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Reductive Cleavage of Disulfide

Bridges in Ribonuclease

Total cleavage of the four disulfide
bridges in ribonuclease (RNase) may be
achieved with complete loss of enzyme
activity, as assayed (/) with ribonucleic
acid as substrate. Bovine pancreatic ribo-
nuclease (Armour) (12 mg/ml) was re-
acted with thioglycollic acid [400 moles
per mole of enzyme, assuming 13,683 as

the molecular weight of ribonuclease(2)

and a water content of 9.38 percent in
the air-dried preparation] in 8M urea at

pH 85 (adjusted with aqueous tri-
methylamine) for 4.5 hours at room tem-
perature. The reduced ribonuclease was
precipitated with acetone and 1M hy-
drochloric acid (39/1) at -5°C, and the

sample was washed three times with this
solvent and twice with cold ether. The
material so obtained was completely re-

duced, as indicated by the presence of

eight sulfhydryl groups per mole of en-
zyme on spectrophotometric titration
with p-chloromercuribenzoate (3).
An alternative method that was used

for following the extent of reduction in-

volved selective carboxymethylation of

the sulfhydryl groups of reduced ribo-
nuclease (14 mg/ml) by reaction, under

nitrogen, with iodoacetic acid (700

moles per mole of protein) for 2 hours
at room temperature in an autotitrator.

Trimethylamine (5 percent aqueous so-
lution) was added continuously to main-

tain the pH at 8.5. The reaction was
☁stopped, and the carboxymethylated
protein was precipitated and washed as
described for the reduced material.
(The carboxymethylated protein was
used as a test for the completeness of
this washing procedure by its treatment
with thioglycollate as in the reduction

procedure, with subsequent washing as
described. Titration with p-chloromer-

curibenzoate of the protein so treated

revealed no sulfhydryl groups, thus es-
tablishing the complete removal of thio-
glycollate from the reduced enzyme by
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the washing procedure.) The product
was hydrolyzed for 16 to 18 hours in 6N
hydrochloric acid at 100°C. S-Carboxy-

methylcysteine is known to be stable
under these conditions of hydrolysis (4).

The hydrolyzate was dinitrophenylated
(5) and chromatographed in two di-
mensions. A mixture of toluene, pyri-

dine, chloroethanol, and 0.8N ammo-

nium hydroxide (10/3/6/6) was used
in the first dimension (5, 6), and, in the

second, tertiary amyl alcohol and 0.2Mé

phthalate buffer at pH 5 (2/1) (7).
The component which moved identi-

cally with an authentic sample of di-

nitrophenyl-S-carboxymethylcysteine was

eluted, and its concentration was deter-

mined spectrophotometrically (5). The
chromatographic analysis revealed 8
moles of dinitrophenyl-S-carboxymethy]-
cysteine per mole of reduced, carboxy-

methylated ribonuclease, but no trace of

bis-dinitrophenylcystine. This method of
analysis thus confirmed the complete-
ness of cleavage of disulfide bridges as
determined by titration with p-chloro-
mercuribenzoate.

Carrying out the reductions in 8M
urea for shorter periods of time, with a
smaller excess of thioglycollate, or at
slightly lower pH values, yielded par-

tially reduced materials with varying de-

grees of activity (see Fig. 1),
In the absence of urea, but with other

conditions identical with those described
for the reduction of ribonuclease, com-

plete cleavage of disulfide bridges in the
enzyme was not achieved. This finding
parallels that of Lindley (8), who

demonstrated that only one of the three

disulfide bridges in insulin was reduc-
tively cleaved by thioglycollic acid in the

absence of urea. In the present experi-
ments, production of sulfhydryl groups

was linear up to 30 minutes, reaching a
value of 3.7. After 2 hours, 4.6 sulfhy-

dryl groups were formed. It appears that

two of the disulfide bridges in ribonu-

clease may be opened with relative ease,
but that the remaining two are cleaved

appreciably only in the presence of urea.
In contrast to the results experienced

with complete reduction, enzymeactivity
was diminished but not entirely lost dur-
ing partial reduction. A correlation be-
tween the number of sulfhydryl groups
per mole and enzymeactivity is given
in Fig. 1, which summarizesall reduction
experiments performed. Carboxymethy]-
ation of the partially reduced material

caused no further reduction in enzyme

activity, nor did the conditions of car-

boxymethylation affect the activity of
native ribonuclease.
When completely reduced and fully

inactive enzyme (1 mg/ml) was sub-
jected to oxidation by air bubbling at

room temperature for 68 hours in 0.01M
phosphate buffer at pH 7 to 8, ribonu-

clease activity reappeared to the extent
of from 12 to 19 percent of the specific
activity of native enzyme. The number

of sulfhydryl groups per mole decreased
during reoxidation. When partially re-
duced ribonuclease containing about four

sulfhydryl groups per mole was reoxi-
dized, there was no significant increase

in activity or decrease in sulfhydryl

groups. The results of all reoxidation ex-
periments are summarized in Fig. 1, Na-
tive ribonuclease that was treated under
these reoxidation conditions showed no
change in activity, nor was activity re-
generated in completely reduced, car-

boxymethylated ribonuclease under these
conditions.

The disappearance ofdisulfide bridges
from native ribonuclease during reduc-

tion, and their reappearance on oxida-
tion of reduced enzyme, was followed

qualitatively by subtilisin digestion (9)
of the carboxymethylated protein and
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Fig. 1. Activity of ribonuclease at various
stages of reduction (expressed as percent-
age of the specific activity of native ribo-
nuclease) as a function of the numberof

moles of sulfhydryl per mole of enzyme.

A, Reduction in absence of urea; @, re-

duction in 8M urea; O, reoxidation of
fully reduced, inactive ribonuclease; 0,

reoxidation of samples containing more
than six sulfhydayl, greys per average
molecule; V, reosgelictye S&Ramples con-
taining about four, géd¥@ycdiyl groups per
average molecule. ☜ -

     
 



paper electrophoresis (10) of the digest.
Native ribonuclease treated in this way
(11) yields several bands which contain
disulfide bonds as shown by the cyanide-
nitroprusside test (72). The stepwise dis-
appearance of these bands on reduction
and their reappearance on oxidation of
reduced ribonuclease have been ob-
served. Identification of the disulfide-
containing bands resulting from the di-
gestion of reoxidized preparations with
those produced from native'ribonuclease,
as well as elucidation of the order of
cleavage of the disulfide bonds during
the reduction of the native molecule,
must await further investigation.
The S-shaped distribution of the solid

points in Fig. 1 suggests the formation
of enzymatically active products at in-
termediate stages of reduction. Further,
this figure indicates that, with as many
as four sulfhydryl groups per average
molecule, activity remains high. With
the appearance of more than this num-
ber of sulfhydryl groups, activity drops

4

rapidly. Positive confirmation of the ex-

istence of enzymatically active reduction
intermediates will depend on their sepa-

ration and characterization.
Various covalent (9, 13), secondary

(14, 15) and tertiary (75) bonds can be

broken in ribonuclease without loss of
enzymatic activity, thus suggesting that

the ☜active center☝ of the enzyme might
comprise only a relatively small part of
the molecule (74, 16). It appears from
the present work that not all of the di-

sulfide bridges in ribonuclease☂ are essen-

tial for enzyme activity. A further study

of the intermediate stages of Tibonu-
clease. reduction may reveal specific di-

sulfide bridges associated with the ☜ac-

tive center☝ of this enzyme.
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