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substr tC,. iowever the modification of these two

and o disulfideyliﬁkage are considered as beinc mnsked.

E— . . e - -

The sulfhydryl groups of native and denatured

fumarylacetoaCQtnté'fumaryl hfdrélase (E.C,B.T.l.é) (ra1)

nave been investigated with sulfihydryl specific reagents,

5,5'-dithic-bis-(2-nitrobenzoic acid) (DT1), and p-hydroxy-

mercuribenzoate (PID) Ly spectrophotometric titration.
The disulfide linkages of F'i have been determiued by

Cleland's :ethod (1968).

. . The reqults 12d1¢ate that "two of the three

'

suL’hydrvl groups per native F\J subunit are accessxble.

One of thbse two sulfhydryl droups,iq_proicctable by
~ . ‘
’ g9

acfﬁgg;ble sulrwvdryl groups results in an lnconplexe

. -

1055 in enzymatlc functlon. A residual sulfhydryl "rouﬁ

- * " -

»

The involvement of these sulfhydryl -Zroups

and 'the disulfide linkage in-enzymafic function is

- . ' . .

discusscd.

pas
b
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(2]

~cystine hnve lonsg otitrncted particular-attention from

_phosphate dehydrogenase, Segal & Noyer, 1953), or

{7 1) was first described by ‘Isiang, Sim, Mahuran, and

[
[T
-

wear

" . ~w CIHAPTER I

INTRODUCTION

| ol on s | L 2
. The sulfivdryl or thiol (-Sii) groups of

cysteine re#idues and, the disulfsdo (-S-S-) sroups of

enzymolosists, This is diae to the' hish renctivity

and the specific function of these grouns in a2 number

of enzyines nnd other biologicnll& active ‘proteins.

o . ’
- .

lThe role of sulfhydryl grouns consists of binding T .

. * e -

substrates (alcohol dehydmorenase,. Evans and Rabin, 1968),

Al

participating in ‘the catalytic reuction (glvceraldehyde-3~

maintnaining the native and active conformation of the

.

protein {(lvsine - transfer ribonucleic =acid synthetase,

Stern et al. 1066), The disulfide groups are ﬁndoubtealy
of rreat importance in stabilizing the native conformations
of many proteins  (lysozyme, Neumann et al. 1964).

.. -The involvement of sulfhydryl groups in the

™~

kN

action of fumarylacetoacetate funaryl hydfglase (E.Ce3.7.1.2)

Schmidt (1972). They reported that all the sulfhydryl
specific inhibitors except iodoacetate definitely
inhibited the renifivity of Fydi, In contrast, serine

esternse specific inhibitors had no effect on this enzyme,



1)

o —
. /-f' ~

] . . ;
Llowever, tihe wny in whielr the sulflydryl groups of FAll
‘are involved in enzviaatic function :as-not been determined.

Consequently, this is nn extremecly interesting -.and

challenging problem. ‘ -

Previous workers have, hawever, contributed

much useful information toward this target, since
cuﬂr"cterlz tlon and substrate specficity'of PAH-havg o
been 1nten51velv qumlncd wlth manv different t/;hnlqucb.

In development of a model orf tle active site to explain

tlie catalytic mechanism, it i¥ i.aortznt to summarize
pertinent informatign from those experimental

results.

-
P

g #'ii hydrolvzes a carbon-cnrbon bond of funaryl-

acctoncetnte into funﬁrﬂtc 11& acetoncetate in the

b

[
-

derradntive pathwny of tyrosihe and phenvlalanine in

T

mamralian svstems (Rawdin & Crandall 1951).

occ—c @CH dchco, o
+ .HO

A\

Y=Tumarylacetoacetate

[ +
"ozcézﬁco: o+ CHCCHCO + H

Tumnarate - ncetoncetnte



molecular weight of ko;ooo %/mole. The subunits appear

»

AUl appears to be a dimer with a monomer

r - .

to be identicé%fsingle polypeptide chains, No disulfide

honds join .the monomers in the- formation of dimer as

evidenced by the observation that little difference is

" . -
seen bTtween the elution volume on Sepharose 6B in 6M
v - - -

cuanidinc=hydrochlpride of reduced and alkylated %ill and

untreéteﬁ enzyme (Mahuran et al. 1977). It has been
. ’ X e ‘
proposed, however, .that zinc may act as a bridge beotwWeen

Al

the two monomers (EBEwinz 1977).

FAlIl is an enzymne wﬁgse natur%l substrate is a™

dianion in the pH 6=9 regioN where the enzyme is active

and it has been suggesfed thit binding. of iJ~fumarvlaceto-

»

acetate is through bo?h of 1;110 carboxyl crouds of the‘ ‘
substrate (Uraun & Schmidt 1973). Thus) the active sité

could have two positivelf ciiarged groups to bind the two

énd carboxyl groups of the substrate, Iore importantly,

FAH is subject to competitive inhibition by monovalent
anions,., .One anion is bound per éniyme—inhibitor complex,
This anion inhibition is interpreted as masking by .the

anions of a positive si£e on the onzyme:(Braun ¢ Schmidt
1973). Further studies showed that fluoride scems to be the
best anio; inhibitor of FAH activity and the binding affinity

of FAll for substrate ond inhibﬂﬁor mondévalent anions is



‘0

"inhibitor bi«d the s-me site @f F'll, and tie biadins N

(AN -

not aflected sPmairie-ntly By pli over the ranze of o. 25~

Ce30. It w:s hlso'sx'"o. ed t.o-t hotht st bstrote and

. .
re outsicle tis p ranie (Pa 1311}2

. ' . L
been Uound teo ecntrlyze the hydrolysis

hns
Y S - . :
of“vrrio's substrite annlo s o the diketo neid type "~
L ' v
¥ - 4 e 1 - s )
(2,i= ~nd 3,5=diketo =~cil), It is intere-tiar to note

