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SUM MARY

‘rime nurimber of esscuuthml SH-groups per anmetimopterin bimmding site has been deterimmimmed
jim sevem-al prepamatiomms of folate recluctase dem-ived from a subline of S-ISO cells growmm in

vitro. Time commtemmt of folate reductase in terms of arnetimoptemin bimudimig sites varied in

time different pm-eparations between 15 and 20 nm1.tniolesper milligmamn of pmoteiim amid was
based on titm-atiomms with ametimopterin. In every preparation two SH-gm-oups per binding

site were essemmtial for enzymmmatic activity and ametimopterimu binding. Timese two wem-e pro-
tected against 5,5’-ditimiobis- (2-nitmobenzoic acid) by TPNH, folate, amid ammmethopterin
anti by low temmmperatures. The remmiainder of time SH-groups, which varied in different

preparatioims, could imot he protected amid reacted with SH-reagemmt w’itluout interfering
witim time enymmuatie activity or ammmetiuoptem-imm bimmding capacity. Folate reductase was
foummd to be semmsitive to immactivation by urea, which also accelerated time reaction with the
Sf1-reagent.

INTRODUCTION

An eimzynie pm-epamation less timamm 100%

pure rarely lends itself for a quantitative

estimatiomm of essemmtial structural units.
Foiate reductase, also tem-med diimydrofolate
reductase or tctm-aimydrofolate deimydnogen-

ase, is exceptional in that it can be ac-
curately estimated in termns of ametimop-

term binding sites by titration with this
drug. Moreovem-, time intactness of time ame-

thopterin binding site is essential for activ-
ity and vice versa (1). This emizymmue from

different sources has been simowim to be

eithmer inhibited or stimmmulated by or in-
sensitive to, SH-m-eagents [for review see

Hakala and Suolimmna (1) 1. Folate reduc-

tase of S-180 cells grown in vitro is one
which is inactivated by SH-reagents with

a parallel loss of amethoptenin bimmding
capacity. The purpose of time pnesent study
was to determine the muummmbem-of essemmtial

SH-groups per amethmopterin biimdimug site.
The means to distinguish the essential from
the nonessential SI-I-groups in timese prepa-

rations was pmovided by time fact timat
substrates, coen zymes, ant! competitive in-

lmibitoms protect timis enzyme agaimmst SH-
m-eagents (I).

MATERIALS AND METHODS

Euzy me pre pam-a tion. Time amethopterin-
n-esistant subime of S-180 cells, AT/3000,

time growth immedia, anti time mmuethods used

for collectimmg amud storage of these cells
have beemm pm-evioushy described (1). Packed
cells (20-22 g), were homogenized in a 2-

fold volumne of folate solution (100 4ag/ml,

pH adjusted to 7.0 with ammonia). The
higim speed supermuatant fluid (1 hr at
105 000 g) was al)phied to a column (9 cm

X 35 cnm) of Sephadex G-75 (new bead
form) that had been equilibrated with the

folate solution, which also was used for

elution. Fractions were collected and ana-
lyzed as described (1, 2). The fractions

commtaimming folate meductase were combined
(600-700 nil) and lyophihized. Tiuis gave
170-190 mg of a yellow powder which was

tiuenm suspended in 7-8 ml of 0.05 M sodium
citrate, pH 8.0. To remove folate, these

suspensions were dialyzed in a cold room
for 3 days against 8 X 900 mmul of 0.05 M
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sodium citrate. The dialyzed pmcpamation
was centrifuged and divided imuto 1-mmml poi-

tions, wimicim were stored at -75#{176}. Time

average �)umity of three of such prepama-
tions was 37% (2), time yielti about 60%,

and time concemitration of folate i-cductase
in time solution about 0.1 mmm�i (see below)

Time only exceptiomm to time above was emm-
cotmmmtem-ed �s’hemm time folate solution inset!

timroughout w’as supplemented with 1 imi�si
mmuemcaptoetimammol. Time yield thmemm (hopped

to one-fourtim of time imstmal, ammd the 1)uIit�
to 24%.

