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SUMMARY

1. Three disulfide-reducing activities found in the high-speed supernatant
fraction of rat liver, #iz. glutathione reductase, GSH-disulfide transhydrogenase, and
a NADPH-dependent reductase of broad specificity have been separated from each
other by chromatography on DEAE-cellulose.

2. Like the activity present in crude extracts, the chromatographically isolated
transhydrogenase appears able to catalyze the reduction of both protein and non-
protein disulfide substrates by GSH in the presence of NADPH and an exogenous
zource of glutathione reductase. The purified enzyme appears to be quite unstable.

3. The non-specific NADPH-dependent disulfide-reducing activity obtained by
DEAE-cellulose chromatography was further purified by gel filtration on Sephadex
Gi-150, using 5,5'-dithiobis-(z-nitrobenzoic acid)(DTNB) as indicator disulfide. The
relatively low activity exhibited by this fraction in the reduction of insulin and other
disulfides could be greatly increased when reaction mixtures were further supple-
mented with small amounts of supernatant solution obtained by heat-treatment of
crude enzyme preparations at 70" for 20 min. The heat-stable component active in
disulfide reduction was further purified on Sephadex G-100 and completely separated
from glutathione reductase, whose activity was not affected by the heat treatment.
The data presented herein is considered to support earlier sepeculations on the simi-
larity of the nucleotide-dependent disulfide-reducing activity of normal rat liver to
the thioredoxin systems found in microorganisms and rat hepatoma.

INTRODUCTION
In a previous publication! evidence was presented to indicate that the high-
speed supernatant fraction of normal rat liver contained several enzyme activities
Abbreviation: DTNB, 5,5”-dithiobis-(2-nitrobenzoic acid).
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associated with the reduction of disulfide bonds of protein and non-protein substrates.
These activities included, in addition to glutathione reductase, a non-specific NADPH-
dependent disulfide reductase and a GSH -disulfide transhydrogenase (oxidoreductase).
The present paper describes the separation and partial purification of these enzyme
systems by ion-exchange chromatography and gel filtration, and the resolution of
the nucleotide-dependent disulfide-reducing activity into heat-labile and heat-stable
components.

MATERIALS AND METHODS

Materials

(NH,),50,, “enzyme grade”, was a product of Mann Rescarch Laboratories.
DEAE-cellulose (Whatman Type DE-52) was purchased from Reeve Angel. Sephadex
(:-100 and G-150 were products of Pharmacia. Other reagents or products have been
described?.

Chromatographic procedures

The microsomal supernatant (high-speed supernatant) fraction of rat liver was
prepared as described previously!. Ion-exchange chromatography on DEAE-cellulose
was carried out at 4°. The adsorbent was first equilibrated in batchwise fashion with
0.1 M Tris (pH 7.5) and then on the column with a starting buffer consisting of 5 mM
Tris-1 mM EDTA (pH 7.5). The dialyzed protein sample was introduced onto the
column and irrigated initially with starting buffer at a flow rate of 0.7 ml/min until
all unadsorbed protein had been collected. A salt gradient was then initiated by intro-
ducing a 1 M solution of NaCl in starting buffer from a Mariotte flask into a 500-ml
constant volume mixing chamber filled initially with starting buffer.

Geel filtration on Sephadex G-150 or G-100 was carried out by descending irri-
gation with Tris-EDTA buffer (pH 7.5) delivered at a pressure head of 10 20 cm of
water by means of a Mariotte flask.

Enzyme assays

Spectrophotometric assays of enzyme activities in crude extracts were carried
out in the balanced systems described previously!. When carried out on column
eluates or on chromatographically purified enzyme preparations, the procedures did
not generally require the use of balanced reaction mixtures since the interfering
oxidative or hydrolytic reactions encountered in the unfractionated preparations
were then of low order. A unit of enzyme activity is defined arbitrarily as that quantity
of enzyme which produces an absorbance change of 1.0 in 4 min. Specific activity is
defined as units/mg protein.

Other procedures emploved in this work have been described previouslyt.

