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1. Introduction 

The interaction between cysteine residues of an 
unfolded protein to form disulphide bonds under 

appropriate conditions is the most useful current 
experimental probe of the large confomrational tran- 

sitions which take place during folding to the stable, 
folded conformation, as it may be controlled experi- 

mentally, and the normally unstable and transient 
intermediates may be trapped in a stable form using 
the disulphide bonds [ 11. This approach has produced 
the first detailed folding pathway of a globular pro- 
tein, that of BPTI [2]. A similar study of the larger 
protein, RNase, the classic subject of protein folding 
[3-71, extended the earlier studies and trapped and 
isolated the large number of intermediates that accu- 
mulate transiently [8,9]. The 1-disulphide inter- 
mediates were found to be essentially a random col- 
lection of the 28 possible species, and there were too 

many 2-, 3- and 4-disulphide intermediates for any of 
the cysteine residues paired in disulphide bonds to be 
identified, although these intermediates were not a 

full random collection. Virtually all of the trapped 
intermediates had no significant amount of stable, 

folded conformation on the basis of their spectral and 
hydrodynamic properties, binding to antibodies 
against unfolded, reduced RNase, but not to anti- 
bodies against native RNase, the absence of an unfold- 
ing transition induced by urea, and the absence of 
enzymic activity [9,10]. 

The sole exception was a species isolated with the 
incorrectly refolded, 4disulphide intermediates, 
which had substantial enzymic activity and the spec- 

Abbreviations: RNase, bovine pancreatic ribonuclease A; 

BPTI, bovine pancreatic trypsin inhibitor (Kunitz) 
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tral, hydrodynamic and immunochemical properties 

of native RNase, but its folded conformation was 
unfolded by only half the concentration of urea 
required to unfold native RNase. This species has now 

been isolated in homogeneous form and will be shown 
to contain only 3 of the 4 disulphide bonds of native 
RNase, and thus is designated here as IIIn, and to lack 

the disulphide between Cys-40 and -9.5. 

2. Materials and methods 

The folding intermediates of RNase were trapped 
by addition of iodoacetate to 0.1 M to a solution of 
initially reduced RNase (30 PM) which had been 
refolded for 20 min at 25°C with 0.20 mM oxidized 

glutathione as disulphide reagent in 0.10 M Tris-HCI 
buffer (pH 8.7), 0.20 M KC1 and 1 mM EDTA [8,9]. 

After 2 min, the protein was separated from the 
reagents by gel filtration in 0.l M acetic acid and was 
recovered by lyophilization. The intermediates were 

separated by chromatography on CM-cellulose; the 
initial half of the peak of 4disulphide intermediates, 

designated IV in [9], was subjected to gel filtration 
to isolate the folded intermediate (see fig.1). 

For digestion with thermolysis, 3 mg appropriate 
protein was dissolved in 0.8 ml 0.25 M ammonium 
acetate buffer (pH 7.5) also containing 0.25 mM 
CaClz and 0.8 mg thermolysin (Calbiochem). Diges- 
tion was at 65’C for 4.5 h; the mixture was then 
lyophilized. 

Diagonal maps of the thermolysin digests were 
prepared by the procedure in [ 1 l] at pH 3.5 exactly 
as in [ 12 ,131. The peptide spots were detected by 
dipping the thoroughly dried paper through acetone 
containing, first, 1% triethylamine, and secondly, 
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Fig.1. Separation by gel filtration of compact intermediate 
IIIn from the other, incorrectly-folded 4 disulphide inter- 
mediates trapped during refolding of reduced RNase. The 
trapped intermediates were isolated as the first half of peak IV 
obtained by chromatography on CM-cellulose [9], concen- 
trated to 3 ml by lyophillzation, and then subjected to gel 
filtration on a column of Biogel P60 (100-200 mesh), 2.5 cm 
diam. and 80 cm length, in 0.1 M ammonium bicarbonate at 
room temperature; 5 ml fractions were collected, and the 
protein was recovered by lyophilization. The elution posi- 
tions are indicated of fully reduced, carboxymethylated (R) 
and of native (N) RNase, determined in separate experiments 
on the same column. 

10d3% Fluram (Roche); this procedure can detect 

peptides occurring in quantities <l% those of the 
major peptides characterized here [ 141. After washing 
the paper with acetone, all fluorescent spots off the 
main diagonal were eluted with 0.1 M aqueous NH3, 
dried, hydrolyzed for 24 h at 105°C in 6 M HCl con- 
taining 1 mM phenol, and subjected to amino acid 

hydrolysis. 

