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The crystallographic studies of Kendrew and Perutz and their colleagues have
demonstrated that the myvoglobins and hemoglobins of several species possess unique
tertiary structures. * Such structural homogeneity probably characterizes most
or all proteins, as indicated by the large bodv of physical and chemical informa-
tion now available on many purified preparations. It has been suggested that the
three-dimensional conformations of proteins are completely defined by the mforma-
tion present in the linear sequences of amino acids that make up the corresponding
polypeptide chains.® This suggestion has been supported by a number of studies
on the reversible denaturation of proteins (summarized in ref. 4). It has been
shown that the renatured molecules, both those devoid of covalent cross hinkages®—
and those possessing disulfide bonds which have been reductively cleaved prior to
renaturation."~'? exhibit physical and biological properties indistinguishable
from those of the native molecules.  These studies indicate that the tertiary struc-
ture and specific disulfide bonds of a native protein molecule represent the most
stable conformation of its polvpeptide chain under physiologic conditions.

If the information required for the pairing of half-cvstine residues in a polypep-
tide chain is inherent in the amino acid sequence, one may ask whether interrup-
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tion of the chain by cleavage of one or more peptide bonds might seriously modify
this information. This could be the case, for example, for a protein that is syn-
thesized as one polypeptide chain (e.g., chymotrypsinogen) and functional as a
multichained protein (e.g., chymotrypsin).

We have recently shown that a microsomal enzyme which accelerates the re-
activation of the reduced form of bovine pancreatic ribonuclease (RNase) and of
egg white lysozyme'? is involved in the catalysis of sulfthydryl-disulfide interchange. ™
Thus, the inactive product obtained by oxidation of reduced RNase in urea, con-
taining random sets of half-cystine pairs, is rapidly converted to active RNase by
the enzyme. If the “correct” disulfide bonds of a protein are a corollary of native
tertiary structure, an enzyme that would catalyze their rearrangement could be
used to test the stability of the sequence-directed pairing of half-cystine residues.
We present, in this communication, the results of studies on the effect of the di-
sulfide interchange enzyme on several RNase derivatives, chymotrypsin, and insulin.
The results are consistent with the idea that the specific disulfide bonds of these pro-
teins were formed according to the information present in single-chained pre-
cursors which were subsequently converted, by peptide bond cleavage, to the meta-
stable multichained proteins.

Vaterials and Methods.—Bovine pancreatic ribonuclease (Sigma Chemical Co.) was reduced
as desecribed previously®® and was allowed to oxidize either spontaneously in 8 }M urea at pH 3.2
for 100 hr, or by incubation for 10 min with 107* M dehvdroascorbic acid (DHA) (Nutritional
Biochemical Corp.) in 0.05 M bicarbonate buffer, pH 7.4.3 After removal of the urea or the
DHA under acidic conditions,!* both preparations were found to contain no free suifhvdryl groups
and to be enzymically inactive.

The “C-protein” derivative of RNase was prepared by cleavage of methionyl bonds with
¢vanogen bromide and subsequent removal of the NHo-terminal tridecapeptide by gel filtration
through a column of Sephadex G-25 ( Pharmacia).”” The extents and rates of reactivation of re-
duced RNase, and of the oxidized RNase preparations described above, were determined under
various conditions by assay of RNase activity at pH 5.0.%

Chymotrypsinogen A and e-chymotrypsin (3 X crystallized) were purchased from the Wor-
thington Biochemical Corp. Chymotrypsinogen was activated by incubation with trypsin
‘see Results). The esteratic activity of a-chymotrypsin was determined by the hydrolysis of
benzoyl-tyrosyl-ethyl ester ( Determatube BTEE, Worthington Biochemical Corp.1.'  The in-
crease in absorbancy at 256 mp was followed during the first 4 min of the reaction. Trypsin
i2 X crystallized, Worthington Biochemical Corp.} was treated with diisopropyl-fluorophosphate
to destroy residual chymotryptic activity.® Beef insulin ‘low zine: lot #4006-336997) and the
oxidized B ehain and A chain of insulin were a gift from Eli Lilly Laboratories. Beef insulin
labeled with I3 ( Abbott Laboratories) was used in a solution of 10 mug,/ml in 0.025 W phosphate
buffer, pH 8, containing 50 mg of bovine serum albumin (Armour Co.) per ml. Pepsin (2 X
cryvstallized; was obtained from Worthington Biochemical Corp.