Folate redactase activity. Folate meduc-

tase activity i�’as mmmeasimme(h by two immetim-

ods. In most cases time m-eaetiomm pmo(luct,
tetrahydrofolate, w-as estimated by diazo-

tization as hmas been described ( I ) . How-

ever, sinmee some commupounds, especially
urea, interfem-ed w’itim diazotization the spec-

tropiuotometm-ic assay at 340 mum�.twas used
also (3). Timis was done by recording time
decrease of absom-bance at 340 nip. at 37#{176}mm

a Zeiss PMQ II spectrophotommmeter eqUi�)-

ped with a Haake timem-mostat. Time reactiomm
mixture (1 mimI) contaimued 0.1 M sodium

citrate pH 6.0, 0.04 imm� folic acid, 0.1 mM

TPNH, anti time enzyme. Reactiomm was

initiated witim TPNH; time blank w-as de-
void of folate. A decrease of absom-bance

at 340 rn,,. of about 0.15-0.2 mm 10 mmminw’as
caused by 0.1 m1smnole of eimzynme.

Titration of folate reductase with ame-
thopterin. Time metimod has heemm described

in detail elsewimere (1). This titration per-

mitted estimnation of folate retluctase in
terms of molar equivalents of amnethoptemin
binding sites. It served as time basis for the

calculation of time number of SH-gmoups per

mole of folate reductase, assuming one am-
ethopterin binding site per molecule.

Titration of SH-groups. The initial

trials to determine SH-groups by using

a spectrophotometric assay with p-ciuiomo-

mercuribenzoate (4) failed because heavy

precipitates were formed. Eliman’s re-

agent, 5,5’-ditimiobis- (2-nitrobenzoic acid),
DTNBA, purchased from Aldrich Chemical

Company, Inc, Milwaukee, Wisconsin (5),
proved to be a useful tool for these titra-

tions after some important modifications
had been adopted. Most of these titrations

(exceptions will be poimited out) were pen-
fommmmetl as follows : amm aliqimot of a folate

meduetase prel)am-atiomm , wimose content, mm

tennmus of mmmolar equivalents of ametimopterin
i)in(Iimmg sites was accurately known, was

diluted to 1 mmmlw’itim 0.05 �r sodium citrate,

1)11 8.0, to give about 2 X 1O� m�t titratable
SIT-groups, and timemm mmmixed in a test tube
witlm 0.1 ml of 0.01 i�i I)TNBA in 0.2 �r

Tris, pH 8.0. TIme nmixtum-e is-as timeim centm-i-
fimged for 5-10 nuimm at 3000 rpnm auth time
supemnatant fluid pouteti into a 1 cm
mmmiemocim�’ette, kept at 37#{176}inn time spectro-

pimotonmueter commmpartmemmt.. Time increase mm
absom-bamuce at 412 rn1s w’as m-ecom-dcd agaimmst

a reagemmt blank. If pmecipitate was formmmed
imm time samnple dum-iimg immeasuremmuent it was

renuoved by centm-ifugatiomm. Time rate of
cimamuge in ai)somb)almce at 37#{176}was 0.035-

0.075 per 10 mm, anti was limuean witim tinme
for time first 20 nun. Thereafter it tapered

off so that a plateau was ieacimed imu about
aim hour, which was follow’ed by a decline

of time absorbamuce. Time pmesence of protect-
mug substances imufluemiced mmuaimuly time final

extemmt of time n-eactioim, hut also slowed it
dowmm siighmtly. Pm-otectors also prevemmted

time formation of precipitates which otimem--
wise plagued thmese titratiomis. In time pres-

ence of 4 M urea no precipitates w’ere

formed, and time initial mate of time reactiomu
was increaseth by 5- to 10-fold. Time ab-
sonbamuce of time enzymmie w’ithout DTNBA
at 412 ma ��‘as also determnimmed and varied
fronm 0.010 to 0.040, depending on time dilu-

tiomm inset!. Time mmummmher of SH-groups was
calculated fm-om time maximum absorption

(minus the absorbammce of time corresponuding
enzyme blank) using reduced glutathione,

Schwarz BioResearcim, as time standard

(A.,12 = 10700 r�t� cm-1). Time control (free
of DTNBA) was incubated under identical
conditions and lost no activity.

Protein determination. Protein was as-

sayed using the Folin reagent (750 mn/L)

(6). Since Kaufman has reported thiat di-
hmydrofolate reductase of chicken liver has

a hugh content of aromatic amino acids (7) -

the possibility that albumin may not be a
proper standard was considered. Therefore,

the protein of a 37% pure folate reductase
preparation was also estimated using ElI-
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maim’s mmmicnohium-et assay (8) . No diffcm-ences
between time results obtained by time two

types of assays wene noted amud, thmem-efore,

time Folin iimetlmol, because of its gm-eater

sensitivity, was used tiii-ouglmout timis study.