RESULTS

Enzyme activities tn (NI1,),50, fractions

Preliminary to attempts at chromatographic separation of the disulfide-reducing
activitics in rat liver microsomal supernatant, the distribution of these enzymes in
(NH,);80, fractions thereof was studied. The major portion of glutathione reductase
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Fig. 1. Demonstration of NADPH- and GSH-dependent disulfide-reducing activities in a 40-809,
(NH,),50, fraction of rat liver microsomal supernatant. Spectrophotometric measurements at
340 mu were carried out in balanced reaction mixtures in 1.oml Tris—-EDTA (pH 7.5). The
complete system contained, at zero time, 0.2 gmole NADPH, 10 ug yeast glutathione reductase
(GR), and 2.3 mg of a 40 80%, (NH,),50), fraction of rat liver microsomal supernatant (MS).
Sodium arsenite, o.5 gmole, was added to both cuvettes of the indicated reaction mixtures.
L-Cystine, approx. 0.5 umole, was added to one of cach pair of cuvettes and an equal volume of
buffer to the other at approx. 2.5 min (first set of arrows) and o.1 gmole GSH to both cuvettes
at 8 min (second set of arrows). As explained previously!, the relative vertical displacements of
the curves are for display purposes only and are not meant to imply absolute differences in initial
absorbances of the reaction mixtures.

activity was found in the 40-60% (NH,),50, fraction, while NADPH-dependent
insulin- and DTN B-reducing activities were present in greatest amounts in the 60-80%,
fraction. GSH-hydroxyethyldisulfide transhvdrogenase activity was more uniformly
distributed throughout these fractions. Because of the overlapping enzyme activities
in the two highest (NH,),S0, fractions, all subsequent studies were carried out with
the combined 40-80%, (NH,),SO, fraction containing over go% of the reductase
activities and more than half of the transhydrogenase activity of the high-speed
supernatant fraction.

The presence of three disulfide-reducing activities in the 40-80%, (NH,),S0,
fraction of the microsomal supernatant is shown in the spectrophotometric experi-
ments recorded in Fig. 1. The addition of cystine (first arrow) to one of a pair of cu-
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vettes balanced initiallv with respect to NADPLH, glutathione reductase, and the
40 80, fraction (Curve 5) results in rapid oxidation of the nucleotide, which is turther
stimulated by the subsequent addition of 1-10 4 M GSH (second arrow). Similar
behiavior s exhibited by an analogous svstem lacking exogenous glutathione reductase
{Curve 4). The incorporation of 5-10 1 M arsenite in either of these systems {(Curves
2 and 3) suppresses completely the oxidation of NADPH seen subsequent to eystine
addition but is without effect on the rate of such oxidation brought about by the
addition of GSH. Curve 1 shows that the “bhasal” rate of oxidation of nucleotide caused
by the spontancous reduction of the disulfide substrate by added GSH in the absenee
of the supernatant fraction is negligible under these conditions. As indicated previ-
ouslv!, these results are consistent with the presence, in the high-speed supernatant
fraction of rat liver, of an arsenite-sensitive, nucleotide-dependent disulfide-reducing
activity together with arsenite-insensitive glutathione reductase and GSH disulfide
transhvdrogenase activities. In these crude extracts the latter two activities can
constitute a coupled enzyvme svitem capable of reducing a variety of disultide <ub-
strates.

Chromatographic scparation of disulfide-reducing activitics
The separation of the three disultide-reducing activities ot the yo 8ov, (NH,),50,
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Fig. 2. Separation of GSH- hvdroxyethyldisulfide  transhydrogenase, GSSGo reductase. and
NADPH-dependent DTN Bereducing activities of the jo-809, (NH 2,80 fraction of rat liver
microsomal supernatant fraction (185 mg protein) on DEALE-cellulose. For details see text.
Initiation of the NaCl gradient is indicated by the heavy arrow. Fractions of 6.5 ml were analyzed
for protein and for GSH hydroxyethyldisulfide transhyvdrogenase, clutathione reductase and
DINB reductase activities by methods deseribed previouslyt, Eluates comprising Fractions 11
were pooled, concentrated by precipitation with (NH 2,80, and dialyzed against Tris DTA
buffer. HED: hyvdroxyethvldisulfide.
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TABLIC T

