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and many alternative methods of partitioning the charge density 
to give atomic point charges, such as a dipole-conserving analysis,* 
are better for calculating intermolecular electrostatic energies. 
An alternative approach to deriving point charge models is to fit 
the charges directly to the electrostatic potential outside the 
molecule. This requires the evaluation of the potential, by inte­
gration over the ab initio charge density, at a large grid of points, 
and thus is computationally expensive for large molecules. The 
published errors from such potential fitting studies2"4,27 suggest 
that the optimum atomic point charge model will predict the 
electrostatic potential with errors that are not negligible in com­
parison with those resulting from the use of transferable models. 
In addition, there is no reason to suppose that the errors involved 
in assuming transferability between molecules, or conformations, 
will be smaller for potential-derived charges than for a more 
complete distributed multipole representation. (Indeed, the po­
tential-derived charges for a few amides27 suggest that they may 
be less transferable.) Thus, the way forward for the accurate 
modeling of electrostatic interactions is first to go to a distributed 
multipole model and, when it is necessary to assume that an 
electrostatic model is transferable between molecules, use the 
recipes derived in this study. 

Future Developments. We have established a successful 
transferable electrostatic model for amides and peptides with 

(40) Thole, B. T.; van Duijnen, P. Th. Theor. Chim. Acta 1983, 63, 
209-221. 

It has been known for three decades that all the information 
required for a protein to attain its native three-dimensional 
structure (under appropriate solution conditions) is contained solely 
in its amino acid sequence.' However, the question as to how 
proteins fold, i.e., as to what are the detailed molecular mechanisms 
that lead from the unfolded polypeptide chain to a biologically 
active conformation, still awaits a final resolution. Regarding the 
early stages of the folding process, it has become increasingly clear 

f Present address: Institut de Chimie Organique de l'Universite, Rue de 
la Barre 2, CH-1005 Lausanne, Switzerland. 

hydrocarbon side chains. In order use this approach to model a 
wide range of polypeptides, we need atomic multipole moments 
for all the naturally occurring amino acids. Since these include 
charged side chains and aromatic rings, which would probably 
be even more susceptible to intramolecular polarization than 
hydrocarbon side chains, the transferable PEPTIDE model will 
be more appropriate than a transferable ATOM model. Fortu­
nately, the required calculations on the dipeptides of all the protein 
residues can now be performed with the direct SCF method,34 and 
this work is in progress. This will provide a model for examining 
the intermolecular electrostatic interactions of polypeptides at a 
new level of accuracy and reliability. However, analogous critical 
studies of the other terms in inter- and intramolecular force fields, 
and improvements in simulation methods, are needed for molecular 
modeling to achieve its full potential for providing insight into 
molecular processes. 
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that these are dominated by short-range interactions2 resulting 
in the formation of locally ordered structures along the overall 
unfolded polypeptide chain.3"12 These early-forming "chain-

(1) White, F. H., Jr.; Anfinsen, C. B. Ann. N.V. Acad. Sci. 1959, 81, 
515-523. 

(2) Scheraga, H. A. Pure Appl. Chem. 1973, 36, 1-8. 
(3) Wetlaufer, D. B. Proc. Natl. Acad. Sci. U.S.A. 1973, 70, 697-701. 
(4) Anfinsen, C. B.; Scheraga, H. A. Adv. Protein Chem. 1975, 29, 

205-300. 
(5) Rose, G. D.; Winters, R. H.; Wetlaufer, D. B. FEBS Lett. 1976, 63, 

10-16. 

Local Structure in Ribonuclease A. Effect of Amino Acid 
Substitutions on the Preferential Formation of the Native 
Disulfide Loop in Synthetic Peptides Corresponding to 
Residues Cys58-Cys72 of Bovine Pancreatic Ribonuclease A 

K.-H. Altmann+ and H. A. Scheraga* 

Contribution from the Baker Laboratory of Chemistry, Cornell University, 
Ithaca, New York 14853-1301. Received November 14, 1989 

