁtathioﬁe S;-i;ransféraséé.



{Leuds

| G5t

 AspST

1 Gly58

Arg70

Clmsn

- partofhnkerbetween?’m-helmzndhelnc aC; mutatmnresulted -
o substanuallyreductmnofGSHbmdmgabﬂnyandenzymeanmlty

 structural role; '3,g-heluc after helix oB; mutatmn resultzd pamaI ldsé

of enzvme activ'ty; nutation induces a pesmve cooperatlvxty in GST

Pl-l.

pert of linker between 3,4 helixandhehx «C; nmtat:onrestﬂted
oansxderable loss of enzymeactmty _ _

i p3; inve ;e&mcorrectpackmgofhelmu(:mto BSandBd;regmn,

| play a functional role which maintain the proper stable conformation |
 of GST P1-1; mummndxdmtlowerenzymeamvbutmduced& _
;_thermostabﬂnyoftheenzyme ' . B _

| endofBS' nmtatmncausedpamallnssofenzymeacttmy

B ractlvesne. mvolvedmbmdmgofGSH* mutaﬂoncauseddtamatic
B _rcductmnofGSH binding and enzyme activity . - .

in helix «C; themde—c‘iwmibrmedpartgﬂhe compact h)rdrophoblc
{ core structure; involved in the packing of wA onto B3and[34'
' ;'mmanonresultedthemnmasmableenzynmachvny :

' _-':mhelr«xc mvolvedmpoiarmtgracﬁonmthmﬁsmsummtand

_ Wzththeothersubumtatdommmterface, mu:ationresultedmstable
: protem. C _ .

| inhelix eC; szde-cham of’ fﬁs‘?l fonned the compact hyﬂroplmblc

| core structure; mutationresulted partial loss of enzyme activity for -
HTIKnnﬂantandhﬁlemducﬁonofenzymaacnvﬁyﬁ)rHﬂNmumnt

Konge‘ta!., 1991; ’I'mmuetai. 1991,
_-Nishihlraetai 1992; Rxccletal, 1995

kigﬁoharanetai, 1_9§2ﬁ-._ o

| Widersten et at, 1992; Kongetal, 19920 |-

Manokaran t o, 1992; Kong et al, 1993.

. Manoharanetal. 1992b. _
?“'_Mmmmemz. 1992a,b; Wlderstenetal.,'
1992; Kong et al, 1992..
 Menoharan et al,, 19925,

_-Mmﬁha'r_ane:al., 19926, -

{Kongetal, 1991; Manoharan etal, 19926, | =

o



| Lew72

| Acgra

| Asoss

 Cystor

} Vallpd

. | Lysi20

| Asp152

I Hs162

.-'=.Cy5169.

Az

) mhelnc oE; mutatmnmu]tedm:pmvedcatalmcacﬁmy

inhelix aC; formed part of derophoblc core structu:e' mutation
resulted partial enzyme activity

in helix &C; salt-linked to Asp90; mmutation resulted iﬁstabhfpmein, -

 in helix oD atactivesﬁe,"mvolvedmbmdmganﬂrecognmmmf

| GSH; in contact with neighbouring subunit; mutation did not alter
_ thethezmoﬂabihtyofﬂeenzjrme _ '

mhenxul) tmxtatmndﬁdnotalterthehncncparameters

i helix «D; helps to detemnnethe geometry of H—srte and may

] mﬂucncetheenzymeacﬁwtybymteractmgthhres:dmdmﬂy
' mvoivedmsubstratcbmdmg '

 in helix oF; nmtatlou&dnotaiterca:talyhcactmtyhltmtwduced
_ lowerthermostabilﬂy* contributedtcthecontbmmnonaistabﬂrtyof
GSTPII " '

| . mhehxczF' matlcudldnotalterth.caialyhcacuvzty

~ in 3_,.,~beln: pnorto_hehx vl ml_ltamn-dld not alterthecatalyﬁc
e S .
| inhelix oG; mutation resulted in partially impaired enzymie activity.

Manoharan et al, 1992.

Manobaran e sl 19925 |

:E_Manolmanefal. 19923, W:dcrstenetal.
1992; Kongetal. 1993.  °

:Kongetal 1991; N;shihiraeta]. 1992;

Ricci et al,, 1995,

 Ziniak et al., 1994,

| Manobsran et al., 1992b.
| Rongetal, 1993,

[ Rongetat, 1993.

| Manoberan et al,, 19926,




11 Cuﬁfqm’aﬁqnﬁl stabiit of lass Pi GSTs. |

| 'I‘he confbmauonal stability of class Pi GSTs has been exannned under ethbnum . |
conditions by momtoring a vanety of structura! and ﬂmctmnal parameters (Dirr et -

- al, 1991; Ethardt and Dirr., 1995) A highly ca—operat:ve ‘two-state
foldmghmfoldmg mechanism ofunfoldmg for the olass Pi GSTs was suggested with

B only folded dimer and umfolded monomer present in equilibrium, wnth thf: folded -
'mommer being suggested to be thermodynanncally mstable‘ 'Ihe conformation of

class Pi GSTs is stable when compared w:th the conformatwnal stablhty of other | .

: dunenc protems (Neet and Tlmm. 1994)
'1.'13’ Objective
The objective of ths project is to study the eoriﬁributimi of the evolutionary

conservzd tryptophane residue'at posiﬁoh 28 to the ":éatalytic function and shrué:tm'al |
stabilization of class Pi GSTs. In this study, the £ ¢oli IM109 containing plasmids

encoding mldstype or the W28F mutant enzyme nthSTPl 1 will be grown and o

the production of the enzyme will be nver-e:q:ressed by the addmon of IPTG. 8-
hexylglutathione afﬁmty ahromatography will be used to purify the enzyma whjle .

homogene1ty of the protein will be conﬁxmed by SDS—PAGB IEF, s:ze-exclusmn o

HPLC and western blotung. Qteady~state enzyme Iﬂnsucs, steady-stabe ﬂuorescence' -
spectmscopy, m'ea-smduced unfoldmg expenments and - nrea-gradient gel.
elecn'ophoresm will be used to mvestlgate the 1mportance of the evolutionary' :
conserved Trp28 in mamtauung a functional and stable class Pi GSTs structure. In
| addmon, homology modellmg of the w2 SF mutant enzynw wﬂl be used to aid tlns -
study. | | | | o



- Ch#p#?: :
'Mhtér#ai and IM.et.hqu -
21 Matenals -
- pUClZO# e@fegs@n plasmlds encodmg the wﬁd—type and W28F mutaﬁt hGSTPI 1
were provided by Manoharan et al (Manoharan et al., 1992b). CDNB, rcduced

GSH, acrylamide; wrea and Isopr()pyl-B~D—tluogalactopyran051de Were used ﬁom -
the mghest grade of matenals B -

2.2 Overwé'ﬁ}ire's_siotl and -pilfifiéaﬁdn éf'réébmbin'aht protein
22 Culture growth and over_-expréSSiﬁn_ o

The primary cultures of &_coli IM109, harbourmg the pUC120m plasmid enco_ding._
the wi'ld-étype_human GSTP1-1 (Maﬁoharan‘et al, 199211), or thé."corresponding' |
W2SF rmutants, were initiated by innoculating stock stab culture into LB broth (1 %
(W/Y) tryptone, 0.5 % (w/v) yeast extract and 0.5 % (w/v) NaCl, pH 7.0),
supplemented with 100 ug amptcﬂhn / ml of LB broth anary ctﬂtm'es were

s

grown to saturation ¢ a rotary shaker at approxsmately 120 r.p.m. and 37°C. An

.ovennght culture was diluted to 1 % (v/v) with ﬁ'eshly preparvd stenle LB broth,
supplemented with 100 ug ampmﬂlm / ml of LB broth. The secondary culture was_ _

grown to O.Dgy = 0,35 with wntmuous shahng at 120 r.p.m. and 37°C before the

| initiation of qvgr-.-expressmn. Over«expressmn of the recombinant enzyme_ was
initiated by the addition of 1 mM (final concentration) isopropyl-B-D- |
thiogalatopyranoside (IPTG), whereafier the cultire was returned to the shiakerand



s

- " grown overhight under the same conditions as mentioned above .

Bacteria were harvested by centrifugation f_or. 20 mm at '7'000g. and .4"(_},3 then
resiispened_ixi PBS, pH 7.4, contaitﬁng 8 % _NaCl.(wN), 0.2 % KCl (wiv), 1.44 % L
NaQHP_O4 (wiv), 0.2 % KH,PO, -(w/v)'.; The breakdown of bacterial cell walls was ¥

| assisted by the addition of chicken egg lysozyme at mg/ml bacterial susr:‘lasioti
for 1 hour at room temperdture. Cellsl were then dESruptéd by contintious i sacation

for 15 sec and cooled by using a dry ice and ethanol bath. Bacterial lysate was

centrifuged for 20 minute at 10 000g and 4°C, ’Supernatatit was collected and
_subjected to S-hexylglutatlnone affinity chromatography punﬁoatlon procedure,
(see 2.2.2 for detaﬁs) I

222 S-hexylgiutathions affinity chromatography

Puriﬁoation of the wild-type hGSTP1-1 and W28F mutant enzytmes was carried out
according to the methiod described by Mannervik and Guthenberg (Mannervik and
Gutheriberg., 1981). S-hexylglutathione affinity column \Sras'regenerated w1th 100
mlof 8 Murea and then re-equilibrated with 0.1 M acetate buffer, pH 4, containing
0.5 MNaCl,0.1 M Tris/HCL The column was finally re-equilibrated with 20 mM
Tris/HC1 buffer, pH 7.8, oontammg 0.2 M NaCl and 0.02 % (w/v) sodlum azide.
The supematant ﬁactlon was apphed onto the affinity column ata constant flow rate
of25 mi/hr. The affinity column was washed with the same 20 mM Tris/HC buffer,
. pH 7.8, yntii tho'ab_sorbance of effluent at 280 nm was below 0.1 which 'indicated
 that il.e affinity column was free of unbourd cytosolic proteins, A dsorbed énzymes | -
were eluted from the column with 1 mM S-hexylglutathione in the 20 M Tris-HCl
 buffer, pH 7.8, at a constant flow rate, while fractions containing high enzsme_ |
achwty and protem concentration were pooled together



2.3 Protein concenmﬁon determination |

The pooled fraction was wncentrated by ultrafiltration using PM-?D membrane ( -
Amicon). The enzyme was then subjecteé io buffer exchange $ y passing the
| enzyme through the sephadex G-25 column equilibrated with % Ah mM sodmm .
phosphate buffer, pH 6.5, containing 1 mM EDTA, 0.1 M NaCl ¢ind 0.2 % W)
sodium azide. The pooled fractions with hlgh protein concentranon and enzyme .. | -

Coge

activity were pooled together and concentrated between 0.5 and b 8 mgfml

3
K

~ Protein concentration was det “rmined by ca'lcﬂ;lfi()n of the exting _ﬁog'cq@fﬁciﬁﬁt of
- buman wild«type and W28F mutant onzyme ‘ﬁ‘dm the kniown ami no acid: sequences R
fmm Manoharan et al (Manoharan et a.,, .99%) s;ﬁn..ordmg; to t ae methad demsed ;

by P’erkms (Pﬂr‘gms 1986) R S '»_ S

g = 5550 Y. Trp residues n 1340 Z Tyr res;ldues H— 1*’{,,2 (‘ys .

res1dues |

!