3. Results 

3.1. Isolation of the folded intermediate IIIn 
The compact trapped intermediate IIIn of RNase 

was found upon CM-cellulose chromatography to be 
eluted in the first half of the peak of incorrectly- 
folded 4-disulphide intermediates, designated IV in 
[9], so this material was further fractionated by gel 
filtration (fig.1). Intermediate IIIn was well resolved 
from the other intermediates on the basis of its com- 

pact folded nature, eluting in the same position as 

native RNase and considerably after trapped, reduced 
RNase and the other intermediates [lo]. It must be 

both compact in conformation and monomeric. 

3.2. The number of disulphides in intermediate IIIn 
Intermediate IIIn was found to contain av. 2.1 

carboxymethyl groups introduced by 14C-labelled 
iodoacetate (6.7 Ci/mol) used to trap the interme- 
diates. When the disulphide bonds of the isolated pro- 
tein were reduced and the resulting free thiol groups 

reacted with the uncharged reagent iodoacetamide, 

varying mixtures of iodoacetamide and the acidic 
reagent iodoacetate, and with just iodoacetate, 6 addi- 
tional bands were observed electrophoretically to 

have been generated by the varying extents of reac- 

tion with the acidic reagent, indicating the presence 

of 6 free cysteine residues [ 15,161. This procedure 
has been shown to demonstrate the integral number 

of free cysteine residues/polypeptide chain and to 
give the correct value of 8 with normal RNase [ 161. 

Therefore, intermediate IIIn has 3 intramolecular 
disulphide bonds, and the 2 other Cys residues were 

carboxymethylated upon trapping. 

3.3. Identification of the Cys residues paired in 
disulphide bonds and those carboxymethylated 

The identity of intermediate IIIn was established 

by diagonal electrophoresis [ 1 l] at pH 3 5 of ther- 
molysin digests, as this procedure has been shown 
with BPTI to identify the pairs of Cys residues 
involved in disulphide bonds and those carboxy- 
methylated [12,13]. The diagonal map of native 
RNase (fig.3a) and the identification of the major 
peptides of the primary structure [ 171 by their amino 
acid compositions (table l), indicated unambiguously 
the 4 disulphide bonds linking Cys 26-84.40-95, 
58-l 10 and 65-72 [18,19]. All the significant pep- 
tides were identified, and there were no indications 
of disulphide interchange. 

Intermediate IIIn gave a very similar diagonal map 
but for the conspicuous absence of the peptide spots 
resulting from disulphide 40-95 (fig.2b). The corre- 
sponding peptides were found, but they had different 
mobilities in the first dimension, indicating that they 
were not linked by a disulphide bond, and their posi- 
tions just below the diagonal, plus their amino acid 

compositions (table l), indicated that the Cys residue 

of each was carboxymethylated; such peptides are 

somewhat more acidic at pH 3.5 in the second 
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dimension due to performic acid oxidation of the 
carboxymethyl cysteine residue to the sulphone 

[ 12,131. The peptides resulting from the 3 disul- 

phides 26-84,58-l 10 and 65-72 were identified 
and confirmed to be the same as those observed with 
native RNase (table 1). 

4. Discussion 

RNase intermediate IIIn with the 3 native-like 

disulphides linking Cys residues 26-84,58-l 10 and 

65-72, but with Cys40 and -95 carboxymethylated 
after trapping, has a compact native-like conforma- 
tion on the basis of its mobility through polyacryl- 

amide gels and upon gel filtration, its reaction with 

antibodies against native RNase, its enzymic activity, 
and its absorbance, circular dichroism, and Raman 

spectra [9,10]. It has the same electrophoretic mobil- 
ity as native RNase at pH 3.8, but appears by ion- 

Fig.2. Determination of the disulphide bonds of intermediate 
IIIn by diagonal electrophoresis. Thermolysin digests of native 
RNase (A) and intermediate IIIn (B) were subjected to elec- 
trophoresis at pH 3.5 in the horizontal direction; peptides 
linked by disulphide bonds migrate together. The paper was 
then subjected to performic acid-oxidation to cleave the 
disulphides, converting the cysteine residues to cysteic acid; 
carboxymethyl cysteine residues are oxidized to the sulphone. 
The electrophoresis was then repeated in the vertical direc- 
tion. Peptides originally linked by disulphides are more acidic 
and are paired by their common mobility in the fist dimen- 
sion. 

All the peptides stained by fluorescamine were eluted and 
identified by their ammo acid composition (table 1); the 
major peptides are designated by the residue number of the 
cysteine residue they contain. Peptides originally linked by 
disulphides are joined by vertical tines; ‘CM’ indicates that 
the cysteine residue was carboxymethylated. The diagonal of 
peptides with the same mobility in both directions is shaded. 