Abstract: The possible existence of local structure in a 15-residue peptide fragment of bovine pancreatic ribonuclease A has 
been examined. Three peptides, corresponding to the amino acid sequence 58-72 of the native protein and two homologues 
thereof with amino acid substitutions at residues 66 (Lys66 -* GIn) and 67 (Asn67 -* Ala), respectively, have been synthesized 
by classical solution procedures. These peptides, all containing three Cys residues at positions 58, 65, and 72, were studied 
in disulfide-exchange equilibration experiments under strongly oxidizing conditions at 23 0C and pH 8.0. By use of an RP-HPLC 
method for the separation of the various species, it was demonstrated that the intramolecular equilibrium constnt Kaf for 
the two possible isomers of the native sequence, containing intramolecular eight-residue cyclic disulfides, was 3.58 ± 0.10 in 
favor of the disulfide bond between Cys65 and Cys72, which is the disulfide bond present in the native protein. Amino acid 
substitutions at positions 66 (Lys66 -* GIn) or 67 (Asn67 -» Ala) did not result in marked changes in the standard free energy 
difference between the native and nonnative eight-residue disulfide loops, Kcip being 3.02 ± 0.17 for the GIn66 and 4.49 ± 
0.23 for the Ala67 homologue. Possible reasons for this behavior are discussed. 
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SerLeuAlaAsp SerThrMet 
VaI Tyr 

GIn LysAsn GIyGIn Ser 
Ala GIn VaI Asn Thr GIn 

VaI Ser Ala Lys Asn Tyr 
Cys58 Cys65 Cys72 

Figure 1. Amino acid sequence of RNase A M-peptide.30,33 

folding initiation structures" (CFIS),4'6-12"14 which are in rapid 
equilibrium with unfolded conformations, restrict the accessible 
conformational space of certain parts of the polypeptide chain, 
thus initiating the folding process and directing subsequent folding 
events. 

Much of the evidence for the existence of these CFIS comes 
from NMR studies on medium-sized to small protein fragments 
that often reveal the presence of even small amounts of ordered 
structure in the conformational equilibrium that would not be 
detectable by any other spectroscopic method. This subject has 
recently been reviewed.12'15 

In the case of bovine pancreatic ribonuclease A (RNase A), 
which is the subject of this report, attention was initially focused 
on the N-terminal fragments [residues 1-13 (C-peptide)16,17 and 
1-20 (S-peptide)18"21], which are capable of adopting nativelike 
helical conformations as isolated peptides under appropriate ex­
perimental conditions. However, experimental and theoretical 
studies in this fi.12.J3.22-27

 a s w e j | a s o t n e r laboratories28,29 have 
identified several additional sites besides the N-terminal helix that 
may form CFIS. 

We have recently provided experimental evidence for the 
presence of nativelike local interactions in an isolated proteolytic 
fragment of RNase A encompassing residues 50-79 (RNase 
M-peptide)30 (Figure 1). In this peptide, the formation of the 

(6) Matheson, R. R., Jr.; Scheraga, H. A. Macromolecules 1978, / / , 
819-829. 

(7) Rose, G. D. J. MoI. Biol. 1979, 134, 447-470. 
(8) Scheraga, H. A. In Protein Folding; Jaenicke, R., Ed.; Elsevier: Am­

sterdam, 1980; pp 261-288. 
(9) Kim, P. S.; Baldwin, R. L. Annu. Rev. Biochem. 1982, 51, 459-489. 
(10) Baldwin, R. L. Trends Biochem. Sci. 1986, / / , 6-9. 
(U)Udgaonkar, J. B.; Baldwin, R. L. Nature (London) 1988, 335, 

694-699. 
(12) Montelione, G. T.; Scheraga, H. A. Ace. Chem. Res. 1989,22, 70-76. 
(13) Montelione, G. T.; Arnold, E.; Meinwald, Y. C; Stimson, E. R.; 

Denton, J. B.; Huang, S. G.; Clardy, J.; Scheraga, H. A. / . Am. Chem. Soc. 
1984, 106, 7946-7958. 

(14) These early-forming local structures have also been referred to as 
"nuclei",3 "locally independently nucleating segments" (LINCS),5 "kernels",' 
or "seeds".10 

(15) Wright, P. E.; Dyson, H. J.; Lerner, R. A. Biochemistry 1988, 27, 
7167-7175. 