Where ¢ is the extinction co‘efﬁéient, 5550 i the mm;‘i absorp inn'coefﬁéieﬁt 61‘.‘ Ce
Trp residue, 1340 is the molar adsorption co-fficient of Tyr resid e, and 150 is the : .
molar adsorption coefticient of Cys mxdue. The calcu]ated exti nctton cuefﬁment -

of dimeric wild-type and W28F mutant human GSTPI—I were 49 600 M cm and

27400 Mh m“ respechvely

i
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__2@1 SD&PAGE‘ _' R

R250 13.5 % (v/v) glac:al acetic acld and 18 75 % (viv) ethanol) and destamﬂd

| with 40 % (v/v) ethanol and 10 % (v/v) glacnal acetlc acnd untll the background was -

clear

242 zsseiec't.-ie rmi,,g o

. -Isoelectrm focusing was perfonned using the B:oRad Model 111 M.m-IEF gel k1t. o
- Monomm-ampholyte solutwn was prepared as follows. 2 ml monomer concentzate L

o

. .

| SDS—pclyanrylannde gel electmphoresm of the cell lysate and puriﬁed xmzyme W as'- o :
L performed according to the m-thod of Laemmli (Laemmli,1970).
3 '.:dls ‘ontmuous gel system was made up w:th 4 %(w/v) acrylaxrude stacking gel with_ o ' |
0 0625 M Tns/HCl buﬂ‘er, pH 6.8, contammg 0.1 % (w/v) SDS, 15 % (w/v) -:
 acrylamide separating gel with 0.375 M Teis/HCI buffer, pH 88, containing 0.1 %
(wiv) SDS. The purified molecular mass marker protems used were bovme serum | |
~ albumin (bSA) (66 kDa), ovalbunnn (45 kDa), glyceraldehyde—S-pnOSphate: o
- dehydrogenase 36 kDa), carbonic mlhydrase 29 kDa), trypsmogen (24 kDa), SR
| trypsin inhibitor (20.1 kDe) and a-Jactalbumin (14.2 kDa): Protein samples were
 prepared at 1: { difution with sample buffer (62.5 mM Tris/HCI buffer, pH 68, .
- contammg 2 % SDS W) 5% (w/v) [5-mercaptoe‘.hancl 10 % (vA¥) glycerol and .
o 02 % (wfv) bromophenol blue:. Samples were mixed and boiled for 3 minutes
before apphcatmn Samples were applied to the wells of SDS-PAGE gel and
. clectrophoresed at 120 V for 2-3 Hours. 0.025 M Tris/HCL, 0.192 M glycine buffer,
pH S, 3 contalmng 1 % (wfv) SDS was used as the electrolyte buffer. Gels were
| stamed in Cn" aassue biue stalmng solution (2 % (w/v) Coorassie Brilliant blue S
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(24.25 % (wh) acrylamide and 0. 75 % W) bisaciylannde) mixed with 05l
ampholyte solution with a pH range 0f3.8109.2 (BioRad) and 2 ml of 25 % (vv)
' glyceml The nnxtm'e was made up to 10 il Wﬂh deionized water and degassed for |
5 nunutes. The catalyst solution Was prepared by rmxmg 15 1l 10 % (w/v) o
ammonium persulphate with 50 ul 0.1% (w/v) riboflavin and 3 ul TEMED The
| monomer-ampholyte nnxture was mlxed with the catalyst solution. and plpetted .
| between the castmg tray and a photosensmve plastlc sheet then allewed the |
acrylanude el mixture to polyrmerise for 45 minutes by exposing it to light. Once_ -
the plastlc sheet with the gel was removed from the casting tray, the gel was__ -
uradlated for an additional 15 rnmutes After whlch a template with wells for
sampxe apphcatwn was placed nnto the gel 2 ;ul of 1soelectnc pomt cahhration -
| protems (Slgma) and punﬁed hGSTP1-1 enzyme (buﬂ'er exchanged with 20 mM | o -
| SOdllJIIl phoszphate buffer, pH 6.5, contammg 1 mM EDTA and 0.2.% (wiv) sodium - |
aznde) were app.:ed onto the wells. Protems were allowed time to dlffuse mto the | o
| gel w:th the template bemg removed Just pnor to the gel bemg pIaced onto the o

- gmphnte electrudes of the electrophores:s cell. The gel was mmally focused at 100

- Vior 15 1mnutes and subsequently focused at200 vV for 13 nnnutes, and ﬁnally at '_ -

450 V for 1 hour, The focused protein samples were fixed by i nnmersmg the gel in

the ﬁxmg solutmn (4 % (vv) snﬂphosahcychc acid, 12, 5 % (v/v) tnchloroacetlc acid *
 and 30 % (v/v) methanol ) for 30 mirutes. The IEF gel was stained with 27 % (v¥)
_1sopropanol 10% (v/v) acetic acid and 0.04 % (wiv) Coomassze Bnlhant Blue R~ _.
250 for 1 hour, and destained first in 12 % (v/v) 1sopmpanol, ',7 % (VIV} acetic acid

 and 0.5 % (wiv) CuSO, and then in 25 % (v/v) isopropanol and ‘7_ Y (VIV) acet_lc acld_.

to remove the last trace of stain and copper sulphate in the first destaining solution, B
It is important not to over-destain the gel as the thin film of IEF gel can detach from -

~ the plastic sheer. The pl calibration proteins were purchased from Sigma ard made
up Wlth the followmg protems‘ amyloglucosxdease (pI 3.6), tzypsm uﬂnhxtrar of s0y

bean (pI 4, 6), p lactoglabin A from bovine milk (pI 5.1 ), carbonic anhydrase 11 from




55 '

_. bovmo eryﬂlrocy“ws (pI 5 9), carbomc anhydrase I ﬁ‘omh Cytos (pI . 6),". - :
mYoglobm ﬁ'om horso heart (pI 7. 2) and to’psmogen from bovme panonoas (pl 03

243 Size'—oxc!us_ion- HPLC-*_

. Slze~exo1u510n HPLC isa meful mothod and 11: ran provnde mfonnatlon about the': N

homogone1ty and hydgodynanuo volumeé of bmlogmal maoromleoules szo o |

| -".__cxolusmo HPLC was carried out using a Bmsop~SEC-33000 column with. "

- dimensions of 300 ram x 7.8 mm (Phonomenox) 20 M sodium phosphate buffer, -

~ pH 7.5, containing 0,1 M NaCl, 0.02 % (w/) sodium azide, which was degassed -

and ﬁltered through 2 0.45 um niylon membrane The 20 mM sodium phosphate__ L
o buﬂ‘m was used asa solvent mtho experiments. Blue dextran and tryptophan were.
- used to establish tho void and infernal volmnos of the HPLC oolumn Pmﬁed w:ld- | .

type and WZSF protom samples were loaded onto the column separately Porcmo_ -
: ;class P1 1soenzyme was used as a referonco protem 'Iho moleoular mass of both

d-type and W28F mutant enzymes Was calibrated by the following protems bSA
'-(66 kDa), ovalbumin (48 kDa), Caxbomc anhydmse (29 kDay, o -chymouypsmogon' o
- {(25kDa) and myoglobin ( 17 kDa) ‘The elution ofprotom samples was carried out

ot a flow rate of 0.5 mlfmin. Elution proﬁles were detected at 280 nm by theUV-
- absorbance detector, | S o

Ry wote.mt. -

. Pnotem samples @23 and 4.6 ug of homogeneous pGSTPl 1, 7 ug of homogenoousf :
wﬂd-type hGSTP1-1 and 15 ug bSA which was used as control sample) wero

_- separated accordmg 10 moiecular mass usmg the dlsconnnuous SDS»PAGE gel

_ -Zsystcm with 15 % (w/v) aoryianude in separatlon gel and oloctrophoresed (see

" _detsuls m sectxon 2. 4 l) One duphcate of tho gel was stamed \mth Coomassie ) |
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Bnlhant Blue R250 whlle the other duphcate was used ﬁur the electra transfer of . '_ |
pmtem ﬁ'omthe acrylalmde gel to the mtrocelhﬂose membrane The mtmcellulose " - -
membrane and Whatman 3MM paper were trirmed to the size ofthe. geland pre-
 soaked in a transfer buffer (25 mM Tris/HCl and 192 mM glycine buffer, pH83,

 containing 20 % (w/v) methanol). - The blotting sandwich was assembled acconding :

| to the ﬁgure shown in F1g 9a, and was ughtly secured with elastlc bands, then

| "pIaced in the ttatlsfezrmg apparatus (Trans—~B10t Cell BmRad) in the correct_'_--- o

. onentatwn (see Flg 9b) “The membraue was closed to the anode and the gel was
) 'fanmg the caﬂwde to ensure that the protem would zmgrate mto the mtrocellulose | )
| membrane). A constant current of 200 mA was apphed ovenught at4 °C The o

- . mtrocellulose membtm was removed from the transfenmg apparatus o

The non-»speczﬁc bmdmg sites on the membrane were blocked by mcubatmg th.e_ o

- membrane with 1 % (w/v) fut free powdered milk, 20 M Tris/HCl butfer, pH 7.5, -

- containing 0.5 M NaCl for 30 minutes with contimous shakmg, at raom”.' o

temperann'e The membrane was. washed twice mth the 20 mM TnsfHCl buffer "

pH 7.5, containing 0. 5 M NaCl and 0. 05 % (vIV) Tweenazo for 10 mmutes. This L

~ was followed by mcubatmg the membmne with SDO-fold diluted rabbtt polyclunal:_ '_
anti-hGSTP1-1 antlserum(Guhck et al 1992) ini% (w/v) fat free powdered milk
in the 20 mM 'I‘ns/HCl blﬂfer pH 7.5, containing 0.5 M NaCl, for 60 Imnutes with

- continuous shakmg “The mtrocelluiuse membrane was washed twice with 20 mM' |
. Tris/HC1 buffer, pH 7. 5, containing 0.5 M NaCl and 0.05 % (v/v) Twe.en-20 prior .
to mcub_atlon with the secondary antibody (S_OOO-fold diluted goat antl_-rabbl_t 1gG o o
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conjugated w1th alkaline phosphatase in the 20 mM TnsfHCl buﬂ'er pH 7 5 o o
contammg 0.5M Na(’t with 1 %. (w/v) fat-ﬁ-ee milk powder), for 60 minutes thh_ o
' continuous shalung. The nitroceflulose mermbrane was washed with 0.05 % Tween- : | .
. 20inthe 20 rM Tris/HCI buffer, pH 7.5, containing 0.5 MNaCL. The colour of the
| 'blot was developed by i nnmersmg the membrane i m the colour developmg solutmn .