The disulfide interchange enzyme was prepared from beef hiver microsomes as described pre-
viously, except that Sephadex (i-200 filtration was introduced into the procedure following the
C)M-Sephadex step.!* The enzyme was assayed routinely by its effect on the rate of reactiva-
tion of reduced RNase.'3

Rephadex G-25 and G-200, DEAE-3ephadex, and CM-Sephadex were purchased from Phar-
macia. Urea {Baker Chem. Co.; was recrystallized from 95 ethanol before use. 3-Mercapto-
ethanol ' Eastman Co.) was used without further purification.

Immunoassay of ['3-labeled pork insulin was performed essentially as described by Berson
vt al.,”* except that ascending chromatography in 0.025 M phosphate buffer, pH 3, was used in-
<tead of electrophoresis. The samples (0.5 ml containing 0.5 mug of I13t-labeled insulin) were
incubated with .05 ml of giinea-pig antibovine insulin antisemm (diluted 1:40 with 0.025 M
phosphate buffer, pH 3.0, containing 50 mg bovine serum albumin per ml) for 48 hr at 1° and 0.2
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ml was chromatographed on Whatman 3 MM paper for 3!/» hr at 4°. Radioactivity was mess-
ured with a 4-Pi automatic windowless paper chromatogram scanner ( Atomic Accessories, Inc.).

Changes in the pairing of half-cvstine residues in insulin were examined qualitatively on peptide
maps after peptic digestion. The protein was dissolved in 57, formic acid at a concentration of
10 mg/ml and pepsin (0.1 mg in 10 @l 5 formic acid . was added. After 6 hr of incubation at
37° a second alignot of pepsit was added. The reaction wus stopped. after a total incubation time
of 16 hr, by freezing and Ivophilization. The Ivophilized material was dizsolved in water at a con-
centration of 50 mg/ml. and 0.05 m] were applied to Whatman 3 MM paper. Descending chroma-
tography was performed in the organic phase of butano!: acetic acid:water {(4:1:5;, and electro-
phoresis wax carried out at 2500 v in pyridine acetate buffer, pH 3.6. for 2 hr. The peptide maps
were prepared in duplicate. One was stained with ninhydrin and the other with evanide-nitro-
prusside for the detection of peptides containing disulfide bonds. 22 Oxidation with performic acid
was carried out according to the methoed of Hirs.23

A Beckman /Spinco model 120 amino acid analyzer was utilized for amino acid analyses, Sam-
ples for analysis were hydrolyzed in constant boiling HCl in evacuated. sealed tubes for 22 hr
at 110°. Protein concentrations were determined by the method of Lowry of al.> Free sulfbydry]
groups were determined with 5,5'-dit hiobis(2-nitrobenzoic acid; ( Aldrich Chemical Co.).®

Results.—Ribonucleasc derivatives: The enzymically inactive products ob-
tained by the oxidation in 8 3 urea or with DHA have been shown to be rapidly
activated by the disulfide interchange enzvme in the presence of 3-mercaptoethanol
(optimal concentration, 10—3 M) (Fig. 1, curves 7 and 2). as contrasted with the
long periods (16-24 hr) required without the enzvme.  The requirement for g-
mercaptoethanol in the reactivation mixture could be abolished by previous partial
reduction of these molecules {Fig. 1, curve 8).7* Since we have shown that the
enzyvme does not accelerate the ozxidation of sulfhydry] groups.’ and since it acti-
vates “incorrectly” cross-linked RNase as well as fully reduced RN ase, it mav be con-
cluded that the process catalyzed is a sulfhvdryl-disulfide interchange.