SPECIFIC ACTIVITIES OF DISULFIDE-REDUCING ENZYMES OBTAINED BY CHROMATOGRAPHY OF THE
10 807, (NH,},80,; FRACTION OF RAT LIVER HIGH-SPEED SUPERNATANT oN DEAE-ceLiLtLOsE
Eluate fractions from DEAE-cellulose chromatography were pooled and concentrated by
(NH, 1,50, precipitation to vield DEAE Fractions I 1T as shown in Fig. 2. Each fraction was
assaved for GSH-hydroxycethyldisulfide transhydrogenase, glutathione reductase. and NADPH-
dependent DTN B-reducing activity. Results are expressed as 4.1/ 4 min per mg protein.

Substrate DEAE-cellulose fraction Original
: Jo 8o,
I 1 111 (NH,),S0,
Jraction
Hydroxyethyldisulfide  0.53 0.07 0.04 0.13
GSSG ) 22 0.3 3.2
DTN 0 0 T 2.8

fraction by DEAE-cellulose chromatography is shown in Fig. 2. Associated with the
sharp peak of initially unadsorbed protein is a substantial fraction of the GSH.
hydroxyethyldisulfide transhydrogenase activity of the preparation. The slight
retardation of enzyme activity associated with this peak has been observed in all
subsequent separations. Although, in this figure, the major protein component eluted
after initiation of the salt gradient (Fractions 40-05) appeared to contain three
additional minor but discrete peaks of GSH-hydroxyethyvldisulfide transhydrogenase
activity, subsequent chromatograms showed in reality that this enzyme activity was
usually spread in a more diffuse manner throughout these fractions. As can be seen,
the protein fraction eluted by the salt gradient also contains two sharply defined
regions of enzyme activity associated with the NADPH-dependent reductions of
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Fig. 3. Action of the chromatographically purified transhydrogenase component of the jo 0%,
(NH,),S0, fraction of rat liver microsomal supernatant on hydroxvethyldisulhde and insulin.
Transhydrogenase activity was measured spectrophotometrically at pH 7.5 in Tris-EDTA as
described earlier'. Complete systems (1.0 ml) contained initially: 0.2 gmole NADPH, 10 ug veast
glutathione reductase, and 0.32 mg of the Fraction I component derived from DEAE-cellulose
chromatography of the jo 809, (NH),SO; fraction of rat liver microsomal supernatant (Fig. 2).
Hydroxyethyldisulfide (HED) (1.0 gmole), insulin (2.0 mg), and GSH (0.1 and 2.0 gimoles, re-
spectively, for hydroxyethyldisulfide and insulin) were added as indicated. Control reductions
were carried out with mixtures lacking Fraction . Reaction mixtures were balanced with re-
spect to all components except disulfide substrate.