-

a

‘ o v
that ~s thie oroup nd]qcc 1t to the metiivlence corbon of

2,%=diketo ~cids ~ots bultior, t.iec compound becones less
avle to serve ~s - substrnte. However a metayl sroup is

worse tian ~n etayvl sroup, wiile a2 Je-phenylIpropionio

o~

sroun is ore Ioyorn

Ble tana o einnanoyl group in the M

-

s-me case (O uren 1073). Sntotlier interfstinf 'eature

-
-

o substr-te snecif ;}ﬁ is th rt neither of 4—aqctobutyrﬂte
(without dilketone) nbr fuanrylncetone (without Cnrboxylic
function)ecn"He hydrolyzed by =i (Mahuran et nl, 1977).
Therefore, tuc specificity of ! seems to require a
dilketone and ﬂ\cﬁrboxylic écid functioh. -However, a
subrirate mmalog ncétopyruvate {a monocanion 551ecule), in
hizh concentration (1.2 m!) cnn inhibit the reactivity of
F‘ﬁ by incorrect Sindinj at one of the two positively
cﬁnrzeq a;ens (iisinng et gi: 1972).

"It s yeen sugrested tirat there is n Irec

sulThydryl Troup ot or nenrr the retive site ol ©7 and

thrt could De the nueleoiile w:ic: attrelis the C=-4 or

-



T=2 G rbhontl  renn o) 7,"< ar 3, i=ditieto coid oub trnter

RS

ve.mectively 0 oacainis 1073, rhuarsn 1973, ond Swint 1770,

™is 1ilen s=eonis Lo e reinforced by foae bell-shaned curves

“lo Voinx versus D oad low ?“”XZFT vor us pt Trom wiich

oY

n

- . . -~ - . -
‘M orent ionizotion conctant: plg S0 oL 7.5 were
L4 .

»
'

¢ fernined, thicse ionization constants could correspond to

lwidnzo%f 1t zulilhivdryl croups resnoctively {(u 1977 ).

T
here is precedent ffor sueh o »pair o,

4

~

~“otive siteé roun .

- = . . N .~ N ! . L3 . -
sinee vl:on ~nd Park {12845 no-tul-ted that o sulitudryl

v
W

croun citunted in thie®active site or T=niespitortiveeral .o cde

dehvdreo tennse v e netiented nas ~-rerult ol the formation

o hddeo fen bon s with neishboerin~ “unction~l Troups such

fh

ii'~zole. t lends Co.an. incre'se o electron density
st toe sullur ator of sul:hydryl <roup and coascquently

* ’ - 1 + L3 .
to -n increase in tie ucleophilic oropertics, "urther,

‘ucns rnd UiLllicvas T1vo0) susmested €™t indidazole mny act o
ns renernl Lnse reosovinet the protoanr ol thie s ulfnnvorvl

0T,

R
- - - X
sowever, Trom inspecition ol Pu:¥ »i=r te pro ‘iles,

it =ormct thnt reduction in eon

actic ceftivily ntl~i:i 1 v is

¥

onailicite o

{

in conlict wit: tie expected ronter angic

s Aullhvedeyl oroup sonjurte bese, 10 Cne sl ooweireel

rocidue were cctiyc o2 nuelteo il S e ozer- tic Tninrction,



Thus a postulnted

~t ni~n Pl ois due to wlectrostatic renulsion between

e
tiie thiolate anien 0wl the newntively ch-r-orl substrnte
- M ’
iolecuile, . -
lecently Ewing (1977) speculnted that a -

m~mesium ion mey hold and netivate thd 2,l%-dilketo acid

{ substrute) so t ot the enzyae's nucleopiilic ntt ¢k on

vt

thio H=loto corbon could taife nlice. In nroposing Fhis
A — il

soghanism, Swing-(1977) presented evidence ‘that F'H does

not e¢ntnlvze cleavare vin Sghjbf's bnse formation,

Therglore, the pliusible mechnanism ol ¥ netion based
v . i

-
.

onn ~11 of the nbowve mentioned sujsTestions is depicted

in 3cheme 1.

Un tn the present tine, only prelininaxy worlt
-

on the deterninntion of sulfiiydryl rouns of FAMH has been

done by llmhuran (1973). e indicated thtt three suli-

(.

. ‘ .
ydre-l roups per denttured ononer were found by YOV -

titr - tion, w:ile in the =etive enzmyme only two of these

sulfhvdryl ~roujs were Irece to re ¢t with tais snecific
res~ent. In addition,  nimrii: showed $hnt - total of

Y

1
five hMnll cvstine residues per Uil subunit were founcd

fro: e meid nunlvsis,
. s
OWoVoer, A renoris ove s cown tlo ©otae
.
51 - ~my y - - , oy oo R I
s e N S R A . o B "y nooon



-1

o SCHEME'.]

X.blndln M’ metal Nuuinucleo} B base

group wit Phile
metal



- 8
_J ‘
-~ . b
N . - . . - . ‘ . e -
(12 Lrliented ghnt threeof the six sulThvdryl srouns

cosaonlveero il e waielhl re ctéd with o did ot

. 1, s
o ‘¢t Y, Thereoro, it reo .ains possible wlnt VAH
g-s)ge‘f.ydrrl Totus Litccescible to T or thnt it lLins

-~ -G : ] . *
01lyv one disul lide lin'in—e per subunit,

-
Lo iads (1973) repormted throw P UUds o wishly
s yoeclJic innetdiv-oin ?o“?entnor *aH since ‘:iNetic ‘studies

"indic.oted thint the incctiviotion step wos asrecoded v for-.

-tien o ¢ dirsocinble comnlex wit: Ki = 0,001 mM. .

Core imnort-ntly, ross corformntionnl chnancte or dissocintion

into sudbunits did ot occur olter PMS3 trestuent @l 'l as
evidenced by estiiction of tie elution velumes of nntive
~. -~ ) .
. - - A » L3 > . . .
and, P o Ti=tre ted fAx on fel filtration. Por the ressons e
- .

siven nbhove, VY Wha-he employed in tiis work as an
- . ’ ( .