RESULTS

Effect of Te inpe i-a tmii-e, Folic A c Id, or

A methopterin on the Reaction

with DTNBA

Time meaetiomm of I)TNBA witlu gluta-
timiomme is \(i�,’ mapi(1 even at moorn tempei-a-

timre, antI is conuplete mm a few mumiimimtes. Iii
contrast, evemu though IDTNBA at roommm

temTrmj)eratui-e reacte(l ra�)idly with somume of
time SI-I-groups mm samples of folate redimc-

tase, time inactivat.iomm of time e�mzymmme ��‘as
ommly slight. Timus, w’ithi omme particular

PmePamatiomm it was foimimd that approxi-
mumately orme Sf1 per aimmetimoptemimm hiimding
site meacted �vitlmimm aim lmoum. Howevem-, the

absorbance at 412 nu1� commtimmued to immcrease

so that a plateau imad imot beemm meaclmed
even aftem- 7 huoum-s at room tenmmpem-ature.
At timat timime 1.6 Si-I-gIoups hmad i-eacted

and resulted imu 23% inactivationm of time
emmzyme. One of time hues mm Fig. I demon-

strates the i-elatiommsimip of enzynmatic activ-

ity (and ammuetimopterimu bimmtlirmg capacity)

to time nummmber of SI-I-gm-mips neacted with
i)TNBA at 25#{176},35#{176},alit! 37#{176}.Even at 37#{176}

folate meduetase was mmot totally inactivated

(60-80%) by meactiomm with DTNBA. Tim
view of oum previous fimmtlings (1) it was to

be expectetl that time prtsemmce of ammmetbmop-

terimm w’oimld imufluemmee time imummmbem of SH-

groups timat could meact with DTNBA. It

was foumud timat tlmm-ee nmolar equivalemmts of

ammmethmopteninm protected time SH-groimps to
time sanme degree as 10 on 50 mmmolar equiv-
alents. Figun-e I shows timat immtime presence
of arnetimoptenin (points comrespondrn g to

100% activity) onmly about omme SH-gi-oup

pem bimmdiimg site could i-eact with DTNBA
in timese particular preparations. As will be
simowmm later, this nunmbem varied mu different

l)mepanatiomus and was in one case immom-ethan
two Sil-groups per binding site (Fig. 3).
Figure 1 also presents the SH-titration of

ammotimer enzyme preparation pem-fonnied in
time presence or absemuce of 0.3 m�r folate at

I � 5

NUMBER OF TITRATABLE SH-GROUPS

Fic. 1. Relations/up of tire number of 511-

grOur7)s per tiiiiethopter�n binding site which have

reacted with DTNBA and tire rennainhirg folate

reductase activity in trio differcurt enzyme prep-

(ira tioirs

\Vimere irmdicatel, folate or arnetliopterin were

preseimt (luring tile DTNBA reaction. After corn-

pletion of the SH-trtratiorls the samples were

analyzed for folate reductase activity anti arne-

thopteiin binding capacity ; activity �alues slio�sn

are based on timese determinations. 0, SH-titra-
tions performed at varied teruluenatures as mdi-
cated; E, SH-titrations peiforined at 37#{176}in the

presence or absence of Protectors as irmuiieated.
Each point represents a nieanm of two or more

separate expenirmments.

37#{176}.Extrapolatiomm of time two linmes to time
abscissa inudicates a total of 2.7 and 3.3 SH
groups pci- immole of folate reductase. It

appeam-s timat from these SH-groups 1.8 or

2.2 are essemutial fom activity.

Titration of Sf1-Groups in time Presence

of Urea

It was imoped that urea by its unfolding
effect omu pmoteimus, mm genmemal, woulti make

time last inmaecessii)le fm-action of SH-gm-oups
mm folate reductase available for ieactioim

with DTNBA. Kaufimman has repom-ted a 5-
fold stimulation of (iiimydmofolate reductase
activity of cimicken liver by 4 M urea (9).
Figum-e 2 illustm-ates timat 1-2 M un-ca, wimemu
pi-esent dum-immg enmzynume assay, caused only

a slight stimulation of folate m-eductase of

S-180 cells while 3-4 M urea was quite

inhibitomv.