The effect of the enzvme on the “C-protein” derivative of RNase described by
Gross and Witkop! is illustrated in Figure 2. The C-pratein is composed of three
polypeptide chains held together by one intrachain and three interchain disulfide
bonds, all present in the original RNase molecule. The aggregation and precipita-
tion produced by the enzyme in the presence of 10-2 1/ B-mereaptoethanol was so
rapid that the 8-mercaptoethanol concentration had to be diminished to 10~ A7.
At the latter level the concentration of B-mercaptoethanol was less than 5 per cent
that of half-cystine residues in the C-protein emploved (4 mg protein ‘mi). Thus,
the precipitation cannot be due to simple reduction. No precipitation oceurred
over a 24-hr period in the presence of either enzyme alone or 8-mercaptoethanol
alone (10~% or 10~* A7) under these conditions (0.1 Tris, pH 7.2). (Precipitation
did occur after 1 hr at pH 7.8 in the presence of 10~3 17 S-mercaptoethanol alone.)
The enzyme-catalvzed aggregation and precipitation of C-protein is presumably
caused by disulfide interchange, which leads to random pairing of half-cvstine
residues forming a cross-linked network of chains.

In previous experiments on the reactivation of reduced RNase it was difficult to
demonstrate enzyme activity at low ratios of enzyme to reduced RNase!® since con-
centrations of the substrate (reduced RNase) greater than 0.02 mg ml led to ex-
tensive intermolecular disulfide bonding. 2 T the experiments with C-protein and
with insulin, described below, catalysis by the disulfide interchange enzyme is
easily demonstrated at weight ratios of enzvine to substrate of less than 1:100.

Chymotrypsin:  Chymotrypsin rapidly inactivates the disulfide interchange en-
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Fie. |.—Reactivation of oxidized RNuase derivatives. Curve ! DHA-oxidized RNase, 1073 M

3-mercaptoethanol. Curve 2: Crea-oxidized RNase, 107% M 3-mercaptoethanol. Curve 3:
mole.tt Curve 4: DH A-oxidized or

Urea-oxidized RNase containing 2—4 sulfhyvdry! groups per

ureacoxidized RNuxe with either 1072 M 3-mercaptoethanol or the disulfide interchange enzyme.

All ineubations were carried out at 37°in 0.1 M Tris, pH 7.5, and contained 20 pg of RNase deriva-

tive per mland (except as indicated for curve 4 ) 20 g of the disulfide interchange enzyme per ml.
Fis. 2.—Treatment of “C-protein’’ with the disulfide interchange enzyme. The incubation

mixture contained 4 mg of +C-protein” and 30 ug of the disulfide interchange enzyme in 1 mlof0.1

M Tris, pH 7.2, 107¢ M 3-mercaptoethanol. Turbidity was followed with a Cary model 13

spectrophotometer.

Fic. 3.—Inactivation of ¢
{ @—@) was obtained with an incu
urea solution {see text), in 1 mlof 0.1 M Teis,pH 7
centration of 1073 M.  The lower curve (O—0) was o
as above (with g-mereaptoethanol) plus 100 ug of the disulfide interchange enzyme.
0.1 ml were removed from the incubation mixtures for assay of chymotrypsin activity.

hymotrypsin by the disulfide interchange enzyme. The upper curve
bation mixture containing 10 pg of chymotrypsin. diluted from a
5, with or without d-mercaptoethanol at a con-
btuined with an ineubation mixture prepared
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- the disulfide interchange enzyme at Fwo stages in its
1= described in the legend for Fig. 31 with 100 ug of
erhanols. The preparations of disultide in-
adex U-200 -+ @— @ and after chromatog-

F1g. 4.—Inactivation of chymotrypsin by
purification.  Conditions of inenubation were
disulfide interchange enzyme and 1073 M 3-mercapto
terchange enzyme were obtained after filtrarion on Seph
raphy on DHEAE-Sephadex! A-—A ) )