. alternntive vetﬁ?d Lor sullhydrvl ~rouns,

- I
0.4 in!) or counetitls 1ini uoride, 20 '), protccts
. ’
the enzyme fro Y inntibitior. Yowever substr-tes ecnn

!

prevent loss ol enzvnatic nctivit: 1ot onlyv by dircet
protection ol funectinnal rouns but.vlso 85 o consequence
ol their stnbilizrtion o:'thc structure of .tc onzmvme.
‘ence to establis: tont o sulisir te aronects sl wcdrel
"mrouns it is th ool to corry out e suroesictis or

enzvintic nactlivit  :lone;y o it e surcet ol Tlie

number o




\\\\*,_ . .
arm ivis alse Tonnd tamt U0 cets on SUl s

. * . . . . . B

- o oreve 'sible nnd! conetitive La:ilvitor ('. = 29 ) n~t

1

owever, sne nimnt expect tint M emploved

nt i thier pll wonl shiow :n dirreversible eTfect on thie | -

etiviies ol the ecazviie, since it ins been indiented
. . X
’ . 1
o

tnet recctior with o0 is juch flater 2t p U-Q tgon in

. » .
we 't acidiec soluctio: ( 21l:ien 17 roc’ilonurss  nd

.

Licttle 19773). L " ; : _/

oanv o ronorts nove sucested (4chra-m 196&5 -
> R - .

L)
o
-

LInmro 19489, and svies @ Sourkes 1975) that =0T flo W )

¢ etnnce ~the ability of ™ to detect iore L 'ried

sl Soayvdrrl srouos whiech nre lisraded with tietsl ions,
. - - M

Y

Uowever, ins been tentntivelw classivied s

metnllaenzyvie witht the nossibilities tirt » nimgnesiu:

ion ~ad » sullhydryl —Troup exist Tt or ne~r the nctive

. ) .
site (3wia<w 1977). Therefore, ~s =~n'nadditionnl wraacter,

10 s 0 will be used in nny buffer for o777 titration.

Sinee <A i-terferes wita tiie absorbnnee of P 11 (Hover

' 1954 anmd Tnttell et ~l. 19538), it con rot be Aunslied

-

> in PME titr-tion,

@ urtierore, it is desirable thot n direcct

‘ -~
method Tor deter:inntion of disulfide linlirnres siiould be

emnloved. Tue nethod cdd-nted s toot dlencribed Ly

-
-

Zleland (1958) hrsed on the reductio: 7 dlsuliide
linines with 00 ~ad ddeseroiaotion o0 Do oreaalnog

10 "ot tdinls it 7 11 T e arncear T mese ] ool

-

il
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_ ' . <CUADTER TT. . » '
EXPERIVENTAL <

l. Methods and Mlaterials

.
- ’

"1) General

.

(i) aterials ‘ ' i
The followinys naterials were commercially

.

. availabge; 5,5'-dithio~bis~(2-nitrobenzoic acid) (uTND),

from Aldrich Chenmical Compﬂny;-acetopyrﬁ§ic acid,
p-hvdroxy mercuribenzoate (PMZ), and dithiocerythritel
(DTE), from Sigma Chemical Coiipany, -

« (ii) Enzvme Preparation

Fumarylacetoacetate fuﬁarylhydrorﬁse Was
S ——
isolated and purified from beef liver in the celd room by

the.method of Ilsiang et 3&.(1971) witii the modifications

according to Mahuran et al. (1977). The enzyme was -

stored in sodium phosphate buffer (25 mM, plI 7.3) at -20°C

until used. No glycerol or DTE was added to t:e stock

solution, - ’ '

.

(iii) Instrwnentation

A Deelunun 7 CTA HMARD VI was used in all assays,

~

Uy circulnting water from a thermostnted bath throu-h

tlie cell compartment the temner. turd w's ailht=ined
i -

L] -+ Le)

at 30,0 z 0.5°C and 24,0 2 0,57°C in enztinatic nactivity

assny nnd titration respectivelw, Cuvetzes (1 oo 1i it



-

-

12

. . ' X2 e
path) were carefully matened ~nd were always nlaced with .
- .
the snume fnce townrds the light sourcce.

N -

(iv) Ren-~ents and Solutions - .

Al -
. . All reaents ~nd substrate solutions were made
» 4 o .
fresh exer day, The bulfers yere made up every fojr

weelks. Delore ecnch assny, thé reaents . solutions .

- -

sthaker. at

«

were incubated awnd shialilen withh

- . -

24%:,

- ATNT, 1.2 m7, was  dissolved in 1 il 50 mif

acotate buffer, pii 5.0 (Zahler ~nd Cleland 1968}, under
a nitrosen atmos?here and sealed with parafilm, The

concentration of this solution was 3 mii. This metheod
; . . . > .
of preparation ensured the stabili§5 of DTND. PD

(L.9 w5, 5.3 mmole) was dissolved in water plus 0.05 ml T~

of 0.1.N ‘sodium hydroxide to zive

final volume of 10 r::l.ﬁ/_.._\\J

After centrifugzation tae concentration was determined

at 232 nm by dilutioed in 50 mM sodium piosphate buffer,
- ~ ‘. - I . e . ~ l" -l —l
pil 7.0, .  molar extinction coetT{icient 1,569 x 10 .M “-cn
\ . . .
wns used to calculate the concentration of PME in solqglon

(Carne gt al. 1977).