(3 mg S-bromo-4~chlor0-3-mdoyl phos;:hate and 6 mg N!tl‘O blue tetrazohum in IQ e

il of 10 mM Tris/HC1 buffer, pH 9.5 containing 100 mM NaCl and 5 mM MgCl,)
untﬂ the colour changed to a v1s1ble purple one. “The reaction was stopped by

unmer:«.mg the membrane in delomzed water for 10 minutes and the defonized water o
_ was ¢hanged once or tvmce, dependmg on the degree of colour develo;:ment, untﬁ e "

the remdual-colour of the developmg solutmn was removed The tmembrane was o

| ?E,dned befqre being photog_raphedi - e
25 s'teady-s:gte. Mineti gi:.;difes -

. 2.5.1. 'Rdniiné eﬁiy_me .assay'.- )

GST batal'ytic é‘cﬁﬁd’ was moni"t;)red by tﬁﬁ Sﬁectl‘éphotbméﬁic ﬁééa}' deﬁébﬁéd |

by Habig and Jakoby (Babig and J akoby.,1981), The standard enzyme assay was
' measured at 340 nm with final concentration of 1 mM l-chloro-2,4-dm1trobenzene

_(CDNB) and 1 mM reduced glutaﬂuone (GSH) in 0.1 M potassmm phosphate o
buffer, pH 6.5, contammg 1 mM EDTA, 02 % (w/v) sodlum azide. Spemﬁc_' o

enzyme a.ctmty was determined over a. range of different concentratlons of enzyme

under the standard assay condition. Non-emmauc rate was substrated ﬁ'om assay o

'contammg enz:,nnes



S 2.5-2 Vm_“ and Km .. . :

 "The Michaclis-Menten constant (K,,) of wild-type and W28F mutant hGSTPI1-1
" toward reduced GEH, was detenmned by assaymg the en.zyme W1th redused .

= glutaﬂnone (0 and 6 mM) and mamtammgthe CDNB concezmnonatz HM Winch:_;;_fj e
o the upper limit of CDNB solublhty in aqueous sollmons The Km of the'enzyme !

_. toward CDNB WaS detertmned by assaymg the enzﬁrme Wlth reducaj glutaﬂuor‘ﬁ .
ﬁxedatﬁmMandc:DNBupmzmM L R

"2;5.3 :__-c;:talytic .e_f;-m;gm (ke.JKM) f | |

o _At a suﬂicxentb% low cc-ncentratlon of subsu'ate, the catalytlc actmty of GSTw:th' '-

- substrate becomes a ﬁrst-order reaction and the M:chaehs-Menten equatwn can be. e

reduced to a first-order equatior. Th1s ﬁnphes ﬂ:at\hﬂ mmal Velomty of the enzyme R

| catalysed reactlon is propornonal to the substrate cancentratmn Marmemk and__ -
_Darrielson 1088, S .

| Michaelis-Menten 'eq_uatia’ini' o
C VeVaBUEAS
 I£[S] s negligible when compared with K, then



sll‘lce - __ - er’-kw [E]: - | (Eq3)

o then equation 3 becomes

V. kmrﬂuswcm o

| Where V is the mmal veloczty, [E]t represents the total aotwe site (subumt) -

: concenn'atwn, km is the a.pparent tumover nmnber, Km is the Mlﬁhaehs-Mem;en ke ) :

. constant and [S] represents the substrate concentranon pnmnded the protem -

ooncentratlon is known, one can then oaiculate the km /I{m value ﬁom the slope of - -I : 3

a V vs. [S] plot. The catalytlo efﬁc;ency value was . conﬁrmed by repeatmg the
eXPe:rn:n:ent with dlfferent amourits of enzyme ' . .

2.5._4 -Inhibitio_n by'glutntiiione annl_ogu'es. )

GSH analogues (S—hexylglutat}uone and glutathlone zmlphonate) were used to
determine the effect of replacoment of Trp28 by Phe on the enzyn& actmty of

~ human GSTPI 1. Experiments were performed accordmg to the method of Kowl o

et al (Kolm et al., 1992). 2.88. ug of enzyme was diluted in0.1M potas&mm'

phosphate buffer, pH 6. 5, containing 1 mM EDTA, 0.2 % (wiv) sodlum azide.

Glutathione sulp"onate or S»hexylglutathxone was added to the enzyme solution to B

form a final concentration of 0 to 160 HM. The actmty of the enzyme in the o

presence of glutatlnone analogues was measmed by the addmon of 1 mM reduoed : -
glutaﬂnone and | mM CDNB The aothty was momtored speotrophotomemcally |

‘at 340 nm and the concentratlon of glmaﬂuone analogues, Whlch gave 50 %. o

inh1b1tlon (I,n), was deterrmned by plottmg % remdual actmty vs log glutatmone o
' analogue oonoenu‘atlon. ' -



26 _ThermoIQinaeﬁveﬁon'Sfllﬂifés_" |

Thermal-smaetlvatlon stud1es of GST enzymes were perforrned accardmg to the' o g
SR method ofKong etal (Kong etal., 1993b) Bneﬂy, 1 uM of Wild-type and W28F" -

- mutant enzyme were prepared with 20 mM sodmm phospnate buﬁ‘er pH 6.5,

contammg 100 mM NaCl, 1 oM EDTA and 0.2 % (wiv) sodium amde, WIth ﬂle' o
addition. of 2 mM DTT (ﬁnal concentranon to prevent omdauve maetwatu)n) o
§ Enzyme samples were then mcubated for 10 nunutes at a temperatm'e between 30 o

'to 60 ° and then assayed w1th 1 mM reduced GSH. and 1 mM CD’\]B at room

__ temperauire ﬁarreSIdual activity (see seenon 2.5 1 for details of the routine assay) :: : |
T Therm:::l macuvatron expenmente were also performed by mcubatmg the enzyme - S
sample.e for different mne periods at, 55 oC, Resndual aetmty was also assayed at . o

- 1 mM reduced GSH and L mM CDN'B at room tempe:ature as above -
27 Steady—state. ﬂ_t;l_ore_see_nce égjéetroS'copy

| Fluorescence spectroseopy isa useﬁ.ll techmque for studymg protexns and thelr o
| mteractmns with oﬂler moleeules, as it is very sensltlve and can be done qmcldy R
| .'Ihe penod for the emission to oceur is short, since the ﬂuorescence ermssmn ocours
within an average of 10®sec after hghl: absorptlon (Lakowicz., 1933) 'Ihe classical
~ energy level diagram proposed by A. Jablonski br;e_ﬂy-_ explains the physics behmd o
the phenomenon' of 'ﬂuoreseence " ‘emission (Lakomcz " 1983) (see Fig.lo) B
-Accordmg to this "explanatlon, " ﬂuomphores can exist at three dlfferent electronic -
energy levels. These levels are S;,, S, and S, respectively, “In addition to thxs, three
| ‘vibrational energy levels ocour within each electronic energy level and the.y are

N _ des1gnated 0, 1 and 2 The ﬂuorophore at the ground state (So) ean absorb_ o |

incoming light and then became excited to a higher vibrational energy state (w}nch a

'ean e1ther be at Sl or S2 ) In most eases, the ﬂuorophore relaxes to the lowest
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F1g 10 Photophysxcal events of th& enussmn of ﬂuoresence of ﬂuOmphores ..: |

(Lackoxmcz., 1983)



E wbrational energy level of SI rapldly at an averaged rate of 102 ¢ sec. Thxs precess |

is ca!led the "mtemal conversion", and is usually completed prior to emission. s

'-Em1ss1on occurs at a fast rate (108 sec™) when the lowest excited vtbrattonal state _ : _
- of 51 rapldly reaches. thermal equilibrium (duration is about 10 - ‘2 ? sec). ngh o

| em,tsswe mtes mely that the fluorescence kfetlme (the average pemod ef txme in

| _'whlch a ﬂuerophore remains in the excited state) is very short (10 nsec) Upon o
 emission of ﬂuores:.:ence the exmted ﬂuorophm'e retmns to the ground state (S,).
Excited ﬂuerophoree possess hlgher energy then the emitted fluores *ence and thus,
the ﬂuorescem., at the longer wavelength can be detected by recerdmg the emmsmn -
of the ﬂuorophere at wavelungﬂls longer than the excltaﬁon wavelength.

| "Substene'e_s thfat .disipls';y' signiﬁeéﬁt' ..ﬂuelescenee' generaliy posseSS'-'delecalieed o

e electrons present in conjugated double bonds. Trp; Tyr and Phe are the amino- acids

.whlch contn’bute to the uliraviolet ﬂuorescence propertxes of pretems m genera.l .
* Proteins are usually excited at wavelengths equal to.or higher than 280 nm, Thls |

. excludes Phe's contribution to the overall emission because Phe is excited at )
N appremmate 255 nm and wrth the low quantum yleld of Phe, the contnbutlon of Phe .

residue to e:mssxon spectra of protein becomes minimal.- When a protem is excited
at 280 nm, Trp and Tyr residues are exelted, whereas when excltatmn ooy at >
| 295 nm, Trp is primarily excited. Tyr ﬂuereseeme is generaﬂy weak and msenmtive .
to solvent. The cenmbunon of protein ﬂuorescenee by Tyr res:tdues can be

overcome by exc:tatzon of the protein at 295 nm Trp is the donunate ﬂuomphore -
and the maximum emission of Trp and indole derivatives are sensitive to solvent
- polarity and specific mteraeﬁens between the mdole rmg and solvent. The emission |
‘maximum is, therefore, closely related to the averaged loeatxon of Tip mthm the_f o

'proteln matrix.,



27,1, Steady-state luorescence emission

-Steady-state ﬂmscence Spectrosccptes were perfbnned at mom temperatura usmg

- the H1tach1 mndcl 850 ﬂuorcscence spectrophotometer The exmtatmn and ermssmn _ | N |
| _.bandmdths were both set at5om. 1 uM ot enzyme (ﬁnal concentrauon) was -
| prepared 20 mM EDTA, 9 2% (W/v) sochum amde Samples were excited at 295 S

o mn and emxssmn spectra wene recorded from 300 nm to“floo nm All spectra!data
_ 'were corrected for buﬂ'er blanks ' ' L

| The quantum yleld ofa protem can reﬂect the degree of exposure nf Trp res1due and
its nmnedlate envmomnent ‘The quaxuum y1e]d isthe ratm of the number ot photons
emltted 1:0 the number absorbed (Lakomcz N 983) Quantum y1e1ds of the wﬂd—
type-and wst rutant enzyrmes were calculahid by comparing the area under the

| corrected ﬂuorescence 3pectra of the Wﬂd-type or W28F mutant enzyme with a

| solution ofN-aoetyl-t{yptophmmude (NATA). NATA i xs the standard mference of
free h-yptophan and it was corrected to the sarme absmptlon at excmtmu wavelength

o by using the known quantum y1e1d of NATA. Euual concentratlon of enzyme (4 uM
- of wild-type hGS’IPl 1or6 45 MM W28F mutaut enzyme) or NATA were exmted '

(R TR

at 295 nm and thelr ﬂuorer,cence spectra were recorded and buffer baselmes were | .

'corrected see 2. 7. 1. Quamam y1elds were then calculated ﬁnm the followmg
equatlon (Parkerand Rees 1960) P : :

(bm -"-(Ifu/IfQ) x(AQ / AU) | x %Q (Eqs) o



where '¢' = quantum yield OfWﬂd~t53pe or W28F hGSTPL.1.
__ d)n quant\m:l y161d of NATA which is 0,13 ([x:hror 1971)
Ty area under the corrected ﬂuoroscence spectrum of unlmown compound or
-+ protein (wild-type or W28F hGSTP1-1). | o
= - area under the corrected fluorescence Spectrum of reference compound o
(NATA) SN ._ R -
N Ay~ Absorbenoe of referenoo compound (NATA) at 295 nm.
.' Ay = Absorbonoe of" protem (‘m 11d-type or WQ.SF Mt GST PI 1) at 295 nm.