(16) Brown, J. E.; Klee, W. A. Biochemistry 1971, 10, 470-476. 
(17) Bierzynski, A.; Kim, P. S.; Baldwin, R. L. Proc. Natl. Acad. Sci. 

US.A. 1982, 79, 2470-2474. 
(18) Klee, W. A. Biochemistry 1968, 7, 2731-2736. 
(19) Silverman, D. N.; Kotelchuk, D.; Taylor, G. T.; Scheraga, H. A. Arch. 

Biochem. Biophys. 1972, 150, 757-766. 
(20) Kuwajima, K.; Baldwin, R. L. J. MoI. Biol. 1983, 169, 281-297; 

299-323. 
(21) Kim, P. S.; Baldwin, R. L. Nature (London) 1984, 307, 329-334. 
(22) Nemethy, G.; Scheraga, H. A. Proc. Natl. Acad. Sci. US.A. 1979, 

76, 6050-6054. 
(23) Chavez, L. G., Jr.; Scheraga, H. A. Biochemistry 1980, 19, 

1005-1012. 
(24) Chavez, L. G., Jr.; Scheraga, H. A. Biochemistry 1980,19,996-1004. 
(25) Pincus, M. R.; Gerewitz, F.; Wako, H.; Scheraga, H. A. J. Protein 

Chem. 1983, 2, 131-146. 
(26) Oka, M.; Montelione, G. T.; Scheraga, H. A. / . Am. Chem. Soc. 

1984, 106, 7959-7969. 
(27) Haas, E.; Montelione, G. T.; McWherter, C. A.; Scheraga, H. A. 

Biochemistry 1987, 26, 1672-1683. 
(28) Jim«nez, M. A.; Nieto, J. L.; Herranz, J.; Rico, M.; Santoro, J. FEBS 

Lett. 1987, 221, 320-324. 
(29) Jiminez, M. A.; Rico, M.; Herranz, J.; Santoro, J.; Nieto, J. L. Eur. 

J. Biochem. 1988, 175, 101-109. 

native eight-residue disulfide loop between Cys65 and Cys72 is 
favored over the nonnative one of equal ring size (Cys58-SS-Cys65) 
by AG0 = 1.1 kcal/mol (K = 5.9 ± 0.8),30 although no such 
preference should be expected based on simple statistical con­
siderations.31,32 In order to evaluate the importance of specific 
amino acid residues for the observed standard free energy dif­
ference between the two 8-residue disulfide loops, we have now 
studied the thermodynamic properties of three homologous 15-
residue peptides consisting of the minimum sequence for com­
petitive loop formation, viz., CH3CO-[RNase 58-72]-NHCH3. 
One of the peptides corresponds to the wild-type sequence, RNase 
A 58-72 (denoted as [58-72]KN), while the two others contain 
single amino acid substitutions at positions 66 (Lys -» GIn; denoted 
as [58-72]QN) and 67 (Asn — Ala; denoted as [58-72]KA), 
respectively. The choice of these particular substitutions was based 
on two observations: (i) Residues Lys66 and Asn67 are completely 
conserved in all mammalian pancreatic RNase A's that have been 
sequenced so far (39 species).34,35 (ii) In the crystalline protein,36 

residues Cys65-Lys66-Asn67-Gly68 form a type III 0-turn, this 
particular sequence having one of the highest /S-turn probabilities 
among all possible tetrapeptides, based on statistically derived 
conformational probability parameters for single amino acid 
residues.37,38 The formation of (3-turns (or chain reversals) has 
been proposed to play an important role in the initiation of protein 
folding;39 local interactions defining a turn structure in the se­
quence Cys65-Gly68 may therefore contribute significantly to the 
differential stability of the native and nonnative eight-residue 
disulfide isomers in the M-peptide. 

While the replacement of Lys66 by GIn serves primarily to 
evaluate the importance of a positively charged side chain in 
position 66, it should only slightly disfavor #-turn formation at 
residues 65-68.3^38 In contrast, substitution of Ala for Asn should 
result in a dramatic decrease in the /J-turn potential at this site;37,38 

if a /J-turn at Cys65-Lys66-Asn67-Gly68 were of significant im­
portance for the greater stability of the native loop, this drop in 
the /3-turn potential should be reflected in a change in the ther­
modynamic properties of this homologous peptide, i.e., in a de­
crease or even inversion of the standard free energy difference 
between the native and nonnative loops as compared to the 
wild-type sequence. 