- e wis -
?) Enzymatic ‘ctivity sshwv: .

i

Into n 3 ml cuvettc were pipetted 2,6 ml of -
’ i
25 oM sodium phosphate ufler, pil 7.3, and 0,3 =l of =2
1.22 m acetopvruvic acid-solution, To tiiis solution \

Yrwas added 30 ul of enzyme by microsyrinze, The



- ESN . ) K
- L
disappenrance of substrate wns monitored .at 295 nm for
. ™~ !
5 min,. R

- ~
e

One unitedf cnzyme activity is defined as the

. . L 4
amount of cnzyme that cft.lyseS-the'hydrolysis”Bf 1 pmole

of substrante per minute under the stnandard conditions

detined abowe, In each case Acetopyruvate wns used as

substrate ( é_acdtopyruvnte = 7.3 ml/umolesém),

—— s

Therefore : 1 unit of enzvme = amount of enzyme that =

hydrolyses 1 pmole of acetopyruvate pcf minute..

A o 3 . : : L ' N
Yo, of units = - OD/qln - x dilution factor .x 9cl.
. 7.8 ml/umole :

. . of enzyme sclution

The specific activity is defined as units of
enzyme nctivity divided by the ~mount of total protein
in solution, _Td estimate the protein content o{ the

< -
enzyme solution, the absorbance reading at 230 nm and

gj“ﬁ = 1.3 ml/m7.-cm was used (Mahuran et al. 1977).
3) Accessible Sulfhydryl Group Determination

.

(i) Reaction with DTNH : ‘

"=

2. ~\l was rencted witli.DTND by the method of

Eliman (1958 & i959)..‘Td the reaé;ion miktu:e éontaiﬁing
3.0 ml wf sodium phosphate buffer (100 m¥, pii.8.0,

EDTA 10 mi) and 0.1 ml of DTWND (3 mx),ho;li ml g§ enzyme
(1,765 mg/ml) wxs added to give =a final volume of 3.25 ml.
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=

" A reference cell contzining all-tlhe reagents but .enzyme

., a
[ .

vas. uscd, The absorbance wnas re~d at 312 nm withx a

LY

ot -

»\ticorder as a function of time.

N
- " . -y

b. A duplicate D?Ep titration wis carried out

following the appropinte condition as o, After 2 and 10

mzis 1 ml1 of re-ction mixture w.s 'removed to mieasure the

-
-

1;ining eni}matic-nctivity; A relference mixtufe
containing enzyme apd bulfer (without'DTXB) was ﬁéed to
measure tiwe origin;l activity at: the apiropiate timel .
C. in order to deter-.ine the substrnte pro-

toction effect, = duplicate ILNE titration with same

quantity of enzyme was also carried out as a, but a

. , ;
nmodified Luffer containin zcetopyruvate at a4/ coincen=
' -

tration equal to five times its X, value (X, = 1.366 mi,

3im, 1971) was used. It was important <o note that

o

11171t concentration of acet.pyruvate could inhibit the

enzymatic activity (Hsiang et al. 1972).

d - * . - »
~—" (4i) Reaction with PMB

2. F*H was reacted with PMNusing

of lover (1959) and the modificatiop— xrhe et al, -

- — ——

he metihipd

(1977). ‘liquots of PIE solution {(Wwere injected into a

cuvette containing a mixture ol 0.3 ml of #ul (0.451 mg/l /

ml), and 2.8 ml sodium phosphate'ﬁL fer (50 mM, pil T.0).

Then the reaction was followed



- 2 .
titrqtgé it same “time.) To determine .
. » * o
e absorbance of.ID Alone} n parillel titrantion wns B
" donclwithoutkcnzYme. The - difference ﬁéf&égﬁfﬁhé'wa'wzw .
"fitratiéns wis ‘usetl tor cive tle titration curvé; :

deternifintion of residual activity

of the modified enzyme, independent nssays in duplicnte -

were .carried out withh addition of thie s:'me amount of P M

o each stepwise titr-tion 3s a to = kmown amount of
' Tty -
cazyvme., fter an app:opiaté{!‘me 1l ml1 was reyoved from

- -

eaclhh renction miixture mnd monitered for remaining activity, -
2 | o '
reverence uixtura\fgptuining enzwvite nnd bufler &WingEF

P ) was used as n control in tne cectivity assays. Since

"ie substrate, acetonvruvate, strongly absorbed at 295 nm,
it wns impossible to do PMIi titration with native enzyue

under protection of substrote it a concentration equal to
L4 B B

five times its X,. T ) .

PUPE

M} Total Sulfhydrvl Group Determination

THe sulfiydrvl groups in é%oteins exhibit

variable renctivity, towrad titrant due to steric Cactors,

. Therefore, <eterminntion of tot..l sulfiwdryrl content

requires that the protein be denatured., -
} . . .
. ) (i) Renction with DTWEB

. Fuil (0,2 nl, 2.20 ng/ml) and 2.8 ml of 100 mi




@

- 10 win,  After denatiiration was complete, 0.1 ml of 3 mld

‘¥

e

sodium phospante bufter (cont:iginc_ﬁnrﬂ’lﬂ m, ure - &8 H)

of pil 8.0, were pipetted into 2 12 al, screw=cnp vial., 1\

nitrosen atmosphere wis mnintnined for 5 min and the

-

aixture wnas then stirred sently at room tenperzture for

N
et

DT was added into tais s~mple and a blank qnd the
incre..-¢ in absorb imce at 412 nm w.s recorded,

P

~(ii) Renction avith 2 B ' e

The snme as metiiod (3-ii a), but the buffer,

containin 8 1 urea (final concént?ﬁtion), was ntdded

. "
into a 12 ml screw-cap vial under a nitrogen atmosphere..
The s, mple was stirred for 10 nin at lowest speed., Then- .

-.‘

it was titrated spectronhiotomeétrically nt 250 fim with

fresh aliqug%s of PMB (¥4l 0.15 ml, 0.628 mz/ml). 'Y
5) Disulfide fond Deternination ' - ' :
. : .