To detemmimue time effect of SH-gi-oup
titrations oni enzyme activity time sanmples

must be incubated for about 60 mm at

pH 8.0 ant! 37#{176},and time enzymuuatic activity

at pH 6.0 is (!etemnmimmed only after that. As
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is seen in Fig. 2, sucim pmeinmcubatiomu iii 1 M

ui-ca (without DTNBA) caused sonic loss

of activity (10-15%), and in 2 M urea
extensive inactivation occurred (40-55%) -

0mm time othuer hand, if DTNBA an(l umea

�vcre l)meselmt togetimei- (hum-mg time SH-titma-

tion, complete inactivatiomm occurm-ed al-

ready in 1 M urea. On aecouiut of this stm-oiug
un-ca effect, SH-titnations with DTNBA

were made in time piesence of unea omily to
determine the total nimmuul)ei of ST-I-gm-oups

2 3 4

M UREA

1’iG. 2. Effect of urea with ni without D ‘i”NBA

on folate redacta.se actirity

0, Urea present only during time enzymatic

assay at pH 6.0 at time concentrations indicated.

�, Urea present during SH-titrations. For the

subsequent enzyme activity measurement, irrea

was diluted down to insigrmificarmt cormcermtratiomms.

0, Control for SH-titration incuhatiorm with inca

in the absence of DTNBA. For details see Mate-

rials and Methods.

in these preparations, ammd imot to coriclate
mmumber with activity. Indeed, 4 M ui-ca was

ideal for this purpose simuce it prevemmted time
formation of precipitates w-imichm otinem�vise
complicated time SH-titratiomus whemmevem

enzyme protectors wen-e missing. Mom-covem-,
4 � unrea speeded up time reaction with

DTNBA so that at 37#{176}it was complete mu
20 nun, instead of 60 mimi as usumal. It was

gm-atifying to find, as is simowmm in Fig. 3,
timat time total numbei- of SiI-gm-oups wimich

m-eacted in 2-4 M urea was omuly slightly
larger than in time absence of umrea amid was

identical with the extmapolatetl vaim-ne fom

time total nunmber of SH-gm-oumps.

SH-Titration in the Presence of TPXH

it was shown previously thmat not onuly
foiic acid and its analogs bunt also TPNH

liiotected time activity and amimetimoptenimm
1)imuding ca�)acity of folate reductase agammust

p-chmloiomei-cunm-ibenzoate and iodoacetamide
( 1 ) . Depemmdimig omm time commcentratiolm of

TPNI-I used, time number of SI-I-gm-oups
w’hmich could i)e titmated with I)TNB:�
VIImie(1! (Fig. 3) . Thus, 8.1 mmm�mTPN1I Pm0

>- ______
�. � . --�- � �- � �--

> � 3e� AMETH!!n: \�\\\\\\

0 85j�M .. ‘�2-4M

� L � 2

� NUMBER OF TITRATABLE SH- GROUPS
0.

Fnc. 3. I��el(1tiOlls/ri/) of the inn/her of Sf1-

(JrO,17)5 per (I11ot/rO/)teri)l linr(iilrg .‘�it(� ri/rich irate

r(aetc(l iritir 1) ‘J’�VILt (111(1 t/r( renrarirrug fe/ate

tdirctase act ii i t �/ in t We (life o ir t err Z!/ � ( /rrep-

rtiat i(i1i.�

After SFI-titnatiorns at 37� , tire sarlr�les were

analyzed for a(tiVitv arid amethopterin 1 inding

ca�)a(ity. 0, SH-t itna t ionS penfonrned cit in .n� inn t mr

Pres(rmce or al )srl(e of 3 ((1lni\ll(lIts of anl(t 1101)-
terinm or 2 and 4 �i urea. l�:uh � ronrmt is nm average

of 2-6 separate exi)cninments. 0, SlI-titnat tOllS m)r-
forrmmed in time �risem�c� of 0.085 nim� tO S.1 nii�r

TPNII or 4 �i irre:r.