Fle. 5.—Treatment of insulin with the disulfide interchange enzyme. The incubation mixture
contained 4 mg of insulin per ml and S0 g of the disulfide inter-hunge enzyme per mlin U.1 M Trs,
pH7T2 103 Y 3-mercaptoethanol at tounl temperitire. The turbidity of this solution was fol-
towed with o Cary model 13 spectrophorometer. Jsing, in the reference cuvette, the same lnenbation
mixture but without enzyme (pper curve, left-hund <calei.  The vontent of sulfhydryl groip= in
1-ml aliguots of the ineubation mixture afrer removal of J—men-uptuexlmnnl ix shown in the lower

curve (right-hand scale).
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zvime, as demonstrated by loss in the ability of the latter enzyme to catalvze the
reactivation of reduced RXNase. INoshland and Mozersky have shown? that
chymotrypsin is highly resistant to spontaneous disulfide interchange. with only
slow interchange oceurring i 7.5 M urea. The action of the disulfide interchange
enzyvime on chymotrypsin was therefore studied after the latter enzynie had heen
exposed to 8 1/ urea. Tollowing Martin and Frazier,® chyvmotrypsin (1 mg ml) was
incubated in & M urea. containing 0.2 37 CaCl. and 0.1 A1 acetate buffer, pH 4.0. for
20 min.  Under these conditions the inactivation is reversible and. in our hands.
dilution with 100 vol of 0.1 A Tris buffer, pH 7.5, with or without 10—% Af s-
mercaptoethanol, rapidly restored 83 per cent of the original chymotrypsin activity.
When the diluting solution contained the disulfide interchange enzyme and 10-#
A g-mercaptoethanol, rapid inactivation of chymotrypsin was observed. As is
shown in Figure 3, the inactivation was dependent on the presence of 3-mercapto-
ethano! and rather large quantities of the microsomal enzyme. The fact that in-
activation of chymotrypsin occurred mainly during the first minute suggests that
the urea-treated protease remains in a denatured and inactive form for only a
very short period after dilution. The inactivation by the enzyme at two stages
in its purification is shown in Figure 4. A similar difference in specific activities
was found when the two preparations were tested for their ability to catalyze the
reactivation of reduced RN\ase.

If the 1nactivation of chymotrypsin is due to disulfide interchange and the produc-
tion of random interchain and intrachain sets of disulfide bonds, a necessary control
experiment is to test the effect of the enzyme on chymotrypsinogen, which presuni-
ably contains, in its single polvpeptide chain, the information for the formation
of the “correct” disulfide bonds. Chymotrypsinogen A was incubated in 8 3/ urea.
as in the case of chymotrypsin, diluted 100-fold into Tris buffer containing 10-3
M B-niercaptoethanol and disulfide interchange enzyme (final concentrations: 1
mg enzvme and 10 ug chyvmotrvpsinogen ‘ml), and incubated for 20 min at room
temperature. Trvpsin (0.5 ug ml) was then added, and the appearance of chy-
motrvpsin activity was followed by periodic assavs. The theoretical level of chy-
motrypsin activity was achieved after 7 hr at 24°, demonstrating that chymotryp-
sinogen is not susceptible to inactivation by the disulfide interchange enzyme.

Insulin: The aggregating effect of the disulfide interchange enzvme leads to
precipitation of insulin (enzyme:insulin, w/w, 1:50; 107° M B-mercaptoethanol.
0.1 M Tris buffer. pH 7.2). as illustrated in Figure 5. The physical properties
of the precipitate changed with time, becoming progressively less soluble in 8§ M/
urea or 1 per cent sodium dodecylsulfate. Samples of 1 ml, containing 4 mg of
insulin, taken at the times indicated in Figure 5, were precipitated by the addition
of 10 vol of acid acetone (1 N HCl:acetone, 1:39), washed twice with acid acetouc,
and dissolved in 0.1 A/ Tris buffer, pH 7.8, containing 1 per cent sodium dodecyl-
sulfate and DTNB (107 M). As shown in Figure 5, free sulfhydryl groups ap-
peared slowly during the incubation, reaching a final level of approximately 0.3 free
SH group mole of insulin.  The precipitate formed at the end of 1 hr of incubation
was washed three times with water, oxidized with performic acid, and subjected to
hyvdrolysis by trypsin (1:100 w, 'w) in 0.1 M NH,HCG; a1 37° for 8 hr.  Such treat-
ment would be expected to have no effect on the oxidized A chain of insulin but 10
vield free alamne and two peptide fragments from the oxidized B chain.  The results
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TABLE 1