Biochim. Biophys. Acta, 220 (1970) 449 462
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GSSG and DTNB. Eluates corresponding to the foregoing enzyme activities were
pooled as indicated in Fig. 2, concentrated by precipitation with (NH,),50, and
dialyzed against Tris-EDTA buffer. The enzyme activities of the Fractions I-I11 thus
obtained (Fig. 2) toward the three disulfide substrates are recorded in Table 1. It 1s
evident that each isolated fraction is essentially free of the enzyme activities charac-
teristic of the other two fractions. The low level of transhvdrogenase activity in
Fractions IT and 111 reflects the diffuse spread of this activity throughout the bulk of
resin-adsorbed protein (¢f. Fig. 2). Although the presence of a minor amount of GS5G-
reducing activity in Fraction 11 might be ascribed to an intrinsic activity of the
DTNB reductase component, the fact that this activity was largely arsenite-insensitive
indicated that it was a result of slight contamination with glutathione reductase.
Comparison of the specific activities of the isolated chromatographic fractions with
those of the untreated 40 80, (NH,),80, preparation showed (Table 1) that 4 7-fold
increases in relevant enzyvme activities were achieved by the ion-exchange procedure.
Fig. 3 shows that, like the crude microsomal supernatant fraction itself!, Iraction
I possessed transhydrogenase activity toward both protein (insulin) and non-protein
(hvdroxyethyldisulfide) disulfides. Further studies on the purification and properties
of the transhydrogenase activities of this and other liver fractions are in progress.
DTNB was employed as the indicator disulfide in the chromatographic sepa-
ration of nucleotide-dependent disulfide-reducing activity shown in Fig. 2 primarily
because of its sensitivity as substrate. In order to determine whether the peak re-
ductase activity observed with respect to this substrate was representative of the
more general nucleotide-dependent reductase activity of the whole supernatant
fraction! the chromatographic procedure of Fig. 2 was repeated and the resulting
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Fig. 4. Correspondence of NADPH-dependent reductions of DTNB, insulin, and cystamine in
cluate fractions from chromatography of 4o-80°, (N1,),80, fraction of rat liver microsomal
supernatant (76 mg protein) on DEAE-cellulose. For details sce text. Fractions of 3.4 ml were
analyzed for protein, glutathione reductase, and NADPH dependent disulfide-reducing activity
with IYIND, insulin, and cystamine as substrates. Enzyme assays were carried out in reaction
mixtures containing 0.2 gmole NADPH, eluate fractions, and disulfide substrates at levels of
1.0 amole disulfide per ml. Initiation of the NaCl gradient is indicated by the heavy vertical arrow,
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Fig. 5. Gel filtration of DEAE Fraction III on Sephadex G-150. 100 mg of Fraction I11 protein
(Iig. 2) were dissolved in 4.5 ml Tris-EDTA and applied to a 2.5 cm x 30 ¢cm column of Sephadex
G-150. Descending irrigation was carried out at 4° at a flow rate of 0.3 ml/min. Fractions of 2.5 ml
were analyzed for protein and NADPH-dependent reduction of IYTNB as described previouslvt.

cluates assayed for nucleotide-dependent reductions of insulin and cystamine, in
addition to DTNB and GSSG. The results of this experiment, shown in Fig. 4, demon-
strated complete coincidence in location of nucleotide-dependent reducing activities
toward the non-glutathione substrates and indicated that the non-specific nucleotide-
dependent reductions of disulfide substrates (other than GSSG) observed previously!
in crude fractions of rat liver cytoplasm were probably catalyzed by one enzyme
system.

Again using DTNB as indicator disulfide, further purification of the nucleotide-
dependent disulfide reductase of rat liver supernatant was apparently accomplished
by gel filtration of Fraction 11 on Sephadex G-150 (Fig. 5). Eluates containing DTN B-
reducing activity were pooled as indicated and the concentrated product tested for
NADPH-dependent reducing activity toward insulin and other disulfide substrates.
Although substantial increases in enzyme activity were anticipated as a result of the
chromatographic procedures shown in Figs. 4 and 5, it was found, on the contrary,
that the insulin-reducing activity of these purified fractions remained at a rather low
level (Table II, Expts. 1 3).

Dependence of reductase activity on a heat-stable factor

Because earlier experiments? on the reductase activity of unfractionated micro-
somal supernatant had shown evidence of stimulatory activity by heated supernatant
the effect of such heated preparations on the insulin-reducing activity of the chro-
matographic fractions was investigated. These results showed clearly that the addition
of small amounts of supernatant material obtained by treatment of the 40 809%,
(NH,),80, fraction of high-speed supernatant at 70° for 20 min could increase notice-
ably the rate of reduction of insulin by the chromatographic fractions (Table 11,
Expts. 4d and 5b). The addition of DEAE-cellulose Fractions I or 11 (Fig. 2), possessing
enhanced transhydrogenase or glutathione reductase activities, respectively, was
without effect on such activity (Expts. 4b and 4¢). In accordance with previous
findings' the heat-treated sample of the 40 809, (NH,),SO, fraction was itself in-
capable of catalyzing nucleotide-dependent reduction of insulin (Table II, Expt. 4¢).