- An exce]lent way to expemnevztally determme the degree of eXposuro of rryptophanf > En

. residues m solutlon is by ﬂuor;,soenoe quenohmg (Lehrer 1971) The theory )

behind quenchmg of ﬂuorescence is by using low molecular mass quenchors ‘which | o
decrease the fluorescence mtonslty of the mdole nng of the tryptophan residue via - o
: phys:cal oontaot with the excited mdole ring. A vanety of substances have beon -

' found to act as quenchers of indole ﬂuoroscence,_ these.mclude iodide, _moleoular |
oxygen and acrylamide. ‘The iodide ion is an fonic quencher and is heavily hydrated
and able to quench only surface localized Trp residues. The disadvantages of using
an jonic quencher is that electmstatm effects between the quencher and the

polyeleclrolybo prolaem can mﬂuence the quenohor‘s quenohmg acuon leadmg toan o

- over or underesmmmon of the exposmo of ﬂuorophoro Small oxygen moleoules .

can mffuse to the protein mtenor rapidly, but the molocu]ar oxygen is regardod as -
' relatively hydrophobic and will aocumulate in the apolar reglon of protems o

faolhtatmg the quenchmg of buned Trp resndues (Eftink and Glnron., 1976).

Aorylamnde isa polar uncharged quoochmg probe, and is very sensmve to the. - B

- exposuro of Trp resxdues in proteins. It has also been. shown to quench the |
ﬂuorescence of mdole derivative predmmuately by oollmtonal prooesses (’Eﬁmk and o
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Ghiron., 1976), Trp ﬂuorescence serves as an mdex for measunng ermronmemal | |

local and overall conformational changes The followmg scheme descnbes the _
bunulecu]ar quenching reaction between the excited state of an indole ring (M*)and
‘acrylamide (Q) (Eftmk and Ghiron., 1976). | B

_M*_%'Q (M. Q) -+M+ Q+a
ok ‘ A

where M* ... Q = bompl;;x formed by 'diﬁ"u-_.'ional eﬁéountér bétWe.en M and Q o
~ Q=acrylamide. : | o o |
k,, dlfﬂzswn hmrred rate. constant for f:olllsmn between acrylam:de and the mdole
k4 = dissociation rate constant of M* ., Q camplexes
- k;=rate constant for digsipation of energy.

A= d:ss:_pated energy s heat

Aliquots of a stock acrylarmde solutmn were added dlrectly to thel protem sampla N
(2 uM) to a quencher (acrylarmde) concentration of 0.5 M. Proteins were excited
 at295 nm, emission measured at 340 nm and at room temperature. Fluorescence R
intensity values were corrected for dilution effects and the quenchmg data analyzed |
accord.mg to the class:cal Stem-Volmer equation (Lehrer 1971)
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E/F=1+K, 00 @me

 where F, is the fluorescenice intensity of Trp in the absence of quencher (Q). Fisthe -

| ﬂuorescence intensity of Trp in the | presence of quenoher and Ks,, is the colhswnal. o

quenching constant.
2.8 Solvent-induced equilibrium unfolding

Solvent-induced e'quil'ibr_ium- unfolding is a common method used to estixilate the
| coﬁfﬁmaﬁonal 'stabiﬁty of 'a protein of interest (Ahmad and Bigelow., 1982; Pace .',
1986). Denaturanon curves are especlally useful for measufing the d:ﬁérence in
conformational Stabﬂlf}’ among proteins differing shghtl}' in chem:cal structure An
example of this is the differerice in amino acid sequence by selective single ammo |
acid - sﬂe-dlrected mutageuesw or sllght alteration as result of chemical
modtﬁcatwns‘ It is also posszble to use this method to elucxdate the ovetall '
mechanism ofa protem foldmg process. | -

Several biophysical techniques can be used to monitor the protein unfolding process:
ultraviolet difference spectroscopy, 'circul_ar dichroism, optical - rotation, |
fluorescence, NMR, ete. One has to ch‘oo_se a technique and optitﬁal experimental
conditions for monitoring unfolding. Optical rotation is less sensitive and requires
a considerable amount of protein, whereas circular dichroism and difference
spectmscepy generally require considerably more, but comparable amounts of,
proteir. NMR requires Iarger amounts of protein but can produce more detaﬂed.
results especially when used to monitor multi-state folding/mfolding mechamsms. -
Fluorescerice is one of the most commonly used techniques to monitor the



B T

| othbnmn mﬁ:ldmg process and is basod on the dlﬂ‘etences of mtnnsxc u'yptophan

ﬂuorescenoe intensities at dlfferent denaturatlon concentrations as a result of the =
profein bemg unfolded to dlﬁ‘erent degrees. The other advantage is that only. small L

: amounts of protein are reqmred to gwe a measurable sxgnal
281 tires-finducgd un_fol_ding éqnilihriuni

 The wxld- (1 WMo 10 M) and W28F mutam:(l uM) enzymes ‘were prepared :

in20mM sodmm phosphate buffer, pH 6.5, contatmng 1 mM EDTA, 0.1 M NaCl e

~and 0.2 % (w/v) sodmm az1de Urea stock soluuons wete preparod at 10 M and .

:adjuqted to pH 6. 5 and then added to- protem samples to form a ﬁnal urea' e

. | ooncentratxon of 8 M Two hours were allowed for the mlfoldmg of protein byurea = - o

to reach a state of ethbrmm Tryptophan residues were excited at 295 nm and N - _'
_ the1r omissmn momtorod at 340 nm, for folded protem, and 355 nr for unfolded S

protem (see secnon 2 7 1 for dotmls of ﬂuorescence spech'osoopy method)

- All readings were oorrocted for the buffer baselme Ur'oo' blénks -wore also .

monitored at the same wavelength as above and were subtractod. The enzymo.___ .
solutions were ossayed for activity after the fluorescence mtenmty was recorded

(see seohon 2.5, 1 for detmls ofroutme onzyme assay)
2.82 -Graphic'a?l- analysis of denaturation curves

~ Linear extr'apoiation analySis of donamratioﬁ dota Was perfomlod as des'oribed by' |

Pace. (Pace, 1986). Relative fluorescence intensity (Fissu/Faom) Wos plotted asa

 function of denaturant concentrat.on. The linear portions of the plots preceding and |
- followmg the denaturanon transltxon, whxoh represout the valuos observed for tho o
| foidod (Y ) and unfolded protom (Yd) swere defined by lmear rogressmn. The values o
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 were extrapnlated mto thenon-lmear pomon afthe transmon cm-ve and the ﬁ'actmn -
o of unfalded protem (;g,) at each denaturant concentration was calculated, as“_ |
o descnbed by Pace (Pace 1986) B |

S

* where 7, is the fraotion of unfolded protein, ¥ is the measured value, ¥, is the
- 'absemd value for the fulded pmtem and K, is the observed vaaue fbr unfolded

- prutem.
| Eqmlibn‘irm constanm (KD) and ?he cé:ﬁ’és’pdﬂdﬁig Giﬁb"s ﬂ'ee éﬁer'gi‘és of unfoldiﬁg =
| (A(JD) were then calculated accordmg to the following equatmns (8 and 9, below) _

. oat each denaturant conceniratmn m the tranmtmn regmn* o B

 The following equation is for the caloulation of the Gibb's free snergy (aGo):

AGD=—RTln[Kp] o E9)

Where R is the gas co_ﬁstant én’d Tis the témper_aﬁlre.' o

oo

- The jingar dependemce of AGp on denawrant concentratlon observad in the transltmn B
was assmmd to cmztmue to zero denaturant concentrauon (Schellman. 1978) -



_Extrapolatmn to zero denatm‘am concentratmn was used to calculate the' S

| conformanonal stability ¢ of the protem mthe absence of denaturant (AGHZO) by the
followmg relauonsmp (Pace,, 1986)

. -""4649_-"*‘-"_6}’:29“2” furea] (Eq.'1ol-'._ |

where m is a measure of th s responsweness of the protein to. solvent-mduced' o

unfoldmg
- 29 Urea-grad’ien_t'gel e_léctrophoresis :

Th:s is a useﬁll techmque to study the urea-mduced unfoldmg of a protem
(Creighton., 1986) ‘This techmque mvolves electrophoresns of a protein through

a polyacrsvlarmde gel slab with a contmuous linear gradient of urea between 0to 8 |

M, perpendlcular to the direction of protein migration (Crelghton 1986). The

shape of ﬂlepmtem molecule changes upon encountering. different concer wations

~ of urea in the polyacrylamide gel and tlus will result in changed mohility when -
passing through the pores of the polyacrylamide gel. Protein in its compact, closely-
folded state always migraies faster than the more extended and expanded unfolded
state, Advantages of this techmque are: (1) It is easy, simple ‘and gzves a |

continuous visual picture of different mobﬂmes of' protem raolecules across the urea - 'ﬁ'

gradient. (2) It reveals the electrophorenc distribution of molecules, thereby -
resolvmg populations Wthh are slcnwly interconverted. (3) Confonnatxonal stabxliiy- -
i ‘of native conformanon in the absence of urea can be exn'apalated prowded the
interconversion betwem conformaﬂons is rapld On the other hand, if the transmon

is relatlvely slow, ong can aiso estimate an apprommate value of rate constam and

;d_ennfy possible unfoldmg/__refol_c_lmg kinetic _mtf:_!'mc_edlaf.o'esf _ (4) This tephmqu@ _Ls_



“also one of the most sensitive methods to detect the homogenelty of a protein. For .
| example, it an detect varxants with similar mobihty in both folded, and unfolded_ o

~ states but which differ shghﬂy in sensinwty to urca»mduced unfoldmg

However, there are certain hrmtatlons to thls techmque The mam hmitatton IS that_ o

it is not sensmve enough to detect small chauges in confonnatlon. For sxample, .

- »hanges in net charges upon unfolding can be compensated for by the. change in

conformanon and given a constart electrophoretlc mobnhty (Hollecker aud o

Cre1ght0n., 1982) But lmm _ fms such as thls one are more thancompensamd by-'. o

- the advantages c

_-Thé' érad'ieiit' é‘éls were césted in 's,'peciauy- de'signed casmg ébpéfétﬁs '(éee . |
o G’«"ldeﬂberg and Crexghtom, 1984; Creighton. 1986), the glass plates (830mmx_' L

8‘*0 mm) were held apart by three plastnc spacers (1. 5 mm) (a long spacer ohthe
right, which w]wn renmwd fonned a trough on what would be the top of the gel (for
_' | sample to be layered into); the second smaller spacer on the left, and the third spacer o
- at the bottom). “The plates and Spacers were held tagether and sealed with tape. |

The gradient was prepared from two stock solutions: a 15 % acrylamide solution [15

% (wlv) acrylamide, 0.004 % (w/v) siboflavin, 0.05 M Tris-acetate pH 8 and 0.12
% (v/v) TEMED] and a 11 % acrylamide solution [11 % (w/v) acrylamide and 8 M
urea, buffer and catalytic agents were as the same as first solution]. .