Two spots containing peptide 25-26 were found; that to 
the left and unpaired, was present in much lower amounts, 
but the peptide to which it was originally linked was not 
found; presumably it was a larger peptide including Cys-84 
and remained near the diagonal. Similarly, a second, unpaired 
spot containing peptide 88-95 was observed, probably due 
to similar circumstances. In addition to peptides 63-68 and 
71-78, which were originally linked by disulphide 65-72, 
the uncleaved peptide of 63-72 containing the intramolecu- 
lar disuIphide was also present. Peptide 1 10b was found by 
electrophoresis at pH 2.1 to consist primarily of residues 
108-110, but it was lost during quantitative amino acid 
analysis. 
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exchange chromatography to be more acidic at pH 6.2, 
so the pK values of the 2 carboxymethyl groups 

appear to be somewhere between these 2 pH values. 
In native RNase, the 40-95 disulphide bond is 

located at one extremity of the folded conformation, 
not far from the surface of the molecule, but far from 

the active site (fig.3), so it is perhaps not surprising 
that it has a stable conformation and is enzymically 

active. The 40-95 disulphide of native RNase is that 

most accessible to the solvent [20,21], although it is 
well-defined crystallographically [22], perhaps indi- 
cating a relatively rigid conformation around it. 

Fig.3. The native conformation of RNase, showing the posi- 
tions of the 4 disulphide bonds and the environment of the 
40-95 disulphide bond. The ribbon diagram in (A) connect- 
in the (Y carbon atoms was drawn from fig.7.7 of [34]. The 
local environment of the 40-95 disulphide bond is shown in 
(B) from a similar viewpoint; it was drawn using the coordi- 
nates of ribonuclease-S [22]. 

Nevertheless, its absence in intermediate IIIn causes 

the folded conformation to be less stable, with the 
disulphides kept intact, being disrupted by only half 
the concentration of urea required to unfold native 

RNase [9]. Assuming the stability to be related linearly 
to the urea concentration [23], the conformational 
stability of IIIn in the absence of urea is likely to be 

only half the 10.6 kcal/mol estimated for native 

RNase [24]. This decrease in stability of 5 kcal/mol is 
about that expected simply for the absence of 1 cova- 

lent crosslink [25]. 
The 40-95 disulphide in native RNase is near one 

of the 2 cis peptide bonds, that between Tyr-92 and 

Pro-93 [ 191, which is a slightly less favourable con- 

formation than the normal tram isomer [26-281. In 
the absence of the 40-95 disulphide bond, the con- 

formation of this polypeptide loop may be altered to 

permit the tram form of the peptide bond, contribut- 

ing slightly to the stability of the folded confomra- 
tion. The circular dischroism spectra suggest a slight 

change in conformation in IIIn, particularly of tyro- 
sine residues [lo]; the 40-95 disulphide bond is 

normally sandwiched between Tyr-92 and -97 (fig.3), 
two of the ‘buried’ tyrosine residues of normal RNase 

[ 191, but the conformational perturbation may sim- 
ply be due to the carboxymethyl groups. 

Intermediate IIIn has been detected only as an 
intermediate in refolding of reduced RNase. It has 
not accumulated to detectable levels during unfolding 
of native RNase upon disulphide reduction, nor have 
any other intermediates [9]; if IIIn is an intermediate 
in unfolding, its 3 disulphide bonds must be reduced 
very rapidly. It is thus not comparable to interme- 
diate (30-5 1,5-55) in the BPTI pathway [ 1,2] 
which can readily make and break the 14-38 
disulphide bond, but is more like intermediate 
(30-5 1, 14-38), which is not formed directly upon 
unfolding and cannot readily form the third disul- 

phide bond. 
The direct pathway of refolding of RNase is espe- 

cially complicated by slow c&tram isomerization of 

peptide bonds adjacent to the 4 proline residues 
[26,29,30], due to the presence of 2 cis bonds in the 
native conformation [ 19,221. If the independent 
probability of each such peptide bond being trans 
in the unfolded state is 0.8 + 0.1, the fraction of 
unfolded molecules having one or more incorrect 
isomers will vary from 95.6-99.2s; -80% of mole- 
cules unfolded, but with the 4 disulphides kept 
intact, refold slowly due to incorrect cis-trans iso- 
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mers [29,3 11. It is then possible that intermediate 

1% represents the nearly complete refolding of those 
molecules of reduced RNase which had a frans isomer 

of the peptide bond adjacent to Pro-93, or a cis iso- 
mer by Pro42, with the other bonds correct, making 

possible refolding to a native-like conformation, but 

with the conformation in this part of the molecule 
altered by the incorrect d-tram isomer; the 40-95 
disulphide bond then would not be formed before 

slow isomerization of the peptide bond. 
Intermediate IIIn is the only intermediate with a 

stable, folded conformation that has been detected 

in this study. It is different from 2 other folded 

forms of RNase with only 2 and 3 disulphide bonds 
that have been reported, one lacking the 65-72 

disulphide [32], the other lacking both 65-72 and 
58-110 [33]; they have not been detected here. 