(i) Reaction witih DINS after Reduction ;

Before the Cleland metiiod was applied to:

determnine accessible disulfides of the reduced enzvme,

¥

F'il activity wns measured hefore and aftgr incubation. -
(15 min.) with sodium arsenite (2.5 m} final concentrution}
in order to detect vicinal sulfoydrvl sroups (Symes &
Sourkes, 1975); since the presence of vicimal sulfhydryl -

aroups affects the results of Cleland method (ilabeed 1972).
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o

Then, FAll was reacted withh DTXDE according teo

the method of Zahler and.Cleland (i968). F34, 0.2 ml,

»

(0.767 gg/ml) was mixed with 0.1 nml of 50 mM Tris-lCl
buffer of pll 10,5 and 0.1 ml of 3 mM DTE. The reduction-

of disulfides wns allowed to proceed for 20 min.
‘ ~.

When reduction wns complete 1 nl of Tris buffer
(pf 7.75, 200 mM, containing 10 mM EDTAJ, and 1.5 ml of
5 om NaAst were added to give a final volume of 2.9 ml.

The solutions were mixed and allowed to stand for at
’ L}

least 2 min.
To start the rexction in-the cuvette, 33 ul of

3 mM DTND was added to 1 ml of sumple mixtlre. The
absorbance at 412 nm was recprded for a half hour. A

blank containing all the renctants except the protein

solution was treated in the same wav simultaneously.

(ii) Renction with DTNB after Denaturation and

Redﬁctioﬁ

FAIl was titrated with DTYNT by the samé method
as in (5-1i) slightly modified accordings to .indo and
Steiner (1973}. F:t (0.16 ml - 0,20 ml) was mixed with
Tris buffer and DTE as in (5-i) bhf 0.2 ml of 8 M urea

, b
or 15 M urea was added separately. {Thus,urea concentration
of this incubation step was 3 X apd’SJ; Pl respectively.)

Reduction of the protein disulfide was allowed



to nroceed sopnrately for 30 :min nﬁd‘SO .1in at room
tcﬁperntureé " Then 1;6 ml of 200 mﬁ Trié_bdffer, pH-?.75;
antd 1.5 ml of 35 uM I\IaASO2 woro- added, and the mixture was
lelt standing forlqnother 5 min., Into a 1.5 ml cuvef%e,

1 ml of this aixiure was pipetted. Then 33 ml ol 3 mi

L

18

DTED was added to the rénction mixture and the absorbance-

at 412 nm was recorded at intervals of 2 min for o period

of 1/2 - 1 hour. A\ reference cell containing all the

reactants except protein wnas used, T e
1 - -
R 4
-
. -
A
\ -
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L. Results

1) Cﬁltul~t101 of Number of aulfhy&ryl Groups and

Disulfide! ionds ' ot
In all ossays, snmples and tistrants were ndded

“ ' ~y

to » mixture in n pnotometi’.cell. Thegrefore the data

shoild be corrected by the dilwfion factor., ?
= ) L
. C
. > C = A X D
o
£x 1 .
4 where -
C = concentrntlon ol orininnal solution

A = nbsorbance dééa
(a2t 412 nm if DTNs was titrant;.or

at 230 nm P was tltrant)

H
-

r . = extinction coefficient
13,600/'/¢m for nitromercaptobenzoate anion formation
(Ellman 1958 1?@ 3iiverstein 1975) nud 7,600/ /cm for mercury

mercaptide formn atio Doyer 1954)

'-l‘

dilution factor

(@]
I

1 =1 ¢n in all assnvs

The concentrntion of enzyme containin: D.770 mg

spotein/ml is 19.2 all of subunit., If 0,2 ml of this

sranle solution was diluted o 2,8 ml nd then - sulfwvdryld
-

sheei Tie titrant (0.1 m1) wne oeided in oo snectron.otosctnr

S SN -~

cell, © o -Luaorbonaee otoo o suceciiic woveles ot tan Dl



- 20
. Rth
for DTNL assays}, . wns 0.035.f _
In this cose L v - = -
i ) \ €
Co = - 0,035 - X 3.1“&1 x §\ml
. 13,600_1_ x &a - 2@l 0.2 a1 _
711 el .
= 627 .N-" 3 . -
]

df sulfaydrvl grou:s = orizin-l sulfhvdryl conc,
enzyme cong, )

O ' iI'

. ' = 3.3
’ No. of disulfide borids = {(Yo. of sulfiwdryl
| x . " gfoups after reduction
u ' - ~ No. of total Sulf-
o ~ hydryl grouﬂs)/é |

2} iccessible 3Sulfaydryl Group Deterninntion

(i) Reaction with DTNI '

Two (2.0 z 0.2) sulfaydryl groups per subunit

/S

of notive i1 nre accessible to HTNI:., Vhile only one -

1+

0.1) groun can be nccessible to MTVE in the presence

A

(1.0

e

o substrrte nt n concentrntion equal to [ive times its

o
vnlue (fiﬁ. 1), This sgggesfs thnt there are two free

sl “aydrvl sroups on thie hydrophilic surince ol °
suagnit. One of the two.sulf:ydry{ . roups, however, Ls
rotect tle bw substrate,
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~ No precipitativn occurred in ‘these assays

in contrast to those in Mahuran's report (Mahuran 1975).
Thiis mirsht be due to the low concentration of enzyme‘used

in tne present assnyvs which kept intermolecular reacgtion

to a minimum,

e

- After apnproximately 2 = 3 min and 10 =~ 16 min

N .

of renction with DTNB 24%, 16% of the oricinal activity

were detected rcspectiﬁélyr It is important to note that

during activity assay, the reaction of DTN with enzyme

still continued to procecd due to pmesence of huge excess

LN, . ~ \

(i) Renction with PND

The plot (Fig. 2) of the change in absorbance

at 250 nm versus P.li.congentrntion nas two -linear regions.
These linear regions intersect at two sulfhydrvl groups

per mole of FuUl subunit appfbximntely. To reach this

point in the titration a 4.2-fold molar excess of PMi
wns needed., 5o more sulfluydrvl groups were found by

furtirer addition of PV,

i with 1l.,5={0ld excess of PIT

u e
A

The renction of F

resulted in ~ deerease o 297 in the originnl activity.