‘The setup ofthe apparatus for casﬁng of the ﬁﬁa-g:adieht gei can be séén i Fig 11 |

- Briefly, the assembled glass plate plates wete placed i ina castmg tank and butanol o

with bromophenol blue as indicator pumped into the casting tank untnl it reached a‘j
height of 2-3 cm from the bottom of the tank. This was followed by pumpmg in

 approximately 3 ml of the 15 % (w!v) actylamide solution into the apparatus, 11 mi
- of each 15 % (w/v) acrylamide solution without urea _and 1 _1 % (wiv) act_ylamldc_ -



. 72_- o
L solut:lon w1th 8 M lrea was placed i separate beakers (see F1g.11) The urea- | e
. gradlem was generated by pumpmg the Iew concentratmn solut:on into the casting -
- :- tank  using two chmmels of a penstaltle pump, whlle sumﬂtaneously mixing the high
'-.\-*eoneentratwﬁ solution (1% (wWh): acrylamxde with 8 M urea) which pumped_'_"
g though the: ether smgle channel ef the pump with the low coneentratlon squtmn (see B - o
~ Fig, 11) Q\Aﬂer the gradwnt was fomed, 10 ml of 11% (wiv) acrylanude selutlon,- | )
’ corrtauungs M trea, was pmnpedmtothetank, so ﬂ:etﬂ:egelwasﬁnaﬂycempesed R
- of a 1 cm length of the solutmn with & M urea Urea-gradlent gels. were then'.:‘.. .
o allowed to phetepolymenzed by the exposure to hght. ()nce the gels were -
_ pelymenzed and removed ﬁ'om the eastmg tank, the three spacers were removed -
o - and two stall spacers added to the suie of meheugh created fer sample apphca*xen s N -
- -Af’cer thls, the vertlcal edges of the g]ass were sealed w1th tape (se that the urea" o
i grachem: was perpendwular to the direction of eleetrophoresm) Unfolded enzyme . o
- .was prepared in 8 M urea, 10 % (viv)- glycerol and 0.002 % (w/v) bromophenol | -
blue, w:th 2-3 hours a]lowed for the protem to unfold. i"olded pretem was. prepared o o
| Wlfh glycerol end 0.002 % (w/v) bremephonel blue asa dye. Urea-gradaent gels o
were pte-electmpheresed in otder to remove excesswe reacted urea before sample |
application (The urea solution can produce cyanate Whlch reacts with amino groups o

of protein and then lmroduees eleetrophoretlc charge heteregeneaty)

Electmphoresas was carried outata constant current. af 15 mA per gel fer 3 houre :

n005M Tns-acetate buffer, pH 8 (The- buﬂ'er system was 2. contmuous buffer

'system) (:els were s*tamed and destamed 28 in the SDS-PAGE procedure (see .

_ sectton 2 4.1)
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Txg 11 Apparams for prepanng m‘ea-gradlent gels (ﬂdgptgd ﬁum C re ghtcn., o A



2.1'0.' _Hemelegy modelling |

-'Homeiogy medellmg is a wxdely used Imowledge—based techmque for protein |

structurs modelling. One can vse it to predict how amin: acid substltutlons could .

altera preteu 's structure when the three-d:mensmna} structure of a muutant pmtem
is net avmlable The modellmg procedure uses experunentally detemnned protem '

su-ueuires as templates to predtet the conformatlon of apeﬂlel pretem with- emnlari o "

_famme amd sequences (Sali and Blundell,, 1994 Sali., 1995) Application of the :
‘programme PROMOD is made possible from- Smss—-Model (Pe1tsch 1995;

L Peltsch. 1996), and it m an automated protem modelling server at the Geneva- _' S
Biochermical Research Insntute, Glaxo Welleome research and development, S.A -

- Switzerland. The modelling server can be accessed fromthe following URL address o
http J/expasy heuge ch/swmsmod/ SWIS S-MODEL html |

| .Model_.ling starts with the supei'positinn of 3D structures based on the c_li'agor.zals of
sequence similarity called SIM (Huang and Miller., 1991). -Regiens.with-éequence{
similarity are selected automatically and the corresponding residues matched in 3D

space. The primary match can be further refined by using expanding conte_:ét_ .

spheres from 0.1 to 3A. The sccond step is to generate multiple sequence alignment
with the sequence of interest to be mOdell'ed-'lIsing FASTA (Pearson and Lipman.,
1988) and BLAST (Altschul et al., 1990). A three-dimensional framework for the

 new protein sequence is penerated based on the sequence alignment and

 consideration of atoms topologically identical to the new structure and identical to
| at least one supphed known thme-dunensmnal structure, Atoms whu:n eccupy a
 similar portion of space and are expected to have a su'uctln'al-comter part in the new -
structure were used to compute the co-ordinates of the new structure. Side chams_ |

thh incorrect (dewant} geemetnes were then removed


http://expasy.hcuge.ch!swissmod/SWISS-MODEL.html.

The supphed template of three-d1mens10nal structutes may not contam alI the.-'_' |

necessary loop remducs reqmred to buﬂd the model However, 1t is posslble to
search a datai’:a“ﬂ of structural ﬁ-agments denved from Brookhaven Protem Data .. ._
Bank: (Abola et al., 1987) and the ‘best ﬁtted framlent or. fcaniework used to':_.-'_'
cons!ruct anew loop Conﬁammtwnal space is searched for Space allocatmn for the | o -

loop and for each cz-carbon in the loops from 7 of the allowed - ¥ angle o

| combmatmns 'ﬂns would exclude loops which are in stenc conflict with the -
_ surrotmdmg context. Altematwcly, it can compute 4 small ﬁ‘ameWork from the five o

best fitted data., Incomplete and i mconect backbone is rebmld based on the posmoﬁ -

L ofmucarbons andthe hestﬁttedbackbone ﬁ'agment is searched ﬁ'omadatabase of .

o -'crystallogmpmc structures of 7 allowed tD-‘F angle comblnanons .

© Once the buildmg of the backbone is completed, lackzng or mcomplete sxde chams .

must be added on ‘The dlstorted, but complete, side-chains are corrected and the

incomplete or laclong s1de-chams arc - vebuild with a search ﬁ'om 4 hbrary of a]lowed L
side-chain rotamers sorted by increasing ﬁ'equency of occurrence in known three- L

| _dlmensmnai stmctures

The addlt:onal V&n der Waal's exclus:on test for each residue in ifs spaclal context_ o
is applied and the most ﬁ'equently acceptable rotamer replaced in the model. -

. Residues whlch cannot be rebunld are mthheld, allowmg for other rotamcrs to be -

| tested Sﬂi such passes are performed wnth anmcremcntal tolerance of 0. 15 A In i
~ the seventh pass, the still absent side chams are added in therr most probable_ . o
. rotamer, regatdless ofany exclus:on test, D1hedral angle (1e the pss, ph: omega S

and chi angles) constramts can also be added to select rotmners



| B '._'The packmg densxty 0f the completed model was checked by usmg an algonthm. o
o from PROMOD which detents both mtemal and extern.al surfaces and computes the- e
o _centne and size: of each mdmdual cavxty A companson of the size and dlstﬂbutxon- L |

of mn'amolecu!ar cavities between model and crystal structure may help to uncover | N o
- any mls—telds in tbe model structure, Mns~folded areas can also be 1dent1ﬁed bythe . }
method descnbed by Luthy (Llrchy et al. 1992) Lasﬂy, the in utant moael was : o

o reﬁnedbyCHARMm(Bmoketal 1933)

. The WZSqutant moml was buﬂt based on the known three-dnnensmnal structure _ﬁ_ | -
of human placental glutathxone S-tmnsﬁzmse (Rememer etal, 1992) with the Trp28-

C replaced by Phe28, The PDB 1dent|fy cods of human placental GSTis mss

ead e e L R e R et ey
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 Renl and Dismson
31 Purification and Yield

_The punﬁcatlon of wﬂd—type and WZBF nmtantmunan GSTPI 1 ylelded 2 and O 5-? |
1 mg/htres of culture medium, respectwely Ylelds of pure class Pi recombmant' - |
GST were in good agreemit with those reported in the lterature (Mancharan et al,, |
1992b; Kong et al, 1993b; Zimniak et al, 1994). Similar _.ation was
| reported for recombinant rat class P GST (Tamai et al., 1991) Stu&tes onthe
) _mlubmen character of glutattnone analogues S”lOWBd that ‘wild- t)rpe and W28F o
- mutant hGSTPI-1 shared similar affinities toward - S-hexylghtathione .and

| 'glutattuone sulphonate as the Iso values were very close for both wﬂd-type and -

* mutant enzymes (see Fig,16 and F1g. 17) Tlns excluded the lowm yield of W28F_ N
'mmenz;mmmmtedﬁomweakm«bmdmgofwasprmmmm the afﬁmty.) -

' Class PiGST i is highly suscept:b’e 70 oxidation and covalent modlﬁcatlon, whlch
can result in reduced catalyuc ability and conformatlonal stability (SIms-Cremer and
Dirr,, 1995). The enzymes were pu. ified using the Swhexylghuaﬂnone mnnoblhzed -
 Sepharose aﬁmty cbromat(:graphy at. pH 7.7, 8, raﬂler than the w:dely used
 immobilized-GSH affinity chromatography at pH 9.6 (Simons and Van der Jagt, )
1977), in order to prevent pH-induced oxldatlon Low yields of purified mutant

B © enzyme can possxbly be attributed to an meﬁcient protem. synthesis system, but the

 final folded conformation was sensitive to proteolysm It is possible that the enzyme |
| has lower mtrmsw stabﬂlty ina final folded state. Baicer et af 4 Baker et al 1994) | B



L hGSTPl-l between pI 4.6 and 5 1 were observed

'produced recombmant hGSTPl 1 as N—t...munal uhlqumn ﬁJSIon, Wlth the.- - :
i.@mmmw_ggubquﬁnn-spemﬁo pmtease co-exprsssed this allows the

translatlonal cleavago of' cngmeered ublqumn - .:ST fllSlDl'l protems expressed' v

o in E gg_l: In theu: research, they observed a marked unprovement on the yleld of ._ R
- enzyme after the ublqmtm was cleaved by the ub:qultm-specxﬁo protease zntb.e .EZ. o

Qahcytop[asm

in'soS-PAGE_

The homogenguty of the punﬁed enzyme was evaluatod by SDS-polyacrylanude geL. o

| Wﬂd—type z’nﬂffl W28F mutant enzyme appeared to he pure and homogeneous as |
'. represented in F1g.12a The rolatx molecular mass of the mld-type and W28F' . - -
mutant submut of hG%TPl-»l was estlmated at close to 23.5 kDa from the SDS-- o -
polyacrylamide gel electmphoresm gel (see Flg.th), s:mﬂar to the = .Jues pubhsned-'__. '_ o o
by others suchas Kohnetal(Kohne?al 1992 ‘Kong et al., 1993b Zlmmaketal .

1994)

| 3.2.2 Isoélectric focusing_'_

| Wﬂd—type and W28F mmant en:rymes were shownto share sumlar pI values (pI -
4.8) (see Fig.13a,b), which were in close agreemont w1th the pubhshed Ilterature |

value of 4.6 (Widersten et al 1692). Multlple bands of wild-type and W28F o

';J'-"
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Figl2 hGST Pi-1 by SDS-PAGE. (2) 15 % SDS PAGE gel showing the
migration of homogeneous stibunit of wild-type and W28F hGST P1-1, Lane 1:

 wild-type hGSTP1-1; lane 2: W28F mutant hGSTP1-1; lane 3: pGSTPI-1; lane

4: molecular mass marker protein. (b) Calibration cutve of the molemﬂar mass - .
marker proteins. The estimated molecular mass for the subunit of both wild-type

and W28F hGST P1-1 is about 23.5 kDa (marked with X). Details of cundltlons
- .and molecular mags markers can be found in sectmn 2.4, 1 -
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F:g 13 Detennmatmn of the isuleleetnc point of w1ld-type and WZSF mutant

hGSTP1-1  MEF gel showing the focused proteins, Lane 1: pl marker proteins; -~
lane 2: wi. -fype hGST P1-1; lane 3: W28F mutant hGSTP1-1, (b) Calibration
curve for the isoelectric point marker proteins. The pI of both wild-type and W28F

 hGST P1-1 was 4.8 (marked with an X), both enzymes appear as multiple bands

~ between pl 4.6 and AL Detanls of condmons and pI marker protems can be found |

'm sectlon 24. 2

R .