Rationale of the Procedure. In order to study the effect of amino 
acid substitutions on the relative thermodynamic stabilities of the 
native and nonnative intramolecular eight-residue disulfide loops, 
the different peptides were each equilibrated with a mixture of 
2,2'-dithiobis(ethylamine) (cystamine) and /S-mercaptoethylamine 
(cysteamine) at pH 8.0 and 23 0C. Under these conditions, either 
of the loops is present as a mixture of three different species, 
depending on the state of the thiol group that does not participate 
in the intramolecular disulfide bond. Consequently, three equi­
librium constants that relate the native and nonnative disulfide 
loops may be defined as follows, where R is CH2CH2NH2: 

(30) Milburn, P. J.; Scheraga, H. A. J. Protein Chem. 1988, 7, 377-398. 
(31) Kauzmann, W. In Sulfur in Proteins; Benesch, R., Benesch, R. E., 

Boyer, P. D., Klotz, I. M., Middlebrook, W. R., Szent-Gyorgyi, A. G., 
Schwarz, D. R., Eds.; Academic Press: New York, 1959; pp 93-108. 

(32) Flory, P. J. J. Am. Chem. Soc. 1956, 78, 5222-5235. 
(33) Smyth, D. G.; Stein, W. H.; Moore, S. J. Biol. Chem. 1963, 238, 

227-234. 
(34) Blackburn, P.; Moore, S. In 7"Ae Enzymes, Boyer, P. D., Ed.; Aca­

demic Press: New York, 1982; Vol. XVb, pp 317-433. 
(35) Beintema, J. J.; Schuller, C; Irie, M.; Carsana, A. Prog. Biophys. 

MoI. Biol. 1988, 51, 165-192. 
(36) (a) Wlodawer, A.; Bott, R.; Sjolin, L. J. Biol. Chem. 1982, 257, 

1325-1332. (b) Wlodawer, A.; Sjolin, L. Biochemistry 1983, 22, 2720-2728. 
(c) Wlodawer, A.; Svensson, L. A.; Sjolin, L.; Gilliland, G. L. Biochemistry 
1988, 27, 2705-2717. 

(37) (a) Chou, P. Y.; Fasman, G. D. J. MoI. Biol. 1977, 115, 135-175. 
(b) Chou, P. Y.; Fasman, G. D. Adv. Enzymol. 1978, 47, 45-148. 

(38) Wilmot, C. M.; Thornton, J. M. J. MoI. Biol. 1988, 203, 221-232. 
(39) Lewis, P. N.; Momany, F. A.; Scheraga, H. A. Proc. Natl. Acad. Sci. 

US.A. 1971, 68, 2293-2297. 
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Ac—Cys^-Cys6—Cys7—NHMe 
I I I 
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, SSR 

[iff"] 
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Ac—Cy« — Cyj—Cys — NHMt 

I I I 
SSR S S 

H-GlnThr(But)AsnCys(SBu')-NHCH3 

1. FmOC-CyS(SBu1JLyS(BOC)ASnGIy-OH, DIC/HOBt 
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I 
S 
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H-CysfSBu'jLysfBOCJAsnGlyGlnThrfBu'lAsn CyS(SBu1J-NHCH3 

Cys'—NHMs (Z) 1. Fmoc-AsnValAla-OH, DIC/HOBt 

2. DMA/DMF 

U 

Ac—Cys — Cys—Cys-

1—1 I-
Ac—Cys —Cys—Cys—NHMe (3) 

I- l _ S 

Termination of the disulfide-exchange reactions was achieved by 
blocking the free thiol groups with 2-aminoethyl methanethio-
sulfonate (AEMTS),40 which converts all the species in eqs 2 and 
3 to disulfides of the same form (i.e., same R group) as the ones 
represented in eq 1. This facilitates the subsequent chromato­
graphic analysis, because a smaller number of oxidized peptides 
has to be separated. However, the experimentally determined 
apparent equilibrium constant 