AMINO ACID ANALYSES* oF PRECIPITATES FORMED BY ACTION OF DISULFIDE INTERCHANGE
ExzyumE oN [NsULIN

30-Min 2-Hr Insulin A chain B chain

Amino acid precipitate precipitate vhserved {theory) (theory)
Lyst 1) (1) th 0 i
His 1.73 1.95 1.499 0 4
Arg 1.04 1.19 1.07 0 1
Cv=0; 3.65 3.57 — — —
Asp 1.9t 213 3. 2 1
Thr 1.10 1.10 3.9 0 i
Ser 1.77 1.69 2.6 P 1
Gln 4. 82 5.64 7. 4 3
Pro 1.29 1.24 1. 1s 0 1
Gly 3.75 1.23 4. 1 3
Ala 2.68 2.89 3. 1 4
1/2 Cys - — 3. 4 2
Val 3.76 4 44 4.5 2 3
Met 0 V) 0 0 1]
Tlu 0.26 0.34 0.50 1 0
Leu 5.00 6.11 6.06 2 4
Tyr 1.90 2.85 3.90 . 2
Phe 3.18 3.49 2.91 0 3

* Uncorrected for destruction during hydrolysis.

t The relative amounts of the amino acids were calculated on the basis of lysine as 1.00.
of high-voltage electrophoresis of the digests of the oxidized precipitate showed the
components expected from both chains. A second portion of the oxidized precip-
itate was hydrolyzed for amino acid analyses. The results, shown in Table 1,
indicate that the precipitate formed in the presence of the enzyme contains both A
and B chains of nsulin. However, some enrichment for those amino acids present
only in the B chain is evident, particularly in the early (30-min) precipitate. This
finding suggests that during the process of interchange new intrachain disulfide
bonds are formed, leading to separation of the A and B chains. This conclusion
is consistent with the greater ease of reduction of interchain disulfide bonds in
insulin?® and the lower solubility of the B chain at pH 7.2.%

A qualitative estimation of the rate and extent of disulfide interchange catalyzed
by the enzyme was obtained by the preparation of peptide maps of peptic digests
of insulin and of precipitates and material remaining in solution after 50 min and
after 2 hr of incubation (6 mg insulin and 0.06 mg enzyme ml, 0.1 M Tris. pH 7.2).
The soluble fractions were precipitated and washed with acid acetone as were the
precipitates. After removal of the acetone-HCI in vacuo, 10-mg samples of each
fraction and of untreated insulin were dissolved or suspended in 5 per cent formie
acid and digested with pepsin. The digests were diluted tenfold with water.
lvophilized, and 2.5-mg aliquots were applied to Whatman 3 MM paper for pep-
tide mapping. Duplicate maps of each fraction were stained as described above.

The peptide maps were identical except for those compouents staining positively
for disulfide bonds. The disulfide-positive components characteristic of insulin
were still faintly visible in the soluble and insoluble fractions after 50 min of incuba-
tion although a number of new peptides containing disulfide bonds. having ditferent
mobilities, were already present in large amounts. After 2 hr of incubation. digests
of both the soluble and inxoluble fractions showed a vonsiderable fraction of the
disultide-positive material remaining at the origin, while the rest was present in
new locations on the map.

