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The sulfhydryl compounds, cysteine (CySH)
and glutathione (GSH), have been proposed
frequently as compounds of important metabolic
activity because of their potential participation in
cellular oxidation and reduction systems. These
compounds can be oxidized through the media-
tion of s number of metat-containing enzymes
such as the cytochrome system, peroxidase,
ascorbic acid oxidase, and catalase, The oxidation
here is indirect; only hematin compounds or
organic salts of iron, copper, manganese, and
sulfur have appeared capable of effecting direet
oxidation (Lemberg and Legge, 1949; Fromageot,
1951). The present paper, however, describes a
unique ensyme found in spores of the fungus
Muyrothectum verrucaria, which is apparently
capable of bringing about the direct oxidation of
CySH and GSH to the respective disulfides.

METEODS

Spores of M. verrucarie strain QM 460 were
harvested from sgar cultures containing filter
paper ag earbon source and were washed before
use, as described previously (Mandels, 1951).
Suspensions of these viable spores were either
used directly, or were killed by shaking with
toluene for I hr at 30 C to destroy respiratory
and other metabolic systems which would
interfere with measurements of substrate oxida-
tion. Spores treated with toluene were washed
with water, lyophilized, and stored at room
temperature. Activity of the enzyme was not
affected by this trestment. Weighed quantities
of the dried spores were triturated with a few
drops of distifled water before suspending in an
appropriate volume of buffer or water as re-
quired. In some experiments, spores were killed
by suspending in cold 95 per cent alechol, wash-
ing, and suspending in buffer.

Spore extracts were prepared by grinding in a
chilled Potter mill. They were freed of particulate
matter by centrifuging at about 20,000 G.

Substrate oxidation was followed by conven-

tional Warburg technique at 30 C. In general,
the vessels contained 1.0 ml spores and 0.5 ml
substrate in the sidearm. Controls to determine
rates of autoxidation of substrates showed that
in most instances the necessery corrections were
hardly large enough to be significant except
where homocysteine was the substrate.

RESULTS

Kinetics—stoichiometry, The courses of oxida-
tion of CySH and GSH by spores treated with
toluene are very similar (figures 1 and 2}. They
are not identieal, however, since the oxidation of
GSH is essentially linear for an sppreciable
period, whereas with CySH only the initia)
portion of the curve ig linear. In neither cage
does the reaction follow first or second order
kineties. Similar curves for either substrate are
obtained with untreated (viable) spores, except
that respiratory activity is superposed on the
oxidation curve.

The reaction rate is markedly affected by the
concentrations of both REH and Q.. The initial
rate of oxidation of CySH is more concentration-
dependent than is that of GSH (figures 1, 2,
5, and 6). Therate of oxidation of both substrates
increases greatly up to at least 50 per cent Os, ns
shown by sample data for GSH (figure 3).
Over the range 10-100 per cent Q,, the rates
increase linearly with log O: concentration. It
should be noted that at 100 per, cent O., the
concentration in the liguid phaseiis about 1.1
mu, a3 compared with a substrate concentration
of 24 mu.

Data indicate (table 1) that during the oxida-
tion of CySH or GSH by treated spores, the
substrates are converted guantifatively to the
respective disulfides:

¢ RSH + O, — 2RSSR + 2H,0

While oxygen uptakes found were only 85-90
per cent of theoretical, comparable relations were
found employing ferric citrate as catalyst. This
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Figure 1 (eft). Oxidation of cysteine (CySH)
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by toluene-treated spores. [CySH|—16, 32, 48, 84

pmoles/vessel; 6 mg spores/vessel; 0.2 M phosphate buffer pH 7.8; fluid volume 1.5 ml.
Figure 2 (right). Oxidation of glutathione (GSH) by toluene-treated spores. [GEH]—18, 36, 54, 72

pmoles/vessel. Other conditions as in figure 1.
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Figure 8. Effect of oxygen concentration on
rate of oxidation of glutathione. 6 mg toluene-
treated spores/vessel; 36 umoles GSH; 0.2 a
phosphate buffer pH 7.8; 1.5 ml fluid volume;
Qo, is initisl rate of O, uptake in pL per mg
dry wt eporcs per hr.

implicates some impurity or systemic error. No
evidence was found indicating combination of
substrate with some constituent of the spores.
Evolution of H;S8, NH,;, or CO; could not be
shown. Purity of the CySH was checked by
titration with I. following the procedure of
Lavine {1935). No significant impurities,-such as
cystine, were found.

Enzymatic noture and solubilify. The enzy-
matic nature of the catalyst is indicated by ifs
heat lability, either when asscciated with the

TABLE 1
Stoichiometry of CySH oxidation by loluene-treated
apores and by Fe citrate (0.05 M phosphate,
pH 7.8; 1.5 ml folal volume)

System CySE® shoit | DerDent
wgfressel
4 mg spores, .. 2.83 78 8Y
4 mg spores. .. 6.65 15¢ 86
4 mg spores. .. 11.3 324 o
8 mg spores. .. 5.65 159 88
8 mg spores. . . 1.3 305 85
Fe citrate}.... 11.3 313 87

* CySH-HCI-H:0. H,0 content determined
by drying in vacuo at 40 C.