(4) 

where [L^511I1, and [L^ R ] b are the concentrations of LJPR and 
L f̂R in the equilibrium mixture after blocking with AEMTS, does 
not a priori correspond to any of the equilibrium constants defined 
in eqs 1-3 because Kap of eq 4 is actually 

[ L f ] + [LgH] + [Lf] 

^exp = 

^CXp _ 

[ L f ] + [LgH] + [LSn] 

The equilibrium concentrations of Lf and L f are related to 
[Ln

811] and [Ln*R], respectively, by the equilibrium constants for 
the following reactions: 

Lf + RSSR ;==i Lf* + RS" 

Lfn + R S S R ^ b L f + RS-

(6) 

(7) 

In addition, [Ln
1"] and [LlJn

4] are related to [Lf] and [Lf] , re­
spectively, through the acid dissociation constants K1 of the thiol 
groups of Cys58 and Cys72: 

[ L f ] • [Lf] [H3O+] /*.[Cys5 8] 

[Lffl = [Lf][H30+]/K.[Cys7 2] 

By combining eqs 6-9, eq 5 can be rewritten as 

[RS-] / . . [H3O+] 

(8) 

(9) 

^exp = ^̂  

1 + 
1 

Kx [RSSR] V tf.[Cys»]/ 

,1 + 
1 [RS-] 

K2 [RSSR] 
fl + i^l). 
\ /yCys7 2] / 

(10) 

For very low values of the ratio [RS"]/[RSSR], K3** can therefore 
be approximated by Af̂ p. This is easily understood since, in the 
limiting case of high cystamine concentration, the species rep­
resented in eqs 2 and 3 will be populated only scarcely and, 
therefore, contribute very little to Ktxf as expressed by eq 4 or, 
equivalently, eq 5. 

K^*, however, does not represent solely the conformational 
energy difference between the native and nonnative eight-residue 
intramolecular disulfide loops, since the relative stabilities of L f 
and L f also depend on the free energy difference between the 

(40) Bruice, T. W.; Kenyon, G. L. /, Protein Chem. 1982, /, 47-58. 

H-AsnValAlaCys(SBu,)Lys(BOC)AsnGlyGlnThr(But)AsnCys(SBut)-NHCH3 

1. Ac-CyS(ACm)SeI-(BUt)GInLyS(BOC)-OH, DIC/HOBt 

2. TFA 

Ac-Cys(Acm)SerGlnLysAsnValAlaCys(SBut)LysAsnGlyGlnThrAsnCys(SBut)-NHCH3 

1. DTT, H2O, pH 7 

2. Hg(OOCCH3J2 

Ac-CysSerGlnLysAsnValAlaCysLysAsnGlyGlnThrAsnCys-NHCH3 

Figure 2. Schematic representation of the various fragment condensation 
steps in the final assembly of [58-72JKN. The syntheses of [58-72]QN 
and [58-72] KA followed analogous routes. 

mixed disulfides of cysteamine with Cys58 and Cys72, respectively. 
This is reflected in eq 11 

A88* = K?nKx'/K2' (11) 

where Kx' and K{ are the equilibrium constants for the reactions 

Lf1 + RSSR ; = : L f + RSH 

LfH + RSSR ;=± L f + RSH 

(12) 

(13) 

and are related to K1 and K1 through the Kt's of the corresponding 
Cys residues. However, since amino acid replacements in positions 
66 and 67 are highly unlikely to exert any effect on K1' and K2', 
any differences in K^9- for the three peptides would have to be 
attributed to a change in K?H and thus to a change in the intrinsic 
free energy differences between the native and nonnative disulfide 
loops. 