Biochim. Biophys. Acta, 220 (1970) 449-462
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TABLE 11

NADPH-DEPENDENT DISULFIDE -REDUCING ACTIVITIES OF CRUDE AND PURIVIED FRACTIONS OF
RAT LIVER MICROSOMAL SUPERNATANT

NADPH-dependent reduction of disulfide substrates by rat liver microsomal supernatant and
puritied fractions derived therefrom was followed spectrophotometrically as described carlier?,
DIEAL Fractions -1 werce isolated following chromatography of the o So¢, (NH,;,80), fraction
of microsomal supernatant on DEAE-cellulose (Fig. 2). The Sephadex G-1350 and Sephadex G-too
fractions refer to the combined and concentrated fractions obtained following gel filtration of
DEAE Fraction 111 on Sephadex G-150 (Mg, 5) or of heat-treated (70 20 mind jo 8o, (N1 ,1,50,
fraction of microsomal supernatant on Sephadex G-100 (Mg, 61, respectively. Specific activities
listed in Expts. 13 represent the range of values derived from assavs carried out on a number of
preparations.

Expt. Substrate” Fraction Addition BOE
§uen porong

1 Insulin po- 8o, (NH 1,50, traction 0.05-0.13
2 Insulin DEAE-ccllulose Fraction 111 0.07-0.20
3 Insulin Sephadex G-1350 fraction 0.05-0.12
1 Insulin DEAE-cellulose fraction 111 0.07
(0.55 mg)
b Insulin DENE Fraction ]I DIZAE-celhtlose Fraction ] 0.05
(0.55 my) (0.32 my)
ETS Insulin DEAE Fraction 11 DiZAT-cetulose Fraction 11 0.08
(0.55 mg) (0.36 myj
4 Insulin DIEEAE Fraction 11 Heated 4o-307, (NH ),50, 0.3
{0.35 mgi fraction (0,20 myg}
qv Insulin Heated jo-80°, (NH 1,50, 0.0N
fraction (0.20 my)
34 Insulin sSephadex G-rso fraction 0.03
(0. 15 my)
5b Insulin sephades Gerso fraction Heated jo Sot, (NH 1,50, [}
(0.18 my; fraction (o.20 mg)
5¢ [nsulin Sephadex G-1350 traction Sephadex G-1oo fraction 0.3
(0. 18 mg} {o.16 mg)
b Rabbit - Sephadex G-130 fraction 0.0
clobulin {o.073 mg)
oh Rabbit ;- Scphadex G-150 fraction Sephadex G-roo fraction 1.3
clobulin (0.073 mg) (0.063 my)
Til L-Cvstine  Scphadex G-150 fraction 0.0
(0.073 myi
7h 1. Cystine  Sephadex G-150 fraction Sephadex G-1oo fraction 1.1
(0,073 mg2) {0,063 M
7C L-Cystine Sephadex G-1oo fraction 0.0
{0,063 myj
Sa Lipoate Scphadex G130 fraction o1
(0.073 mg)
Sh Lipoatc Scphadex G150 fraction Sephadex G-1oo fraction 20
(0.073 my) {0,063 My
it Cystamine  Sephadex G-150 fraction 0.57
(0.073 m)
9b Cystamine  Scphadex G-150 fraction Sephadex G-100 fraction 1.6
(0.073 mg} (0.063 my}

* Substrate concentrations: L-cvstine, .25 gmole ml: all others, 1o gmole disulfide;ml.