References 

(11 Creighton, T. E. (1978) Prog. Biophys. Mol. Biol. 33, 
231-297. 

[2] Creighton, T. E. (1977) J. Mol. Biol. 113,275-293. 
[3] Afiisen,C. B. (1967) Harvey Lect. 61,95-116. 
[4] Hantgan, R. R., Hammes, G. G. and Scheraga, H. A. 

(1974) Biochemistry 13,3421-3431. 
[5] Ahmad, A. K., Schaffer, S. W. and Wetiaufer, D. B. 

(1975) J. Biol. Chem. 250, 8477-8482. 
[6] Baldwin, R. L. (1975) Annu. Rev. Biochem. 44, 

453-475. 
[7] Baldwin, R. L. (1978) Trends Biochem. Sci. 3,66-68. 
[S] Creighton,T. E. (1977) J. Mol. Biol. 113,329-341. 
[9] Creighton, T. E. (1979) J. Mol. Biol. 129,411-431. 

[lo] Galat, A., Creighton, T. E., Lord, R. C. and Blout, E. R. 
(1980) submitted. 

[ll] Brown, J. R. and Hartley, B. S. (1966) Biochem. J. 101, 
214-228. 

[12] Creighton, T. E. (1974) J. Mol. Biol. 87,603-624. 

[13] Creighton, T. E. (1975) J. Mol. Biol. 95,167-199. 
[14] Vandekerckhove, J. and Van Montagu, M. (1974) Eur. 

J. Biochem. 44,279-288. 
[15] Stott, D. I. and Feinstein, A. (1973) Eur. J. Immunol. 

3,229-235. 
[ 161 Creighton, T. E. (1980) Nature 284,487-489. 
[ 171 Smyth, D. G., Stein, W. H. and Moore, S. (1963) J. Biol. 

Chem. 238,227-234. 
[ 181 Spackman, D. H., Stein, W. H. and Moore, S. (1960) 

J. Biol. Chem. 235,648-659. 
1191 Richards, F. M. and Wyckoff, H. W. (1971) in: The 

Enzymes (Boyer,P. D.ed) vol. 4,3rd edn,pp. 647-806, 
Academic Press, London, New York. 

[20] Lee, B. and Richards, F. M. (1971) J. Mol. Biol. 55, 
379-400. 

[21] Finney, J. L. (1978) J. Mol. Biol. 119,415-441. 
[22] Richards, F. M. and Wyckoff, H. W. (1973) Atlas of 

Molecular Structures in Biology: I. Ribonuclease-S. 
Clarendon Press, Oxford. 

[23] Schellman, J. A. (1978) Biopolymers 17, 1305-1322. 
[24] Privalov, P. L. and Khechinashvili, N. N. (1974) J. Mol. 

Biol. 86,665-684. 
[25] Johnson, R. E., Adams, P. and Rupley, J. A. (1978) 

Biochemistry 17,1479-1484. 
[26] Brandts, J. F., Halvorson, H. R. and Brennan, M. (1975) 

Biochemistry 14,4953-4963. 
[27] Grathwohl,C. and Wtithrich, K. (1976) Biopolymers 15, 

2025-2041. 
[28] Ramachandran, G. N. and Mitra, A. K. (1976) J. Mol. 

Biol. 107,85-92. 
1291 Schmid, F. X. and Baldwin, R. L. (1978) Proc. Natl. 

Acad. Sci. USA 75,4764-4768. 
[30] Garel, J.-R. (1980) Proc. Natl. Acad. Sci. USA 77, 

1311 

~321 

1331 

1341 

795-798. 
Cook, K. H., Schmid, F. X. and Baldwin, R. L. (1979) 
Proc. Natl. Acad. Sci. USA 76,6157-6161. 
Sperling, R., Burstein, Y. and Steinberg, I. Z. (1969) 
Biochemistry 8,3810-3820. 
Neumann, H., Steinberg, I. Z., Brown, J. R.. Goldberger, 
R. F. and Sela, M. (1967) Eur. J. Biochem. 3,171-182. 
Dayhoff, M. 0. (1972) Atlas of Protein Sequence and 
Structure, vol. 5, National Biomedical Research 
Foundation, Washington. 

288 