. 3‘.2;3 size-gxclusiqn HP.LC o

R The molecu]ar mass of the native wﬂd-type and W28F mutant enzwmes est:mated- .

. from sxze-exclusmn HPLC expenments were close to 47kDa, (see Fig. 13a) as m;‘

“accordance with other reported values (Kolm et al., 1992; Kong et al, 1993b; -

Zlmmak et al. 1994) Single elutton peaks were observed for Wlld—type and WZSF

mutant enzyme mdlcaﬂug the punﬁed enzymes wem homogemous (see Fxg.14b) L

- The s:ze-exclusxon profiles showed that the two enzymes did not dnﬂ‘er n terms of N
- th»xr hydrodynamlc valume, thus mdlcatmg that the WaF mpmcement did ot oo
cause a changﬁ in hydrodynamm volume and quabemary structure of the dimer'c a el

| HGSTPLL
| 3=.z.4.w¢s'm ot

: The westem blot analysm is shown in Flg.ls Wlld-—type hGSTP 1»1 and pGSTPI 1

s shown to react with the pnmary antibodies (rabbx* polyclonal ant:-hGSTPl {

| anhbod:es) wheteas bSA did not as expected. The homogenmty of the enzyme

~ was again confirmed and the speultm annbody and class Pi GST interaction -
| ~ observed; the results of the western blot expemmenﬁ were clnqa to those of
Manoharan et al (Manoharan etal, 1992b) Human and porcme GST P1-1 were |

-shown to share a very high degree of stmctural similarity and pnmary sequence .

idenity (83%) which was the reason for the rabbit polyclonal aml«hGS'I‘Pl o
antiserun reactmg with porcine GSTPI 1, S

‘:_T_;;:::\-" .

Y
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~ Fig. 14 (a) Retentwn proﬁle of vm]d-type and W28F mutant hGST Pl 1 from the
~ size-exclusion HPLC column. {b) Determination of the rolecular mass of the
- native and W28F mutant hGST P1-1 by size-exclusion HPLC, The molecular

mass both wild-type and W28F mutant proteins estimated from the calibration
curve is 47 kDa (marked with an X), Defails of the condltlons and molecular mass
- marker protems can be found in sec’uen 2. 4 3 o
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- Fig,15 Westetn blot of the wild-type hGST P1-1.{1) and (2) are porcine GST Pl-
1 and (3) is the wild-type hGST Pl-1. Erzymes were electrophoresed in 15

- Y%(wl/v) acrylamide ge! and then transferred to a nitrocellulose membrane, blots

" were incubated with a polyclonal antiserum raised against human glutathione S-
transferase class Pi, then with a secondary alkaline phosphatase-conjuga.ed
antibody. WNitro blue tetrazolium/3-bromo-4-chloro-3-indolyl phosphate was used
for colour development of the glutathione S-transferase bands, Details of methods
- and conditions for the western blot can be found in section 2.4.4, - -



3.3 Steady-state enzyme kinetics

 Details of the steady«state enzyme 'kine-ti.c data are shown in Tahle'._s;.'_. The steady- . .
state enzyme kinetic parameters of wild-type enzyme for reduced glutathione and
CDNB* were in agreement ith pubhshed values for wﬂdv-type recombmant human e
| GSTPL-1 (Manoharan et al, 1992b; Kolm et al, 1992; Kongetal, 1993b;
Zlmmak etal, 1994; Riceietal, 1995) The stencally~conserved subsututmn of
W F (Bordo and Agros;, 1991) in hGSTPl-l halved the specific activity ofthe_ e
enzyme: when compared w1th the wﬂd—type enzyme, The catalytic eﬁclency value
 (keat/K,) of W2SF mutant towards reduced glutathione and CDNB were both_.
. reduced (see Table.5). K, for reduced glutathione remained unchanged and a large
increase in K,,, towards CDNB was observed. Mutant enzyme also exh1b1ted much._ o
- lower ma:umum y_eloclty_ in catalysmg the conjug_anm___&f redut_:_ed GSH and CDNB | | Lo

| ’I‘he Iso (Smhexylglutat‘ruone) of wild-type enzyme resembled the values reported by

others such as Kolm et al (Kolm et aI 1992' Kong et al,, 1992¢; Kong et al.

1993). I, value for wﬂd—-type and W28F mutant enzymes were 14 and 12.6 (M |
when S-hexyglutathione was used. Isﬂ value for. wildiype and W28F mutant
enzyme was 16.6 yM when gluta&uone sulphonate was used (See F:g 15 and Flg. 17

for the mlnb1t10n results).

The repla;:ement_ of 'Trp'zs' by f;he did not cause changes in the _' inhibition

84
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characteristics (the I, values) and S-hexylghutathione was confirmed to be a more o

 effective competitive inhibitor fof'both wild-type and n':tutatif enZymes when -

compared with ghxtatluone sulphonate. The hydmxyl gl'oup of Tyr? formed a

hydrogen bonds with the sulphonate oxygens of glutat‘mone sulphonate atthe G 51te,' "

thus resultmg mtlght bmdmg (Kd - 4 ,uM Dlrr et al., 19913)



| ._Aceerdmg to Askeiof et al (Askelof et al 1975), the mhtbttOty eﬂ‘eets of o _.
| | glutattuene anaiegues increase by i mcreasmg the length of the hydreearbon chainof
o alkyl moieties in S-substttuted glutatluene analogues. ‘When the hyerophebte hexyl o
- moiety of S»hexylglutatlnene fitted into the I-I-«mte, it prevented the eleetrophlhe: o

- 3 sub_s_tmte’s bmdmg te__the H—slte_, and subsequentty lowered the enzyme_actmty.

: A majer eﬂ‘ect of the Trp28 - Phe mutatton was a decrease in the turnover nmnber .
" : '_ -and apparent afﬁmty for the electrophﬂw substrate (CDNB) The mteractmn' )
o between glutathlone and the G-31te did not seem 10 ’be affected sxgmﬁcanﬁy by the - .
o _mutatton as the K, for reduced glutathmne and the I, values for the cempet:twe ) '_ N
_ ': inhibitors (S—hexylglutattnene and glutattuene sulphonate) remamed unchanged. S
o Mtheugh the Trpzs - Phe subst1tut10n did not cause a change in the’ glebai |
| eonformanen as seen in the stze-exelusten HPLC proﬁle (see Fig, 14b) the kinettc . o
- _' data suggested a local dlstemon in the topegraphy at the hydrophebtc (electrephlhc |

substrate) bmdmg sxte (H-snte) of the enzyme

- ) i
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N 'Kmatw parameters of wild-type and WZSF mutant of human_ | o
GSTP1~1 S . )

Pafame.ters_(-unii) . Wildtype  W28Fmutant

Specxﬁcenzyr ﬁ.e actl"lt)’ S 154 o . | 266
- {(umolminfmg) o |

© Varied [GSH] |
| Vmax(ymelfnnn) 36 .. | 117
:KM(mM) L IR '0.26: - 028
e, oty
Varied [CI)_NB;-, : I | | |
| Vmax(umo]/mm) o B 22
kcatf‘KQ_(nM'_‘.sec"):' K .11.6.._2- | | ._ 50.9 -"

Table 5 Kmetxc parametem of wxld-type and W2SF mutant GST P11,
Measurements were made in 0.1 M potassium phosphate huffer, pH 6.5, containing.

1 mM EDTA, 0.2 %{w/v) sodium azide, at 25°C. Kinetic activity was monitored |

spectrophotometrically at 340 nm. Daaﬂs of cond:tmns and methods under secnon-
251t0253 | S .
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| Fxg 16 Inhibmtm of enzyme actmty by S-hexylglutathlone (Q) wﬂd—type hGST o
P1-1,(V) the W28F mutant enzyme. The L, (Wt)= 14 uM and L, (W28F) = 126 .

- uM. Correlation coefficients of wild-type and W28F mutant enzyme are 0.98 and -~
-0.97, respectwely Detalls of the expenmental condlhons can be found i m sectxon o
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Fig.17 Inhibition of enzyme actmty by ghrtathlone sulfonate (Q) wﬂd-type E
nGST P1-1, (V) the W28F mutant enzyme. The L, (Wt and W28Fmutant) = 15

uM.  The correlation coefficients of wild-type and W28F mutant enzyme are =
caleulated to be 0.99 and 0.96, remctwely Detaﬂs of the e:q)enmental condmons -

can be found 1 in sectmn 2.5.4.



- 34 Héﬂ_t-i#lacﬁvation stud:es

_Thermostablhty of mld—type and W28F mutant enzymes was determined by -
o investigating the en2ymes cata.lytic actmty at elevated temperatures Replacemenf
of Trp mth Phe resxdes resulted in an observable decrease in enzyme . o

o -_ ﬂlenm:tstablhty, as seen in Flg 18 W28F mutant was 1655 thermostabje than " ld-_; B

I i ) : ~type € enzyme T values (temperature at wlnch 50% enzyme mamtamed ac:hv;ty) ‘f .
C for wild-type enzyme are 52 °C and 45 °C for W28F mutant. At60°C ,the W2sF
- __ mutant enzyme was totally mactwated, whereas the \mld-type em:yme mamtamed__ o
. a10%activity. "The heat inactivation profile ofwﬂd~type recombinant enzyme was
o in agreement w:th that obtmned bY others svch as }“{ong et al (Kong et al l993’b), o
where theTmofﬂ*us enzyme was 55 °C . L I

5 -T.he nme-dependence data at 55°C also mdwated the wﬂd~type protem to be mo:e’ o

. themostable when compared w1th the W28F mutant.. The bz (mld—-type) 8 mm__ |

o and tys. CW28F) =2 min (see FngQ) Therefore, the data mdmates Trp28 tobe
nnpoﬂ:ant for mamtannng a pmper stable confonnatlon af class Pi GST

39 e
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Fig.ls Thennal mactwatlon of wnld-type (V) and W28F nmtant (0) hGST Pl 1
with temperature. Details of and expenmental methods and condltmns can be |

101md in sectlon 2, 6
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Flg 19 T:me-dependence of therm.l inactivation of wﬂd—ty:pe (V ) and W28F .
mutant (@) hGST P1-1, Experiments were perfonned at 55 °C. Detalls of
. expeﬁmental mﬁthodq and condmons can be found in aacﬂon AR
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© 3.5 Fluorescence spectroscopy
3.5.1 Fluorescence emission spectra