Gel filtratron of heat-stable component

The purification of the heat-stable stimulatory component of the 40807,
(NH,),80, fraction of the microsomal supernatant by gel filtration on Sephadex
G-100 is shown in Fig. 6. Eluates containing co-factor activity were assaved spectro-
phatometricallv by their ability to cause nucleotide oxidation in reaction mixtures

Bochom., Biophys. Acta, 220 (1970) 440 jb2
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IFig. 6. Purification of the heat-stable component of rat liver microsomal supernatant by gel
filtration on Sephadex G-100. Crude heat-stable protein was prepared by heating a solution of
the 30-80°, (NH,),50 fraction of rat liver microsomal supernatant in Tris-EDTA at 7o© for
20 min. Following centrifugation, the supernatant solution was brought to 1009, saturation with
(NH),80, at room temperature and the precipitated material dissolved in a small volume of
buffer. 50 mg of protein was applicd to a 2 em ¥ 20 em column of Sephadex G-100 and irrigated
at 25 with Tris-EDTA at a flow rate of 0.3 mljmin. Fractions of 1.5 ml were analyzed for protein
and glutathione reductase activity as described previouslyl. Eluate fractions (50 ) were also
assaved for co-factor activity in NADPH-dependent reduction of insulin in reaction mixtures
containing .2 gmole NADPH, 184 2 pooled Sephadex G-150 enzyme (Fig. 5) and 2.0 mg insulin.
Active cluates were pooled as indicated and concentrated by precipitation with (NH 1,50, at

1009, saturation.

containing NADPH, insulin, and the Sephadex G-150 component of Fig. 5 active in
DTNB reduction. The distinct separation of a fraction active in insulin reduction
from the heat-stable glutathione reductase component present in the same preparation
is apparent. The component active in insulin reduction was concentrated by precipi-
tation with (NH,),S0,, as indicated in Fig. 6, and its participation in the reduction
of a number of disulfide substrates was examined. Expts. 5-9 of Table 11 show that
in all cases the addition of small amounts of the chromatographically isolated heat-
stable factor to the (heat-labile) reductase fraction obtained by gel filtration on
Sephadex G-150 (I'ig. 5) resulted in significant stimulation of enzyme activity toward
a variety of disulfide substrates. In a number of cases (e.g. Expts. 8a and ga) notice-
able reduction was obtained with the Sephadex G-150 fraction alone; this observation,
together with similar activities noted elsewhere (¢f. Figs. 4 and 8) suggest that chro-
matographic fractions of heat-labile material are accompanied by contaminating
quantities of the heat-stable component.

Further experiments bearing on the requirement for the heat-stable factor in
disulfide reduction are shown in the spectrophotometric tracings of IYig. 7. The simul-
tancous presence of small amounts of purified heat-labile Sephadex G-150 (Fig. 5)
and heat-stable Sephadex G-roo (Fig. 6) fractions resulted in rapid oxidation of
NADPH upon addition of the disulfide substrates insulin, cystine, or lipoate (Curves
4 6). In conformity with the observed behavior in the crude supernatant solutions,
these activities were promptly abolished by 1-10% M arsenite. Omission of either

Biockim. Biophys. Acta, 220 (1970) 449 (62
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Fig. 7. NADPH-dependent reduction of disulfide substrates by chromatographically puritied
components of rat liver microsomal supernatant. Reduction of disulfide substrates was measured
spectrophotometrically at 340 my in 1.oml Tris-EDTA (pH 7.55. The Sephadex G-150 and
Sephadex G-100 fractions refer, respectively, to the isolated components of Figs. 5 and 6 active
in nucleotide-dependent disulfide reduction. Components of the complete systems at zero time
were: 0.2 yumole NADPH, 184 ug Sephadex G-150 fraction and 157 ug Sephadex G-1o0 fraction.
Cystine (approx. 0.5 gmole), lipoate (1.0 gmole), insulin (2.0 mg), and arsenite (0.1 gmole) were
added at the times indicated. NADH was substituted for NADPH in reaction mixture 1. Cuvettes
were balanced with respect to all components except the disulfide substrates.

Sephadex fraction from the insulin-reducing system (Curves 2 and 3} also abolished
nucleotide oxidation, as did the substitution of NADH for NADPH in the complete
system (Curve 1).