Experimental Section 
1. Peptide Synthesis. The three peptides were synthesized by classical 

solution procedures employing a strategy allowing for the final removal 
of all side-chain protecting groups under mild conditions. Thus, the 
e-NH2 group of Lys was protected with the acid-labile fert-butyloxy-
carbonyl (BOC) group and the hydroxyl functions of Thr and Ser were 
protected as terf-butyl (Bu') ethers. The rtvr-butylthio (SBu')41'42 (Cys65 

and Cys72) and the acetamidomethyl (Acm)43 group (Cys58) were used 
for the protection of the thiol group44 on Cys. Intermediates bearing no 
acid-labile side-chain protecting groups were synthesized by using the 
BOC group for N" protection, which was removed by treatment with 
HCl/ethyl acetate (AcOEt) or, alternatively, anhydrous trifluoroacetic 

(41) Weber, U.; Hartter, P. Hoppe-Seyler's Z. Physiol. Chem. 1970,351, 
1384-1388. 

(42) Wflnsch, E. In Houben-Weyl, Methoden der Organischen Chemie; 
Muller, E., Ed.; Georg Thieme Verlag: Stuttgart, 1974; Vol. XV/1, pp 
792-796. 

(43) Veber, D. F.; Milkowski, J. D.; Varga, S. L.; Denkewalter, R. G.; 
Hirschmann, R. /. Am. Chem. Soc. 1972, 94, 5456-5461. 

(44) The use of two different protecting groups for Cys in different frag­
ments results in an additional deprotection step at the end of the synthesis. 
The wild-type peptide as well as the Ala67 homologue, therefore, had been 
synthesized originally with SBu' protection exclusively; however, these peptides 
exhibited very unfavorable solubility properties, even after removal of the BOC 
and Bu' groups, thus preventing their efficient purification by RP-HPLC 
(which seemed highly desirable at this stage). In contrast, peptides bearing 
at least one Acm group showed a markedly increased water solubility, al­
though it proved to be more effective, in these cases, to carry out the SBu' 
deprotection before purification by preparative RP-HPLC. 
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Table I. Results of Amino Acid Analyses of Tryptic Digestion Products for the Various Oxidized Peptide Species Obtained in 
Disulfide-Exchange Equilibration Experiments with [58-72]KN"J' 

Asx 
GIx 
Ser 
GIy 
Thr 
Ala 
VaI 
Cys' 
Lys 

A I 
58-61 

0.95 (1) 
1.06(1) 

0.45 (1) 
0.99 (1) 

A l l 
62-72' 

2.76 (3) 
1.10(1) 

1.09(1) 
1.00(1) 
0.94 (1) 
1.09(1) 
1.38 (2) 
0.98 (1) 

B I 
58-61 

1.05 (1) 
1.06 (1) 

0.35 (1) 
0.99 (1) 

BI I 
67-72 

1.81 (2) 
1.03 (1) 

0.98 (1) 
1.08 (1) 

0.36(1) 

BIII 
62-66 

1.05(1) 

0.96 (1) 
1.02(1) 
0.37 (1) 
0.97 (1) 

C I 
62-66 

1.00(1) 

1.03 (1) 
1.03 (1) 
0.38 (1) 
0.95 (1) 

C I I 

58-61 67-72' 

1.87 (2) 
2.08 (2) 
1.04(1) 
1.09(1) 
0.98 (1) 

1.46 (2) 
0.95 (1) 

D I 
67-72 

1.83 (2) 
1.08 (1) 

1.04(1) 
1.04 (1) 

0.47 (1) 

D I I 
58-66' 

1.00(1) 
1.06(1) 
1.03 (1) 

0.95 (1) 
0.98 (1) 
1.69 (2) 
1.98(2) 

"Capital letters refer to the peak labeling in Figure 3; roman numerals indicate the order of elution of the various tryptic peptides from the 
RP-HPLC column. 'Arabic numerals indicate those parts of the amino acid sequence of [58-72]KN to which the various tryptic digestion products 
correspond. Theoretical values are given in parentheses. 'These fragments contain two different particles that are held together by a disulfide bond. 
''Cys values are not corrected for destruction during hydrolysis. 

acid (TFA). The base-labile /V"-9-fluorenylmethoxycarbonyl (Fmoc)45 

or the ./V-benzyloxycarbonyl (Z) group [removed with 15% dimethyl-
amine (DMA)/DMF or by catalytic hydrogenation, respectively] was 
employed in all other cases, depending on the presence or absence of Cys 
in the respective intermediates, since the removal of the Z group by 
catalytic hydrogenation in the presence of Cys can be accomplished only 
under special conditions.4* 