1 Final; about 60 min reaction time.

1 0.15 mg ferric citrate,

spores or when in spore extracts. Furthermore,
the activity of spore extracts toward either CySH
or GSH is not decreased by dinlysis sgainst
phosphate bufier at pH 7.8. The enzyme is not
associnted with particulate matter in the extracts,
since cenfrifugation at ca. 20,000 G does not
effect sedimentation,

Effect of pH. The pH optimum for the oxida-
tion of CySI is at about pH 7.5, with little or
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Figure 4. Effect of pH on oxidation of CySH
by viable, toluene-treated, or autoclaved spores.
On a spare weight basis, rate of oxidation by
euteclaved spores is same at pH 9.5 as for tolu-
ene-treated nonautoclaved spores af pH 6.5.
0.2 M buffers; 32 umoles CySH/vessel; 1.5 ml
fluid volume.

no activity below 4.5 nor above pH 10 (figure 4).
It should be noted that the pH-getivity curve for
vieble spores is almest identical with that for
alcohol (or toluene} freated spores. The effects of
pH on the oxidation of GSH are essentially the
same as for CySH. The activity curve for the
“nonenzymatic catalyst” in autoclaved spores,
as discussed below, is seen to be radically different
from the other curves.

Substrate specificity. In addition to GSH and
both p- and 1-Cy8H, homoeysteine and thio-
phenol are oxidized by the enzyme, whereas
thiosalicylate, thioncetate, and thioglycolate are

TABLE 2

Ozidation of RSH compounds by toluene-treated
spores (0.8 M citrale-phosphate buffer pll 8.0;
subsirate at 2.15 X 107%1)

Substrate Source Qulf
Glutathione. ........... 1* 63
p-Cysteine.............. 2 57
~-Cysteine............., 3 72
pr-Homocysteine....... 1 28
Thiophenol............. 4 32
Thioglycolate........... 5 0
Thivacetate. ........... 4 0
Thiosalicylate.......... 4 0
Isobutyl mercaptan. . ... 4 0

* Sources: 1—@General Biochemicals, Inc.;

2—California Foundation for Biochemical Re-
search; 3—Pfanstiehl Chemical Co.; 4—Fastman
Kodak; 5—Fisher Seientific Co,

f ol Oy per g dry wt toluene-treated spores

nar hr
Der &hr,
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TABLE 3
Effect of enzyme inhibilors on the ozidation of
CySH (ca.9 myg alcokol-treated spores; 0.05 M
cilrate-phosphate buffer pH 8; inhibitors at 107t
incubated with spores aboutl 34 hr before addition
of substrate; CySH ol 2.15 X 10-; fluid volume
1.6 ml)

Inbibitor HLGeat | DPer Cent
Control................. 99 —_
ECN................ ... 96 3
Phenylthiourea*........ 100 0
Azide................... 100 0
Diethyldithiocarbamate. 87 12
Iodoacetate............. 79 20
2,4-Dinitrophenol....... 69 30

* Not completely disselved.

not (table 2). The relative rates of oxidation of
CySH and GSH by spore extracts are the same
a3 by intact spores or toluene-treated spores.

Lffect of inhibilors. A number of typical
enzyme inhibitors were tested and found to be
ineffective, or ooly slightly inhibitory, at rela-
tively high concentrations (table ). The partial
inhibition by icdoacetate is not due to combina-
tion with the CySH added, since it caused no
diminution in total Q. uptake. Apparently the
iodoacetate reacted with spore constituents
during incubation prior to addition of substrate.

Thioglycolate effectively inhibits the oxida-
tion of both CySH and GSH (figures 5 and 6),
apparently in a competitive manner. The extent
of inhibition is & function of both substrate and
inhibitor concentrations. Inhibition by thio-
glycolate is readily and completely reversed by
washing the spores. No inhibition was en.
countered with any of the following compounds
tested at the same molar concentration as the
substrate (CySH): methionine, tthiourea, thio-
acetic acid, isobutyl mercaptan, serine, phenol,
and tyrosine.

Localization of the enzyme. ¥t has been shown
previously that treatment of spores of M. verru-
caria with 0.1 ¥ HCl or other acids does not kill
the spores, yet inactivation of cerfain enzymes
occurs {Mandels, 1953a, 1953c, 1954). It is
presumed that such enzymes are located at the
surface of the spores. Exposure to acid for as little
a3 5 seconds inactivates the RSH oxidizing en-
zyme of the spores (table 4). Both viable and
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Figure & (left). Thioglycollate inhibition of GSH oxidation by toluene-treated spores. Figures at
right of curves represent millimolar concentrations of thioglycollate. 6 mg spores/vessel; 0.2 M phos-

phate buffer pH 7.8; fluid vojume 1.5 ml.