Evidence for change in the three-dimensional structure of insulin after treatment
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BIGCHEMISTRY

with the disulfide interchange enzyme
was obtained by measurements of anti-
genicity. A solution of 1'3:-1abeled in-
sulin (1 mug mb containing bovine
serum albumin (50 g ml) was incu-
bated with and without enzyme (50
ug ‘ml). and in the presence and ab-
sence of 1073 A/ B-mercaptoethanol.
Incubations were carried out in 0.1 A/
Tris buffer, pH 7.2, at 37° for 30 min.
At the end of this period, 0.05 ml of the
diluted antiserum was added to half of
the incubation mixture. After 48 hi
at 4° the material that had been
treated with antiserum and the control
fraction were chromatographed, and
the distribution of radioactivity was

: A
ST =N
- . \_1
Fic. 6. —Immunoassay of insulin treated with
the disulfide interchange enzyme. Curve A4: in-
sulin alone. Curve 5: insulin and B-mereapto-
ethanol.  Curve C: insulin. 8-mercaptoethanol,
and disulfide interchange enzyvme. Curve D in-

sulin and disulfide interchange enzvme. Curves
A’ B’ C'. aud D’ are the same as the correspond-
ing curves except that antiserum was added after
30 min_of incubation at 37°.  The quantities of
the various companents are given in the text.

scanned on each chromatogram (Fig.
6).

Under the conditions of chromatog-
raphy the small amount of insulin

used remains at the origin, while. in
the presence of antibodies, the antibody-bound insulin moves with the front (Fig.
6.4.47). The addition of enzyme alone has no effect (I'ig. 6. D, D’) and only a
small effect results with 8-mercaptoethanol alone (Fig. 6. B, B’). In the presence
of both enzyme and g-mercaptoethanol the chromatographic pattern of insulin is
markedly changed (Fig. 6, €). However, this pattern is not affected by the
presence of antibodies (Fig. 6, ¢'’) and almost no antibody-bound insulin is ob-
served. These observations, together with those described above, indicate that
extensive disulfide interchange has taken place, with disruption of the antigenically
specific structure of the insulin molecule,

Discussion.—The information now available indicates that the enzyme used in
these studies catalyzes a process of sulfhydryl-disulfide interchange. For example,
an RNase derivative, prepared by oxidation in urea which causes “incorrect”
pairing of the eight sulfhydry] groups of the reduced polypeptide chain, is rapidly
converted to the native protein by the enzvme. The process requires the presence
of small amounts of a thiol reagent such as B-mercaptoethanol or, alternatively,
the introduction into the randomly disulfide-bonded derivative of a fow sulfhydryl
groups prior to addition of the enzyme.

It is known that the disulfide interchange reaction is catalvzed by small amounts
of thiol compounds.3  Reactivation of the fully oxidized inactive RNase deriva-
tive occurs in the presence of g-mercaptoethanol alone, although at a much slower
rate than in the presence of enzvime. The disulfide mterchange is accompanied by
a rapid rearrangement of tertiary structure, the sole driving force for which appears
to be the highly favorable free energy of conformation of the native strueture as
compared with those of other three-dinensional arrangenients.

H both the tertiary structure and the pairing of half-cystine residues in a protein
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are a predetermined consequence of the amino acid sequence, cleavage of one or
niore peptide bonds might be expected to upset the delicately balanced set of inter-
actious required to achieve the native structure. As we have observed in these
studies, native RNase and chymotrypsinogen are not altered by the disulfide inter-
rhange enzyme. On the other hand, the three-chained structures of the chemically
produced “C-protein” derivative of RNase, and the product of enzyniic activation
of chymotrypsinogen, chymotrypsin, are rapidly modified by the enzyme. These
results suggest that information present in the original single-chained precursors Is
missing after fragmentation of the chains. Thus the disulfide interchange enzyme
appears to constitute a useful “thermodynamic probe’ for testing the intrinsie
stability of disulfide-bonded polypeptides in general.

Our results with insulin support the view that the hormone is originally syn-
thesized as a single-chained protein and later converted to the two-chained form
bv a zymogen-like conversion. Such a mechanism would be consistent with the
revent observations of Markus on the conformational changes induced in insulin by
nondenaturing electrolytic reduction,®® and with reports of low vields of insulin
following oxidation of mixtures of reduced A and B chains. 3%
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