Fluorescetice smission specm of wild-type and W28F mutant enzymes are shown
in Fig.20 and i'epresent typtcal profiles of partially: solvent-exposed tryptophan
residues (Burstein et al., 1973). The maximum eniission wavelengﬂi of both wild-
type and mutant enzymes was 340 nm W28F mutant enzyme exhibited 56%
emission intensity of wild-type enzyme. The spectral data suggest that the two Trp

residues differ ﬁnly.s‘lig’htly in exposure to the exteriot -enif_i_romnent._ |

: | | 352 Quantuni yield

The quantum yield of wild-type and W28F mutant enzymes was estimated to be - |
| 0.026 and 0.(7, respectively. This low quantum yield of the thege two enzyrﬁﬁs is
thus indicatiVe of tryptophan residues in a hydrophobic microenvironment (Burstein
et al. 1973). A similar quantum yield was obtained for porcine class Pi i isoenzyme
| by Dirr and Reinemer (Dirr and Reinemer., 1991), which is an indication of
tryptophan tesidue being partially buried in the protein matrix. The emission data
and the quantumn yields imply that the fluorescence Intenisity observed for wild-type
hG"STPl.ul is slightly dominated by the emission of Trp38. The calculated
“accessible surfuce area of pGSTP1-1 shows that Trp28 has a larger accessible
 surface area when compared with Trp38 (Reinemer et al,, 1991). It should be noted
that Trp38 is involved in bmdmg the glutathmne sulphonate at the actwe site and
 that this would cause a change in the accesmbllny afTrpSS
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wild-type

Fluovescence intensity

300 850 - 400
~ Wavelength (nm)

- Fig.20 Corrected fluorescence emission épeétra of 2 uM native wild-type and

W2BF mutant hGST P1-1. The steady-state fluorescence spectroscopy were
performed at room temperature using the Hitachi model 850 fluorescence
spectrophotometer, The excitation and emission bandwith were both set at 5 nm.
20 mM sodium phosphate buffer, pH 6.5, containing 100 mM NaCl, 1mM EDTA,
0.2 %(w/v) sodium azide. Samples were excited at 295 nm and recorded from 300

~ t0 400 nm, Spectta were corrected for the buffer blanks.
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353 Acrylamide quenching studies

'Acrylarzﬁde is _aﬁ neutral polar Qixenchér"wlﬁch_can gain accéss to deeply 'buried_ -
tryptophan residues, and the quenching of excited tryptophan fluorescence can
provide information with regard to the tryptophan residue's accessibility to the
~ exterior environment of ‘proteins (Eftink and Ghiron., 1’9’?6)" In the acrylaﬁﬁdé
quenching studies, the Stern-Volmer plot was used to calculate the acryla.xmde" |

o quenclung parameters {Lehrer,, 1971). The acrylamide quenc:hmg result of Wlld-"

type and W28F mutant hGSTP1-1 can be seen in Fig.21. The linear ;elatx_ons_hlp-
suggests that a dynamic quénchihg mechanisrn is the major quenching méchanism"
and that static quenchmg by acryla:mde was negligible. If static qumcMg is not |
neghglble, then an upward curving Stern~Volmer plot would be observed (Eﬂuﬂc“ E
and Ghlrcm,,: 1_9_.81)._ Anupward curving plot _mdmat_ed that all Trp residues werg
neatly equally.accessible, or that the fluprescence was domhiated by a -s_i_ngle Trp .
residue. The linear Stern-Volmer plot of wild-type enzyme also implies that the
two tryptophan residues differ only slightiy in their accessxbﬂlty to quencher (Eftmk_ -
and Ghiror,, 1976)

Effective SternVolmer quenching constant (K.,) determined from the plots, were 4.3
and 1.34 M for wild-type and W28F mutant enzyme, respectively, The K’,,, for N«
| | acetyl—-u-ypmphanamlde (NATA) was estimated to be 17 M -, which way very c:lose |
to the value reported by Eftink and (xharon (Eftink and Gh:ron 1977) ’Ihe values
of K,, generally range from 0,1 M 1o 10 M for deeply buried to highly exposed
tryptophan res:dufs of proteins (Eﬁmk and Ghll‘(ltl., 1981), The diffetence in K;v'
values iraplies that the Trp28 residue is slightly more accessible to quencher _than
Ttp38. Surface area calculations from the crystal structure of human placental class -
Pi GST (Reinemer et aL, 1992) indicated that both tryptophan residues are partially
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Fig.21 Stern-Volmer plot for acryhnaide quenching ofwxld-type (V) and W28F

mutant () hGST P1-1. Fo and F are the fluorascence intensities in the absence and .

- presence of acrylamide, respectively, Coefficients of correlation are 0. 93 for wild-
“type and 0,88 for W28F mutant. Details ofcondmons used in the expenment can
be found in sect;on 2.7.3, o | |



» % .
| Bxposed to Sﬂlvent with slzght dtﬂ‘eremes in their surfaice accesmblhty (apprdxxmate]y e
16% exposure to solvent) |

3.6 Urea-induced equilibriumf unfolding studies

Two' types of probes were used here: those sensmve to dlﬁ'erent suuctural o
| 'phenumemn, and those dlffenng in levels of sensitivity, Tt is sometlmes referred to

‘ag the muitiple vm_able test (Brandts., 1969) and any presence of stable _mtennediates -
will be detécted by using different physical techxﬁqii‘es Tfyptophaﬁ ﬂuorescénce'
(smxctural probe) was used to monitor the immediate env1ronn1ent of the Trp residues
| whlch represent the Iocahzed environment of the Trp re51dues Denatm-atlon by urea

| causes ared shift in the ermssmn spectmm ofwﬂd—type and W28F mutant hGSTP1- 1 o

“from 340 nm to 355 nm as the ﬂuorophore becomes exposed upon unfoldmg -

| Enzyme activity (ﬁmctlonal probe) will g1ve a more mdwect, global assessment of the -

- unfolding/refolding process.- The dimeric structure is requ!red for GST to be
cmalyucally functional and dissociation ofthe duner into its subumts will result m a
_loss of ﬁmctlonahty

The urea-induced ethbnwn unfolding curves of wild*tfpe enzyme showed that the
unfolding transition was monophasic and sigmoidal, both of Which are characteristic
ofa hlghly oo~operat1ve unfolding transition (Crelghton., 1990;  Jackson and Fersht,,
1991) (see Fig.22 a, b). The good correlation which ocourred between the structural |

and functional prabes was observed, The result can-esponded well with those"_ B

obtained for the porcine class GSTP1-1 (Dire and Rememer 1991; Erhardtand Ditr,

© 1995; Shuis-Cremer and Dirr., 1995 } wiich unfolded-in a two-state manner. Linear o

slopes for the pre- and post- transition regions are comnmon features of & denaturant-



iﬂducéd.'cin_‘ye and are presumably due to solvent perturbation effects; i.e., the o

| irmerééﬁon of solvent molec_ules with the ndtii'e_ and uﬁfdldéd'ﬁmteiz‘xs (Pa(;e.,‘_’ 1986}.

The two~state model for the denatm'atxon of d:menc protems, where only the natwe |
d:mer (D) and unfolded monomer (U} are the two s1gmﬁcant populatlons present at_ o
| equlhbrlum, is descnhed by the follomng scheme‘ S ' -

- .--_'.Kn o
D20

Tnthe twvo-state model, only the folded dimers and unfolded monomers are populated,
" whereas folﬁed MONOMErs are unpopulated because they are thermodynanucally- B
i ,tauln relative to the niative dimer and mlfolded monomer (Crelghton etal, 1990)

A protem concenirahon—dependence study mdlcaied a shlﬁ to a hlgher urea |
concentration from 4M(1 M wild-type hGSTP1-1) to 4,47 M urea, (10 #M wnld-_ B

type hGSTPl 1) which was consistent wnth the two-state model of denaturatmn |
 (Bowie and Saver, 1989) (see Fig.23), Concentratm dependency was also nbserved -

in pomme class isaenzyme (Erhardt and D:rr 199‘5)

The followmg eqwuons explam the dependence of eqmiibnum unfoldmg on profein
concenn'atmn prowded that the folded monomer state wag essemaily unpo pulated
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Ko=2REYQEN  (Bd2)

~ where Dis the na*tve dlmer and Uis t_he _unfdlded_ _mbnomer,' msbéctﬁivélji.' Ptisthe
 total protein concentration. f, is the fraction of unfolded protein and Ky is the
 equilibrium constant of the two-state unfoldmg process (Bowie and Saucer., 1989).
. Protein concentration (in terms of monomer concentration) is defermined by both

folded dimer and mfolded monomer comentratmns, Pt = 2{U7 + [D}. Ancordmg to

~ the law of mass actnon, by i increasing the concentratmn nfpmtem, the proportmn of
- native d.uer at each denaturant concentration will i increase and the nud-pomt of
| . trausmon wﬂl sluﬂ foa hlgher denatm'ant ccncenn*anon 3s protem concentranon '
_ increases (Tunm and Neet 1992). | |

The dépendcéncé on pmtein' comentratiﬁn-is an unique cﬁa:?actéﬁstic of the -coupléd'
| denatmatmn and dlﬂsocmnon of ohgomerm prctem system, and isa typxcal featwre
- of two-state unfoldmg models of dimeric proteins as has been obsarved for vatious .
 dimeric proteins (Bowie and Saucer., 1989; - Gittleman and Matthews,, 1990; Timm
| and Neet. 1992 Marmet al 1993 Tlmmet al., 1994)

0
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Fig.22 Raw data of the conoenn'atinn-dependent:e experiment of wild-type hGST - °
Pi-1. (a) Relative loss of enzyme activity vs [ urea }. (b) relative fluorescence

- intensity vs { urea ]; (V)10 uM enzyme and (@) 1 uM enzysme. Detalls of
o conditlons of experiment can be found in sectm’ﬁ 2. 8 1
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Fig.23 Concentration-dependence of wild-type hGST P1-1. (@) the relative loss
of enzynie activity of | uM enzyme; (V) the fraction of unfolded protein of 1 xM -
-enzyme; (¥) the fraction of unfolded protein of 10 uM enzyme; (O ) the relative
loss of enzyme activity of 10 yM enzyme The data is converted ﬁom F1g.22
according to section 2.8.2. : _ _ .



| Coni‘ogfmzat'io:lai St:abil'ity of wild-type and W28F mutantenzyme
L AGHo represems the difference in Gibb's ﬁ'eeenergy between the hatiVe and ﬂnfolded )
- pro%em in the absence of denaturant and promdes an estimation of protem_

'confonnauoqal stabxhty Flg 24 was transformed and lterateﬁ accordmg [ the

| method described in section 2.8.3. The lmear dependence of aG™© en urea -

) cencentranon was obsetved in the transition reg:on ‘The AGH"’ values for wlldvtype

~and W28F mutant GSTP1-t were extrapolated ﬁ‘om the trans:tmn reglen to zery o

denaturant mFlg 24 are 18.8 and 14 5 keal/mol, vespecﬁvely The value of wxld-type _' |

enzyme was very close to the reported value of porcine class Pi GST (Dirr and
Reinenmer., 1991 Erhardt and Dirr., 1995). AG™© of wmld-type class Pi GST was
o '_very closed fo the range of conformanonal stablhty of dimeric pmtems (am:no acid

. residues per subunits ranged between 118 and 209) for wh1ch chermcal-mduced .
 denaturation was two-state and AGH° rangedbetween 19.2 and 27.8 kcal/mol (Neet |
and Tum:n., 1994) ' o

o The mﬁ:ldmg process of W28F mutant was monitor-ed using'onl_y the enzyme acuvlty

as the probe because of the small amount of enzyme available and the sensitivity of

the probe, It was assumed thiat the structural and functional probes were highly -
 conrelated as observed for wild-type hGSTP1-1 (ses Fig.25) and pGST Pi-1 (Erhardt
and Dirr., 1995), Unfolding of W28F mutant pretem also followed a two-state
process with a monophaszc transition, see Fig. 24. The rmd-pomt of the transition was
* estimated to be 3.7 M urea (wild-type hGSTPI1- 1) and 4.2 M urea (wst mutant of

hGSTP1- -1), ‘W28F mutant protein unfolded at a lower urea concentratmn, mdxcatmg - |
a lower intrinsic stability of the W28F mutant enzyme. A m-value can be expressed o

asthe gradlent of the transition regxon and is determined. by the number and types of
groups which become exposed to solvent as the protein unfolds kGreene and Pace., -



| o | w2
type and Wt outaat enzymes obtained from Fig 25 were 2635 and 1955 calimol, M
o urea, respectlvely‘ In F1g.25 the Imear dependence of AG on urea cencentraﬁon was - o
 also observed Myers et al (Myers et al,, 1995) pomted out that both the m-values -
| and heat eapacnty ehanges were correlated and depended on the aecessxble sm-ﬁaee_ o

area of the protem.