.

when ench of 2.3, 4.2 nnd 6~fold excess o I was added,
5T, TS50 ~nd TO. of the orimsinnl neriviiy wos lost .-
resacctivelsr,



”
oo

Furtier addition of 7.9-"old PIID resulted in

“.

almost complete izsctivntion of ehnzyantic anctivity
e f i

(troce ({ 5%} or no activity). After F il was incubnted

witlh 6-~fold PiL for the s-me time as the 7.9=fold PM1

treatment, S7% of the original setivity was lost.

Both DINL nnd .H titrations wigh the mative
2z, N -
enzyvme show there nre two sulfhydryl gﬁ?ﬁ)s nccessible

.

on the pydrdphilic surface of the enzvme. Thisg is in

agreement with Mahuran's work (1975). At least one of

these two sulfhydryl grouns is prob:bly located at-oT

.

near the active site,

3) Total Sulfhy vl Group Determination

(i) DIND Titration with Venatured Pnzvme

sfter incubgéion (10 mih) with denaturant {8 M
uren; finél concentfatidnylund?é a nitroscen atmosplhere,
3.0 I 0.2 sulfhydryl grouns were titrated'per mole of
71 subunit by DTND (o.l_mﬁ final concentration) (Fiz. 3).

This is in acreement with Mahuran (1975).

(ii) PMp Titration with Denatured Enzvme

3.1 ¥ 0,1 sulfaydryl ;roups were titrated per
/

mole of FATl subunit. ’ fhe piot of the chiange in
absorbrnece has three linear portions wi.ich intersect ot
1 and 2 sulfhydryl -7oubs per mole ol thymo subunit

-

hY. It scewms Lant one ot the turee sillavdryl

i



-

groups per subunit after deqntufntion is“very reactive

to PN, A(Oﬁl}‘- 1,0-fold P was n'eoded..) o

TS

In summary, thesc results confirm that one

of three sulfiwvdryl groups is masked and is not accossible
. . ‘-\

[N

to either PMD and DIND ,without dddition of a denzturant.

L8N

W



Fir, 1 Determinatio?/of.&gpessible Sulfhydrfl Groups

by OTND Titration s

3 mll (sterk solution), 0.1 arl-{final

.concentration)

LR

native ¥'il (without substrate protection)

bulfer - sodium phosphate 100 mi, pli S.0,

- | .
(EnT: 10 mt) &

native FU! (with substrnte protectioh)

buffer - sodium phosphate 100 m1, pii 8.0,

%, substrate (207410 my)
' '
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Noterinatioen ol ‘ccessible Sullnydryl Group *
‘ - ¢
T P Titration
o uative ital A230 ' =t
0 . of orimginal activity remain after

v .ricd amount of P addition

o' » of ori;ginal activity remain
‘(Pfolbngcd incubation with 6 fold Puin)
PMB : 0.52 m (stock solution)

Buffer : sodium phosphate 50 mM,.pll 7,0 <’
‘ ’ . '

wi out I A

# " The original activity of FAH is expressed as
an activity of a cbntrbl sample containing
everything except PMB under the same conditions.
v
|}

—’ . . L4 ‘l

. ~ ‘
-
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Determination of Thtal Sulfhydryl Groups by
DTV Titration a
DTND : 3 mi (stock solution)
0.1 m¥ (final solution)
Suffer : sodium phosphate 100 mM, piH S.0 v :
g EDTA 10 mM, uren S M - :
- » .
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0 FAH SUBUNIT
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3

Ol

e2Da

4091




r/

ey
P

Deternination
P!’ Titration

: 0.52

Zuftfer :

m': (stock solution)

“urex 8 I, without EDTA

T

of Total SulrThydryl Groups B;“ﬁw

7

sodium phosshate, 50 mM, p! 7.0
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"} Disulfide -llond Determination

(i) DIND Titration with Reduced Znzvme e

Soddum arsenite (2.5 mil) does not inhibit the
reactivity of i, This indicates that PAll lacks vicinal

, ]

sulfhvdryl groups. ‘fter 30 min reducti= with o only
- ) S~

1.7 = 0.1 sulfliydryl groups per mole of T subunit were

anccossible to”the DTN: (#ige. 5). The result is within
cxperimental error of that for unreduced enzyme.and"this
indicntes that no disulfide bonds are accessilbe to the

reducing asent in the native enzyme.

.
-

(ii)fufl\:a Titration with Reducesi nnd Denntured

-

Enzviae

—_— L]
Incubntion tines o less than one hour and low

uren concentrntions in this step were found insufficient

for complete reoduction of disulfide bonds. For example,

the sample after 30 min of imcubation (with 3 1 uren) for
.

reduction ;Tive incomplete reaction with titrant. Zven
&» )

with a renction time of 76 min, oﬂlr three sﬁlfhy y%\
croups could be found (Fig. 6). On:thg contrary, for a
s~mple after one hour.of incubatisn (with 5.4 1 uren)}
h!b z 0;1 sulfiiydryl mroups were almost immedintely (3
min) nccessiblé to tue titrant and the titration curve
seemed very stable for at least 20 min, Therefore, !