\i(he(h commmplete pmotectiomm of euizyumme activ-
ity ninth ammuethoptem-in 1)immdinug cal)aeity

wimile it perimuitte(i rnoie timan one SH-groump

to m-eact �vitim T)TNBA. Tim coimtrast, 85 �

TPNH pnoteeted neither activity muon SH-
gm-oimps, as comumpam-ed �vitim time TPNII-fmce
samples. Tim time sanmme figuie time analysis of

another pieparatiomi is shmowmm ili time pmes-

eumce ammd absemice of 3 equivalemmts of amume-

thuoptei-imm, or mm 2-4 r umea. Bothm of thuese
analyses agaimi sunggcst that 2 Sil-groups

pem nmole of folate medunctase mmmust be pro-
tected to n-etaimm full activity.

Figum-e 4 summmmnam-izes all time available

data imu a fom-in that allows omme to focus
attenutiomi omi timose SII-gm-oups timat am-c es-
sential for- activity, uumenmcumbemed by the

diffemcmmces hetw-eenu different l)repamationi
witim m-espect to time mmumnmnberof uniessential

SH-gn-oups. Timis figure immeludes imot only
data pmesentetl imm Figs. I and 3, hut also

those frommm several additiommal experiments.
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1”it;. 4. Relationship of folate re(iuctase activity

to the number of protected 511-groups

‘ibis is eonilI)oscd of data on seven different

folate reductase 1)reparatiorls analyzed as prc-

sented in Figs. 1 and 3 using TPNH, foiate,

annethopterin, or vanie(i tenilperatun(s to permit

partial inactivation by DTNBA. Time nunmber of

protected SH-grounps was calculated by deducting
time number actually titrated in time varied condi-

tions frorlm the total rmumber of SH-groups founmd

mm time particulan preparation. The total number

was determinmed either in the prcs(nmce of urea as

in Fig. 3 or by extrapolation as in Fig 1. The
values corresponding to 100% activity irmciude also

I hose that were determined in the prcsen(e of 3
or nmore tqnnivalents of amethopterin.

It bmimmgs out more cleanly time ne�ult of time

presemmt stumdies-i.e., that two SB-groups in
folate reductase are essemmtial for enzyme
activity arid amuietimoptenimm bintlimmg.

DISCUSSION

Time sumbhirme of Sai-commma-180 cells gnowmm

in vitro wimicim was used as time soum-ce of
folate redunctase fom- these studies performs

the majot part of emmzynmie “purification”
within time cells. It produmees a supem-natant

fluid conutainuing 2 num1tmmioles of folate re-

ductase per- nuihhigm-anm of protein, a purity
equal to a 400- to 500-fold purified chicken
liver dihytlrofolate reductase. For the pres-
eimt study time S-180 enzyme was purified 10
times further. This pm-ovi(led material with

a relatively low total SH-contenut, 2.7 to 4.2

SH-groups per ametimoptcrin binding site
in different preparations. From these al-

ways two SH-groups were essential for
enzynuuatic activity and for binding of
ametimopterin -

This study m-eveais that the essential SH-
groups in folate medunctase are not readily

accessible fom reactiolu with DTNBA. Thmis

is in agm-eemmmenut with our previous studies,
whichi simowed timat relatively higim coumcen-
trations of SH-reagemmts, and long incuba-

tiomus w’ei-e necessary foi inactivation of time

emuzynue. It probably explaimus the genen-ally

obsem-ved Imigim stability of folate reductase
during storage. It might also explain time
iel)onts �vimicim claimum thuat dihvdrofoiate me-

ductases of shneep amid chicken liver are mm-
semusitive to Sil-reagents (10, 11). Recent

investigatiomms have imudeed revealed 1 or 2
cysteine i-esidues in time latter enzyme (12).

This type of study is unable to establish
time exact locationi of time SB-groups in time

enzvnmme mohecumle. All we imave shown is timat

two SB gm-oumps mm folate reductase am-c vital
auth an-c so situated timat time presence of a
substmate, conmipetitive inhibitor, or time co-

eimzynmme mmmakes these gioups immaccessible for
DTNBA amid to otiuer SB-reagents (1) and

by so tloinmg pmotects time enzymatic activity

as w-ell as time ammmetimopterimu binding capac-

ity. Whuetimer this protection is a resumlt of

direct shuieldimug or of confonmational cimange
is debatable. However, time fact timat in-
crease in temmiperature as well as the pres-

ence of urea mci-eased the accessibility of
time SH-groumps suggests that. conformational
cimanges nuigiut well be imuvolved lucre.
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