The general synthetic scheme is based on the synthesis of four pro­
tected fragments encompassing residues 58-61, 62-64,65-68, and 69-72, 
respectively, which were subsequently assembled in a stepwise fashion. 
The shorter fragments were generally synthesized by the dicyclohexyl-
carbodiimide/1-hydroxybenzotriazole (DCC/HOBt) procedure47 or the 
Ar-hydroxysuccinimide esters (OSu)48 of the suitably protected amino 
acids in cases where the C-terminus of the corresponding fragment was 
left unprotected. The /V-methylamide of BOC-Cys(SBu')-OH was pre­
pared by the mixed anhydride (MA) method,4' and acetylation of the 
N-terminal tetrapeptide methyl ester was accomplished by using N-
acetoxysuccinimide (AcOSu). Activation with diisopropylcarbodiimide 
(DIC)50ZHOBt was used for the condensation of fragments (Figure 2). 

Removal of the Lys, Thr, and Ser side-chain protecting groups from 
the fully assembled pentadecapeptides was achieved by treatment with 
anhydrous TFA. Subsequent cleavage of the SBu' groups from the 
corresponding Cys residues with dithiothreitol (DTT) proceeded without 
any problems. At this stage, the peptides were purified by preparative 
reverse-phase high-performance liquid chromatography (RP-HPLC). 
Removal of the Acm group(s) was accomplished by treatment with 
mercuric acetate [Hg(OAc)2] in aqueous acetic acid and subsequent 
treatment with a large excess of DTT followed by purification by prep­
arative RP-HPLC. The purity of the final products was established by 
analytical RP-HPLC, amino acid analysis, and FAB-MS. [58-72]KN: 
Amino acid analysis (AAA) (not corrected for losses during hydrolysis) 
Asx 2.95 (3), GIx 1.99 (2), Ser 0.90 (1), GIy 1.00 (1), Thr 1.00 (1), Ala 
1.01 (1), VaI 1.07 (1), Cys 2.19 (3), Lys 2.10 (2); FAB-MS, 1653.5 
(MH+)(MH+calcd for C63H109N23O23S31653.9). [58-72]QN: AAA, 
Asx 3.03 (3), GIx 3.08 (3), Ser 0.98 (1), GIy 1.08 (1), Thr 0.91 (1), Ala 
1.01 (1), VaI 1.05 (1), Cys 2.41 (3), Lys 0.93 (1); FAB-MS, 1652.7 
(MH+) (MH+ calcd for C62H105N23O24S3 1653.9). [58-72]KA: AAA, 
Asx 1.95 (2), GIx 1.98 (2), Ser 0.91 (1), GIy 1.02 (1), Thr 1.01 (1), Ala 
1.96 (2), VaI 1.06 (1), Cys 1.95 (3), Lys 2.11 (2); FAB-MS, 1609.3 
(MH+) (MH+ calcd for C62H108N22O22S3 1610.8). In every case, the 
material used for the equilibrium experiments was rechromatographed 
on a semipreparative RP-HPLC column immediately before use. The 
optical purity of the final products was established by enzymatic proce­
dures." In particular, the absence of D-AIa at position 64 and D-Lys 
at position 61 (non-Gly fragment condensation sites) could be demon­
strated explicitly by treatment with Leu-aminopeptidase (at the level of 
the 11-residue intermediates) and trypsin, respectively. 

(45) Carpino, L. A.; Han, G. Y. J. Org. Chem. 1972, 37, 3404-3409. 
(46) Felix, A. M.; JimJnez, M. H.; Mowles, T.; Meienhofer, J. Int. J. Pept. 

Protein Res. 1978, / / , 329-339. 
(47) K6nig, W.; Geiger, R. Chem. Ber. 1970, 103, 788-798. 
(48) Anderson, G. W.; Zimmerman, J. E.; Callahan, F. M. J. Am. Chem. 