P

/

e

. o el
Ho. ol =o=5= DO _ (4.9 T 0.1)

— A subunitt

1
-~
b

o
o
o
28]
—
1l

0,92 L 0.5
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.-only one disulflide bond .per mole ol F'.i subunit wns
“ s ’

detected. This eﬁperiment also confirmed the totnl half

cvstine content of L.,S moles per mole of ~' subunit
from amino acid compositionAannlysié (Mahuran 1973).
In suuiary, it has been found thnt two sulfhydryl

_rroups are nccessible and not vicignal in native enzvme,
One of them cnn be protected, by the substrate and
presumably’ is located at or ne:

-

addition one sulihydriyl & 'p.nnd one disulfide_linkagg

r the ackive site.,” Im
Je

are inaccessibli/;o the reagents used in the native

enz me (Table 1),

- - ~
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Fir., 5 Determination of recessible Disuliide

-

L]

by TWL Ti?rntion

/.
3
[

NaAsOE:

Luffer:

A

.-
Linkare

L >

3 mi (stock solution), 0.1 mi {final

conqédtrntion)-

3 m (stock solution), 0.1 mid (final

concentration)

5 mi (stoeck solution), 2.5 m% (final

concentration)

Tris

Y
'

§
, 50 =i, pil 10.5 (incubation step) -

‘Tris, 100 mi, pil 7475 (ELTA 10 mdM)

ar

1l
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5 Deterninatien of Tot:l Visulfide Linkage by
DTl Titration

O  incubntion one hour (with urenr 5,4 i)

~

4
~

~¢-¢ incubation half hour (with urcmja M)

~
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unmber o

i =S5=3-= Groupns of

T 7L 1

)
R FE

ver

Tionomner

("t 40,000 /uole) -
o
Pl Titration DTNL Titration
1. native enzvme ' -3 1,0 L 0,1 2,0 £ 0.2
- (1.8%)
o
< .
2. substrate protected *
: +
enzyme * 1.0 = 0.1
. + s+
3. denntured enzyine 3.1 - 0,1 3.0 - 0,2
| * (3.2%]
4. reduced en%yme A 1.7.- 0,1
Se r&auced/donatured . +
enzyme 4,9 = 0.1
. . (4.3 : amino
. *
. acid ~nal’T)
¢
=3-5- 1
. A S .
* . . {4y = '
Vimhurants Pha, . dicserttion {197 33 /
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DISCUSSION =™ \\

The numbers of sulfhydryl groups ver subunit in
native and denatured FAi, two and three respectively,

. determined in this report are im agreement with the

gﬁﬁi?ﬁinary result of Mahuran (1975). In addition it

g

‘wns foun.! that 10 m pDTA §Bes'not act to enable detection)

. 5 of more su;fhydryl groups in this case. \\5__//’/

In the presence of urea, the . total number of

"half-cystine residues deterfiined by Clelan;'s method (1 hr.
incubation) is the 's;une as that ffo; amino(acid analysis
(Mahuran 1975). ‘pparently, the lo%é disulfide linkage
is buried in the interior of the protein‘ﬁolecule of the
enzyme. This disulfide iinkage is postulated to maintain ;;;
pﬁe tertiary conformation oingﬁﬁtein‘structure. By 1
_comparison it may be noted that one of the three disullide
i linkages of native bovine trypsin inhibitor is extremely
. exposed at the top of a pear-shaped molécu;e and is-
. e?Sily reduced (Liu et al. 1971).-
Although Nagninis (1975) indicated that DTND | .
acts as a reversible competitive inhibitor of F'H, her
: — ]

'&-work was carried out at relatively lower concentration of

pTNE (0 - 0.08 mi) and lower pli (pi 7.3). In contrast
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it hns been shiown here that UTNB.iﬁhibits the cnzvmatic
activity dirreversibly at pid 8,0 and a concentration of
lorl m*, It has been emphnSizeé that HTXND is‘fully reactive
At pi 8.0 (Zllman 1958). TMus it may ble\s;u.f;gested that
the combin&tion of lower renjerit. conecentration and
reactivity in Nagﬁiqis"expGEinents resulted in a situatioﬂuc

where th» sccond order inactivtion rate wns Jjust too low to
t L3 - . - . - . T \.
allow significant amounts of reaction in the chosen
incubation peried. On these bases 'l can be considered
~

A sulfhydryl egzyme according to the criteria of Bover

_ 3
(1959},

It hns beeh shown that acetopyruvate at a

concentrotion five times its K“
i ’ e

can protect one sulfhydryi
gro;p from DTN titration., By éohparison Nagainis (1975)
reported that propionopfruvafe ~t a concqntration eqﬁal
to it; X,y could also protect 3073 of the activity of Ful-
from inhibition by PMB. These results suggest tha? the
sulfhvdryl group unrenctive in the presence of substrate
nay Qe 2t or nenr the.nctive site., This is reinforcéd
by tie fact that fluoride nnion, an ~ctive~site-directed
inhi\or, can slow tiie PN inhibition (Nagainis 1975),

Furtheriore, kinetic evidence was accumulated indicating

‘that both DTNE and PMD formed reversible.comnlexces

cormpetitive with substrate binding prior to modification

-



ot the enzyme. Howevér, it is possible that substrate;

~

" stablizes the enzyme in such n way as %o alter the

conformation and thus maslks a sul fliydryl [roup from DTXND

or i moditication. In this caso, the, protectable

: . . .. . . R .0
sul:hiydryl croup need not be considered in the active site. .

However, Full still has 15-20% residual activity
fcward the substrate e;en nrter t?ose two sulfnyd;yi
sroups have been modified Qith DTNL oxr PMI, lAlso to be
considered is the fact that the enzyme contains one

innccessible sulfhydryl sroup per subunit. One may - .

postulate many different éxplanations for these phenomena.
Apparently, F'.l is not influenced by EDTA (Durasd