In order to confirm the reducing activities of the foregoing chromatographic
components, the formation of insulin sulthydryl groups in similar mixtures was
measured. Incubation mixtures containing insulin, reduced nucleotide, and the Sepha-
dex components were incubated aerobically, and the net thiol formation measured
at intervals of time with DTNB in 5 M guanidine, as described earlier!. The data,
summarized in Fig. 8, confirm the spectrophotometric experiments of the preceding
figure and indicate that in the complete system containing NADPH, the extent of
reduction of insulin attained 859 of the calculated maximum. As in the case shown
in Fig. 7 omission of either Sephadex fraction essentially abolished sulfhydryl for-

Biochim. Biophys. Acta, 220 (1970) 449-462
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Fig. 8. Reduction of insulin as measured by formation of sulfhydryl groups in reaction mixtures
containing reduced nucleotide and chromatographically purified components of rat liver micro-
somal supernatant. Reaction mixtures were incubated aerobically in stoppered tubes at 25°.
At intervals of time aliquots were assaved for sulthydryl groups with DTNB in 5 M guanidine
as described previously!. Values shown are corrected for initial sulfhydryl content. Complete
reaction mixtures contained. per ml of Tris—-EXDTA (pH 7.5) the following components: 3.0 ymoles
NADPH, 4.0 mg insulin, 184 ug Sephadex G-r50 fraction (Fig. 5) and 157 grg Sephadex G-100
fraction (Fig. 6). C— (3, complete reaction mixture; A /A, complete minus Sephadex G-150
fraction: A— A, complete minus Sephadex G-100 fraction; [C—[], complete minus insulin;
H— m, complete, with NADH in place of NADPH; @- - - —@, data taken from an earlier experi-
ment in which insulin was incubated with NADPH and 600 ug of the Sephadex G-150 component
and no Sephadex G-1oo component. The horizontal dashed line at 4.0 gmoles sulfhydryl represents
1009, insulin reduction.

mation, as did the substitution of NADH for NADPH. The dashed curve of Fig. 8
shows the results of an carlier experiment, in which insulin reduction was found to
occur in a reaction mixture lacking the Sephadex G-100 component but containing a
substantially greater quantity of the Sephadex G-150 fraction (boo ug) than that
utilized in the other mixtures indicated in this figure (184 pg). The somewhat slower
but nevertheless substantial formation of sulthydryl groups obscrved in the earlier
experiment is compatible with the suggestion that Sephadex G-150 purified heat-
labile component is contaminated with a small amount of the heat-stable component.

DISCUSSION

The observation that the nucleotide-dependent disulfide-reducing activity of
rat liver cytoplasm is resolvable into heat-labile and heat-stable components, both
of which are required for enzyme activity, is consistent with a previous suggestion’
that such activity may be catalyzed by a thioredoxin or thioredoxin-like system. By
analogy with the known heat stabilities of the components of the thioredoxin systems

Biochim. Biophys. Acta, 220 (1970) 449-462
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of Iischerichia coli* 4 and rat hepatoma®=7, it is possible to speculate further that the
heat-stable and heat-labile fractions isolated in the present work may correspond,
respectively, to thioredoxin and thioredoxin reductase. However, @ tinal conclusion
on this point must await further purification and characterization of these solated
products. In particular, it would be of interest to determine whether these fractions
can participate in nucleotide-dependent reduction of ribonucleatides by ribonucleotide
reductase of tumor or other proliferating tissue.

Inasmuch as the thioredoxin svetem was originally isolated as a component of
a bacterial svstem participating in ribonucleoside phosphate reduction®3 its role in
relation to this function has quite naturally been emphasized. However, in view of
the presence of essentiallyv identical disulfide-reducing systems in veast® 2 which
participate in the reduction of L-methionine sulfoxide® or activated sulfate!®!, as
well as the observation that non-proliferating liver cells, which lack the ability to
reduce ribonucleoside phosphates®'213, contain normal amounts of the thioredoxin
svstem', it has been suggested® that the thioredoxin svstem mav have a broader
function in disulfide reduction.

Although the nature of the heat-stable component is presently unknown, its
apparent retention following etficient dialysis for 12 24 h would suggest that it pos-
sesses amolecular weight of at least several thousand. In addition, it has been observed
that following several cycles of freeze thaw or prolonged storage at 20, the co-
factor activity of the chromatographically isolated heat-stable component is greatly
reduced ; however, substantial recovery of activity could be obtained by incubation
of the Inactive material with 50 mM dithiothreitol, suggesting a requirement for one
or more functional sulthvdryl groups.