Pigure 6 (right). Thioglycollate inhibition of CySH oxidation by toluenc-treated spores. Conditions

as in figure 5.

TABLE 4

Effect of acid trealment of spores on the axidation of
GSH

sL Osat

Treatment® 10 min

Sporea

0lsec acid 7
5 gee acid
30 sec acid
Heated

Viable

[ SR )

0 gec acid

5 sec acid
30 sec acid
Heated

Toluene treated

coah

*6 mg 'spores per veasel; 11 mg GSH per ves-
sol; spores treated with 0.1 8 HCIL for indicated
time at room temp., neutralized with 0.15
K,PO,. For 0 acid treatment, acid and buffer
combined before adding to spores. Heated spores
—placed in boiling water bath for 5 min,

localization of this enzyme is also indicated by the
coincidence of the pH activity curves for viable
and toluene-treated spores (figure 4).

Nonenzymatic catalyst in heafed spores. Com-
plete inactivation occurs by heating in phosphate
at pH 7. However, if spores are autoclaved in
citrate-phosphate at pH 8, CySH is oxidized at
about heli of the original rate. A number of
experiments were carried out to establish the
relation, if any, between the oxidation of CySH
by non-heated and heated spores.

The pH characteristics alone (figure 4) seps-
rate the heat labile, enzymatic catalyst from that
formed by heating spores. The high sactivity
of autoclaved spores above pH 9.5, a3 con-
trasted with the low activity of nonheated spores
at this pH, shows that a different eatalyst is
formed by heating spores and that it is not
present in the unheated preparations. The
specificity of this heat-formed catalyst is also
different from that of the enzyme in that GSH
is not oxidized. Homoeysteine is oxidized at
about one-half the rate of CySH. The catalyst is
not inhibited by thioglycollate, buf its activity is
reduced about 50 per cent by cyanide or diethyl-
dithiocarbamate at 3.3 X 107 It cannot be
extracted from spores. Acid treatment does not
destroy the activity of heated spores, nor does
preliminary acid treatment prevent its formation.

DHECUSSION

The eatalytic oxidation of certain sulfhydryl
compounds by spores of M. verrucaria and ex-
tracts thereof is inferred to be enzymatic by
virtue of its heat lability and resistance to
dialysis. The participation of metal catalysts is
further nmegated by the lack of inhibition by
azide, cyanide, diethyldithicearbamate or pheny!-
thicures. Resistance to these inhibitors also
precludes involvement of RSH oxidation sys-
tems such as eytochrome, peroxidase, catalase,
and ascorbic acid oxidase. Experiments involv-
ing dialysis aiso irdicate thab ihese indirect
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gystems, as well as the lipoxidase described by
Mapson and Moustafa (1955}, are not involved.
Whereas the spores have relatively high catalase
sctivity, this enzyme is completely inhibited by
cyanide. Furthermore, the catalase of intact
spores is resistant to aeid treatment. Although
the ascorbic acid oxidase of the spores is atypical
in its resistance to copper and other heavy metal
poisons, it is completely inhibited by iscascorbate
(Mandels, 19535). Tests not reported here show
that isoascorbate does not inhibit the oxidation of
CySH or GSH. There is, therefore, no evidence
identifying the enzyme with known indirect
RSH oxidation systems, If some unknown sys-
tem is invelved, it or its components must be ()
nondialyzable, (b} surface localized and destroyed
by acid, and {c} resistant o toluene or alcohol
treatment of the spores.

Location of the enzyme at the spore surface is
shown by coincidence of the pH activity curves
for intact, as compared with toluere-treated,
spores and by the rapid inactivation caused by
brief exposures of intact spores to 0.1 ¥ hydro-
chloric acid. X the enzyme were not surface
localized, it should be relatively unaffected by
varistions in environmental pH with viable, as
compared with toluene-treated, spores since the
internal pH of viable cells is essentially constant.
Similarly, sinee treatment of intact spores with
acid does not kill the spores nor interfere with
their respirntory metabolism (Mandels 1953c,
1954}, it is presumned that the internal pH of the
spores is not affected by the treatment. En-
symatic activities destroyed by acid treatment of
visble apores are therefore inferred to be at the
spore surface (see Mandels, 1953¢, for further
diseusgion). Myrbick and Willstaedt (1955)
“have also employed this technique to ]osahze
yea.st mvertnse at the cell surface.
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SUMMARY
Spores of the fungus Myrothecium verrucaria

contain a surface located enzyme which can

oxidize both p- and r-cysteine, glutathione,
homocysteine, and thiophenol to the respective
disulfides. Thioacetate, thiosalicylate, and thio-
glycolste are not oxidized. As inferred from
inhibitor studies, the enzyme does not require
heavy metals for its activity. The enzyme in
extracts of spores 15 not associated with pertic-
ulate matter. Thioglycolate reversibly inhibits
the enzyme, apparently in o competitive manner.
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