| The ehange in solvent—aecesmble area (AASA) e¢.n be calculated aceordmg te theﬁ .
followmg equatlon (Myers et al,, 1995) |

AASA - 90'7 + 93 (numher ef ammo acul resndues) ('54;13)'___ o
The m—value fer urea denatumtlon can then be calculated ﬁ-om the followmg equatlon -
| (Myers et al,, 1995) | - R |

m ?’374 +_0.-.11_..(4ASA)‘" -, o B0l

The heat capac1ty ehange (ACp) upon unfeldmg on AASA can be caleu]ated ﬁ‘om the
foﬂomng equatmn (Myers etal, 1995 - -

- ACp=9251+0-.l9' (aASA) '--'__(Eq._i_S)ﬂ_

" “The calculated m value for urea denaturation from Eq:14 for wi’idtype hGST P1‘ 1

524123 eal/mal/M urea and the a Cp calculated from Eq 15 fm* wxld-type enzyme . |

s 3269.7 eal/moI{K The celculated m-value is clese to the expenmentally;'

Aatarriinad wiualing
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- W28F rmutant enzyme w'as theerdyhahﬂcally less stable when éom'pared with the
- " wﬂd-type protein. Desp1te the m—value being dependent on “che compnsmon and ~

~ amount of polypeptnde chain that is exposed. t0- solvmt upon unfolding, the

B --composmmrx of the polypeptlde chain of W28F mitant dld not dlﬁ‘er 31g1)1ﬁcantly }}om .

the mld—type anz:yme except f‘or the teplacemeut of Trp with Phe WZSF mutant - '.
o | protem has & smaller m-value (gentler mm:m slope) when compared wﬁh the wild-
| typ “The dlfference betWeen the slqpes of the. two enzymes simply reflect thg.. -
| - difference in the cooperatw;ty of the unfcldmg/refoldmg transition (Glttleman and -
© Matthews, 1990; Myers ot al, 1995). Thomson etal (Thomason et al, 193%) pointed
. out that dlﬂ:‘erences in m-Values (transmon slopes) may result from dlﬂ‘ercnces in the N

- .pathway of unfaldmg but this is- excluded ﬁ:om tha possxbxhty because the

A ' :mfaldmg/foldmg of wﬂd-type and W28F mmm enzyma beth proved it approached |

 the two-state unfolding/ foldmg mechamsm The larger m-value (or steeper transition

- slope) reflects the folded conﬁormatmn of wﬂd—type protem was less accéssible to

solvent and more res1stant to solvent-mduced denaturation. The W28F mutant was
 more accessible o solvem and less resistant to solvent-mduced denaturation whenit

started to unfold at lower urea canoentrauon. Because the two prcstems did not dlffel‘ '_
in terms of hydrodynamic voxum., it can be conchxded that the shght loss of con |
0peratmty at transmon region came from alteratxon of forces whjch contnbuted to the |

- folded protem stabihty as a result of Trp28 - Phe mutatxon. RS
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Fig24 Urea unfolding of the wild-type (V) and W28F mutant hGSTP1-1(®) .

The fraction of unfolded protein is determined from the enzyme activity data.

Dietails of experimental methods and conditions can be found in secnon 2.8. 1 The '_ -
data is converted accordmg 1o section. 2 8. 2 '
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Fig25 - G as a fimotion ofurea concentration, where (@) is the wild-type hGST

P11y (v} is the W28F mutant enzyme, Data points were caleulated from N

transitional region in Fig.24 using equation in section 2. 8.2 A G“‘" {Wt) = 18 8
keal/mol and A G“20 (WZSF) 14.5 kcal!mol
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3.7 Urea-gradient gei électrophuresis -

Flg,.!a aandb show the electrophorenc mobxhty of hGh’IPl 1 across &0 tn M

 gradient of urea The srooth mgmoxdal protein band betweeti native and unmlded |
enzyme with a smgle transman was observed mdmatmg a rapld and reversnble o

| eqlﬂhbnmn transition between unfolded and native canformauonal states (Crelghtom, -
1979, see Fig.?.ﬁ It also mdtcates the unfoldmg mechamsm toben ca-operatwe' C |
- _two-state mechamsm The nnd-pmnt of the transmon iy approximately at 4.2 M urea, - o

which is consistent with the m'd-pcmt data for the unfolding of thdvtype enzyme
monitored by stiuetaral and functional pmbes The refoldlnb of unfolded pro;em also-

- resembled the two state foldmgfunfoldmg mechanism with a qmooth lincar unfolded o
and folded region, the transition region bemg broken with du'ﬁzsmn occurted atboth -

ends, see Fig.26b, The unfolding and refoldmg pattems of the \mld-type enzyme
were similar, which nnphed a rapid two-state mechanism with rapld cunformanonal |
itansitions. 'The broken curve of refolding of the enzyme was due to the
interconversion between different conformations at the transitional region being
slower than the time scale of the electrophoresis and thus only the native and

* unfolded forms were accurnulated in anid trapped by the acrylamide gel. One possible

refolding Kinetic barrier \ -as the cis-trans isomerization of peptide bonds preceding

~ Pro53 of hGST P1-1 (Reinemer et al,, 1992). It is interesting to note that the r eof
cis-trans isomerization is inherently very temperatwre dependent. Cis-frans
 isomerization is intrinsically slow, with the halfitime for'isomerizatim of an

individual bond being of the order of 20 min at 0°C (Creighton 1986 Crelghtnn., |
1990), L



Urea (M)

Fig. 26 Urea-gadtent gel eletrophoretograms of (a) native wxld-type hGST PI 1:

and (b) unfolded wild-tyne hGST P1-1, The proteins were eletrophoresed in 0.05

-~ M Tris/Acetate buffer, pH 8, at room temperature, The mid-point of transition for
both (a) and (b) is 4.2 M urea., Detalls of the expenmental method can be found

in sectmn 2 9. _ _

it
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3.8 Structural basis for destabilization "

The Trp28 ~ Phe mutation of hGST P1-1 as a result of the W28F mutant has (a)
lower catalytic ability, (b) greater susceptibility to heat inactivation, and () &
decrease in conformational stability‘ Folded proteins are only marginally stable, and
even the smallest interaction can i:ontribme significantly to its stability. Forces which
bave pos:tive contributions to the stabnhty of folded protein are: hydrogen bonding, :
jon pairing, and van der Waal's interactions and derophobm interactions, The
opposztwn forces are. due mamly to the entropic effect (Mattlwws‘, 1987 Ddl |
- 1950), - -

" In the u'ystal structure uf hGST Pla-l(Rememer et al., 1992), a putahva intrachain
hydrogen bond was observed between the partlally buried indole ring of Trp28 and
the buried side chain Ghu30 (see Fig.29a), The donor-acceptor {NElof Trp28 and
 OE2 of Glu30) distance is 3.2 A. This particular hydrogen bond pair is also observed
in porcine (Reinemer et al,, 1991; Dir et al,, 1994b) and murine class Pi crystal
structures (Garcia-Saez et al.,, 1994). Shirley et al (Shirley et al., 1992) pointed out
that there were three possible fates for a hydrogen bonding pair upon. mutation: (1)
it could form a new intramolecular hydrogen bond, (2) it could form a hyd:og_én hond
with polar solvent, or (3) it could fail to form a hydrogen bond all together. In order
- to distinguish between the three possibilities, we have to look at the crystal structure
 of the protein. A replacement of Trp with Phe excluded the first possibility of
formation of a new hydrogen bond with the pair. Secondly, the position at which
amino acid 28 is situated is buried (congidering that the Trp28 only has 16% surface
aceessibility to solvent), |

One cannot only accourt the loss of}wdmgen bondmg between the Glu30 and Trp28
bemg due-to the loss of confonnauonal stablhty, and one must a!so mcluda all
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possibile factors which reflect the loss of conformational stability. The reported
average free energy involved in hydrogen bonding was aﬁproximatély 13 % 0,6
keal/mol in stabilizing structures such as globular proteins and double-helical nucleic
acid in aqueous solution (Shirley et al,, 1992).

Ton pairing for protein stability in terms of fon pairs buried in the protein core can be
seen in the studies by Barlow and Thornton (Barlow and Thomton,, 1983), In the
erystal structure of human GSTP1-1, an ion pair is identified between the partiaily
burled side chain of Glu30 and the buried side chain of Arg18 (intratomic distance
is 3.2 A), This Arg-Glu ion pair is conserved in the hydrophobic core of domain 1
in the Alpha/MwPi/Schistosoma japonicum isoenzymes, which strongly suggests its
contribution to the maintenance of thermodynamically stable GSTs. A conservative
- ion pair of Atg-Asp in the octopus clags Sigma isoenzyme (Ji et al,, 1995) further
~ supports the countribution of this evolutionary significant ion pair. Furthermore, the
guanidinium moiety of Argl8 is hydrogen bonded to the carbonyl oxyget in the
active-site peptide backbone at a non-polar residue (Vallo/Pi; Alal 1/Alpha;
Trp7/Mu; Leul0/Sigma; Nled/ Sjaponicum) inth  site. This Trp28-Glu30-Argi8
triad is situated below the active site loop (Phe8 to Gly12) of domain 1 in the class
P} isoenzyme which constitutes the Hesite (Refnemer et &l,, 1992; Dirr et al,, 1994b),

Class Pi isoenzyme has 8 Arg residues per monomer, half of which have very low
solvent accessible surface areas (Reinemer et al,, 1992) {see Fig.5 for amine acid
sequence alignment of class Pi GSTs), It is unusual for a charged amino acid to exist
ina burled hydtophobic etivironment as it would prefer to be situgted at the surface
of a protein, as the burial of unpaired charged residues in the non-p&lér interlor would
 be energetically costly (Dao-pin et al,, 1991), The Arg-Glu ion pair most likel'y plays
a role as a stabilizing force within the hydrophobic environment of Trp28. The
| Trp28-Ghud0-Argl8 cluster forms a hydrogeﬁ-bondqd network and any disruption



 ofthie ~oyld affect the stablhzmg eﬁ‘ect of the network in this part of the strugture,
The absence of hydrogen bonding between Phe28 and Glu30 as in W28F mutant,

could cause a part_:al destabilization of polar interactions betweett the_.Arg-_(slu ion .

pair and, as a consequence, in the destabilization of the Trp28-Gli|30~Arg1 Rcluster.

| This would subsequently affect both the topology at the H-site, which is suuated o
above the mad, and the thermodynamic stability: of the protein. o

The contmbutmn of the Arg-(}lu fon pait to pmtem stab:hty was also canﬁrmed by o
| the low y1elds of expressed R18D mutan *‘hGSTPl»I (Mannharan et al., 1992b). |
N Fuﬁherxn