& Schmidt, 1973, and this report). llowever, Ewing (1977)

indicated that = magnesium ion may be invelved as more _

tiinn o structural entity ancd proposedfgn enzyﬁe-metalf
enzvme intramoleculsr bridge at the active site. If this
magnesiun exists at tue acﬁ}ve site but is inaccessible
to EDTA,'this netal.should be buried somewhere, In other
words a éhelafing sulfiydryl Sroup ma&lnlso be burried

in the s.me place and conscquently inaccessible to thiol

titrants. This appears to be tlie case with prolidase

(E.C.B.h.é.?) wiiere a Mﬁ2+ ion combines with an enzyme
sulfhydryl group and protects it from the sulfhydryl

rengent, iodoacetamide (Smith.et al. 195&); From this
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postulnte, it is suggested that the buriéd sulfhydryl

croup in FAl may chelate a magnesiuf ion ! det as a

nuclecophiile. Therefore, even after the two free

,sulfhydryl groups tre modified, this buried sulflhydryl

had L]

is still cnpdblé of reancting with substrate, -The substrate

protectable sulfhydryl may act in binding“substrwte orJJ

A -

merely act to maintain the sensitive conformation of the -

v

active site and modification of this latter Sroup in the

~

absence of substrate only acts to decrense the efficiency
of cotalysis but not te prohibit it, “ -

Snother possibility is bised on a proposed

mechanism that the catalytic function of -F i1 comes from .
5 )

an attack initiated by wnter (Scheme 2), or » buried P
scrine residue (samé»as Scheme 1 with Null « 0ii). In thié
case the substrite protectable sul fiwydryl croﬁp located

in the nctive site acts to maintain functional structure
or_':o stnblize the bi::d'in.{: to tz;xé substrate, and if this
sulihydrvl croup is.modified, it leads to decrease the activity

of the *enzyvyme, In this c¢ase the third sulfhvdryl group
-

would be considered to be buried.in o iydropuobic region
' 3 /

to maintain the protein complex. Svmes and Soukes {(1973),

-

for eiample, emphasized that most of tihic essential

N -

sulfhydryl groups of beef and rat liver enzymes (mono-

amihe oxidase etc.) may be more involved in maintaining

.
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FAH

B: base

\.&L}f | M metal
' X>: bindiné_ |

Y” group with
metal



thie stable contormntion instend of being directly involved

o
- ~
'

in catalysis. S

'\nqthgr explanation'ﬁny be tbnt‘the fhird
5ulfﬁfﬂryl sroup is qhelating tpe zine as a meramptide
bricdrre Leotween thé two monomerg‘(Ewing 1937) ﬁ; analooy ;
with “the case of:yeast ulcolol dehivdrogenase wherc it is
;hourht that zinc atoms stabilize the quaternq:y strucf%;e
through formntion of mercaptldc bridces between the .
monomers to form the active tet;nmcr.(aqgl & anlee 1960},

How?yer, it is not possibie to di§tinguish among
these postulates I{rom the prcsent experimental results. -

Further analysis of the Kinetics of the modified‘enzyme

mayv give more information abouﬁ this essaptial sulfhydryl-
grouD. _¥6re importantly, a pumber of direct éethods of
identifyiﬁg*u sulfhydrfr group- in thg acfiveqsiée should
be‘emplo&ed. For instance, identification of the :
sulfhydrvl group in tne active site of “cet01cetv1 CoA
thiolnde (E Ce2.3.1.9) was “chlevcd by incubation ol -
the enzyme v;tn excess laoeleé substrate (1401 —acetyl-
Cot. Then the mocirfed peptide wns isolated from its
ryptic'ﬁfdrolysate and its reactive sulfiiydryl group
identified (Gehringz nnd Ilarris 1968). Pinkus and Meister
(1972) have used a a=nalo3 of glutamine, L-2-amino-i-oxo0-5

. ' J .
chloro (5—140] pentanpic neid for identifying a nucleo-

philic group at the active site of carbamoyl phosphate

. .



synthetase. They found thoat fhis anilog occupies the

sito of :lutamine and forms n cov.:lent bound witi n

o S

sulfhydrvl croup. Peptide mappinz, radioautography
and electrophoresis tQCQ%iques along with sequence studies

pc*alt determination of the 1001t10n of modified residues

as ‘succested by inderson and Perham (1969 Furtheraore,
X=ray crys&nllocraphy is the only method that can
nresently viecld the relative positions of all, or nearly

all, the atoms in an enzyme with the aid of additional

Pl

1uformatlon such as amino acid seouence of the enzyme. -

-~ .

Tor instance, in B rse liver "lconol dchxdro nase a :
.. | -' .
zine ion is. liganded in =~ distorted tetrahedral arrange-

ment by four sulfur atoms, from cysteinyl residues 97,

100, 103, and 111 as uetermlﬁed by X-ray diffraction = - 7

and amino acid
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" . suMMaRy

*

Quﬁntitative‘sulfhydryl group tiitxation of
fhe nnt;vd enzyme ihdicates thnt two sulfhydryl groups
are accessible for reaction with oither DTNH or pLn,
One of these two sulfhydryl groups i§ péotect?blc'by
substrate, -With additional information of kinetic
séudies from Nagainis (1973), one might postulate that
protectable sulfhydryl group is #roba?ly at or near the
active site, The addition of 8 M urea inércaséd'the

-

‘Incubation of.tﬁe enzyme with DTE and denaturant’
showed five’sulfhy&ryl group residﬁes'to ée present, -
This vaiue.gpproaches the number of half cyséine zesidues
.deterained f{ollowings amine acid analysis (Mahuran 1§75).
This indicate# only one disulfide linkapge is buried in
the interior of the prétein sturcture. Presumably, ,this
lone disulfide linkage plays 4 major role in stabilizing
of p;otein co;iformation. |

10 mM EDTA does not 2ot to enable detectign of
more sulfhydryl group in this case,

Native FAM still has residual activity even

after tihhose two sulfhydryl groups are modified ji;p DTNT

¥
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. §roup.. . Ot :

.

or P»in., These results nre coasistent with the inaccessible

-

sulfhydryl ~roup's involvement in cnzyme catalvsis as a
nucleoiiile townrds substrate. Alternatively, nucleophile

attacks on the substrate by an_ enzyme—assisted water

. .
molecule or by an inaccessible serine residue hydroxyl

.
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