Recently ONDARZA AND ABNEYM have reported the partial purification of a
flavin-containing NADPH-dependent CoASSG reductase from the soluble fraction
of rat liver. Although the enzyme was similar to the reductase reported here with
respect to its inhibition by arsenite, neither its activity toward other disultide sub-
strates nor its dependence on a heat-stable fraction was reported.

Like the activity exhibited by erude liver extracts! the GSH disulhde trans-
hvdrogenase activity appearing with the fraction of protein unretained by DEAL-
cellulose (Fig. 2) possessed catalvtic activity toward both protein (insulin) and non-
protein (hydroxvethyidisulfide) substrates. The chromatographically isolated enzyme
proved to be very unstable; solutions of the enzyme rapidly acquired a pronounced
viscosity followed eventually by precipitation of material and considerable Toss of
activity. This tendency toward aggregation could account for the rather diffuse
distribution of transhvdrogenase activity observed both throughout the (NH,).50,
fractions of rat liver supernatant and in the fraction of resin-adsorbed protein eluted
from DEAE-cellulose by the salt gradient (I4ig. 2).

The transhvdrogenase studied here resembles a number of similar enzymes
previously purified from veast's, bovine kidnev's, and rat liver!™ '™, particularly with
respect to its instability and behavior on DEAE-cellulose. Tn addition, the purified
enzyie appeared able to catalyze reduction of disulfide bonds in proteins such as
insulin (Iig. 3) and s-globulin (unpublished). However, these latter reductions re-
quired the use of considerably higher concentrations of GSH (c.g. 2 5 smoles ml) than
those generally emploved with the simpler non-protein disulfide substrates {e.g.
0.1 0.25 gmole/ml), as well as somewhat more alkaline conditions, so that difterences
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in substrate specificity may possibly be accounted for in terms of the experimental
conditions employed.

It 1s also worthwhile to consider the possible relationship between the trans-
hyvdrogenase activity described here and the previously described “GSH-insulin
transhydrogenase” of bovine liver, whose activity was first reported by Karzex
AND STETTEN'. Although this enzyme can also catalvze the reduction of insulin by
GSH, as measured by means of the same coupled system, it has considerably less
activity toward other disulfide substrates, either protein or non-protein in nature.
This difference, as well as the finding (I T1ETzE, unpublished) that rat liver “GSH-
insulin transhydrogenase” is most likelvy microsomal in origin, would indicate that
these two enzymes are distinct entities.

The occurrence of two different enzyme systems in liver cyvtoplasm, each of
which appears able to catalvze non-specific reduction of disulfide bonds, raises the
question of their intracellular roles. Reference has already been made to the possible
identity of the nucleotide-dependent reductase with the thioredoxin svstem. Specu-
lation as to the specific function(s) of the observed transhydrogenase activity seems
unwarranted at the present time other than to note that the presence of this activity
in the same soluble fraction which contains also the bulk of the glutathione reductase
activity accords logically with the central role generally thought to be played by the
glutathione—glutathione reductase system in the maintenance of cellular thiol groups.
Possibly these reductive systems are related in some way to recent findings2%-#! that
a substantial fraction of cellular thiols of low molecular weight, such as GSH and
cysteine, are bound to cytoplasmic proteins in the form of mixed disulfides; regener-
ation of the component thiols from these mixed disulfides might well involve partici-
pation of one or the other of the enzyme systems described here. The possible role of
the thiol disulfide transhydrogenase reaction in the reduction of cystine by yeast
in vivo has been suggested by Nacal aND BLAcK!. More recently, STATES AND SEGAL22
have reported the presence of GSH-cystine transhydrogenase activities in both
soluble and lysosomal fractions of rat intestinal mucosa and have commented on the
possible bearing of this tinding on the deposition of cvstine crystals seen in human
cystinosis.,
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