Soc. 1964,5«, 1839-1842. 
(49) Meienhofer, J. In 7"Ae Peptides; Gross, E., Meienhofer, J., Eds.; 

Academic Press: New York, 1979; Vol. 1, pp 263-314. 
(50) Sheehan, J. C. Ann. N.Y. Acad. Sd. I960, 88, 665-668. 
(51) Jaeger, E. In Houben-Weyl, Methoden der Organischen Chemie; 

MOller, E., Ed.; Georg Thieme Verlag: Stuttgart, 1974; Vol. XV/2, pp 
687-698. 

2. Reverse-Phase High-Performance Liquid Chromatography. (RP-
HPLC). Analytical RP-HPLC was generally carried out on a Spectra 
Physics SP 8000 liquid chromatograph coupled to a Model 770 spec-
trophotometric detector (except for the quantitative analyses of the di-
sulfide-exchange equilibration mixtures). Various Waters Nova Pak C18 

columns (0.5 X 10 cm or 0.8 X 10 cm) were used in combination with 
a Waters RCM 100 radial compression module. Preparative-scale RP-
HPLC was carried out on a Rainin Dynamax Macro C18 column on the 
same instrument. Details of the chromatographic conditions for the 
analysis and purification of synthetic intermediates and the final products 
are given in the supplementary material. 

Quantitative analysis of the disulfide-exchange equilibration mixtures 
was carried out on a Spectra Physics SP 8800 liquid chromatograph using 
a custom-packed 0.8 X 10 cm Nova Pak C18 cartridge (Batch 1040 
packing material). Peaks were visualized with the disulfide detection 
system (DDS) described by Thannhauser et al.52 employing the modi­
fication introduced by Milburn et al.,53 which results in the destruction 
of the entire sample in the post-column derivatization process. Elution 
was achieved using linear gradients of 0.09% TFA/90% aqueous CH3CN 
(B) in 0.09% TFA/H 2 0 (A). The gradients were as follows (% A + % 
B = 100%): 7% B isocratic for 15 min, 7% B to 19% B in 90 min (i.e., 
19% B at t = 105 min) for [58-72]KN and [58-72]QN; 8% B isocratic 
for 15 min, 8% B to 20% B in 90 min for [58-72]KA. The flow rate was 
0.3 mL/min in all cases. 

Separations of disulfide-exchange equilibration mixtures without de­
struction of the sample (UV detection at 210 nm) were carried out on 
the same column using a linear gradient from 5% B to 20% B in 60 min 
at a flow rate of 0.8 mL/min. 

A gradient from 0% B to 20% B in 60 min at a flow rate of 0.8 
mL/min was employed in the analysis of the tryptic digestion mixtures. 

3. Disulfide-Exchange Equilibrations. The concentrations of com­
pounds containing free thiol groups were determined with Ellman's 
reagent;54 concentrations of disulfide-containing compounds were estab­
lished by the method of Thannhauser et al.55 Disulfide-exchange 
equilibration experiments (cf. also ref 30) were carried out under Ar at 
pH 8.0 (100 mM Tris-HCl, 1 mM EDTA buffer) at 23 ± 0.2 0 C for 3.5 
h. The solution (1 mL) was 4.2-7.2 jiM in peptide and the initial con­
centration of cystamine hydrochloride, [cystamine]0, was 4-11 mM; the 
ratio of [cystamine]0/[free SH] t0Ul was adjusted to between 50 and 200 
by addition of cysteamine. A 120-200-fold excess of AEMTS-HBr was 
used to quench the exchange reaction and the entire mixture (1.3 mL) 
was analyzed by RP-HPLC using the DDS. Oxidized peptides that were 
used as alternative starting points in the quantitative disulfide-exchange 
equilibration experiments were recovered from separations of equilibra­
tion mixtures without sample destruction. The experimental procedures 
for the identification of the various oxidized peptide species by means of 
their tryptic digestion patterns were essentially as described in ref 30. 

Results 
Figure 3 shows a typical chromatogram obtained after incu­

bation of [58-72]KN with an excess of cystamine at pH 8.0 and 
23 0C for 3.5 h and subsequent quenching with AEMTS. As can 

(52) Thannhauser, T. W.; McWherter, C. A.; Scheraga, H. A. Anal. 
Biochem. 1985, 149, 322-330. 

(53) Milburn, P. J.; Konishi, Y.; Meinwald, Y. C; Scheraga, H. A. J. Am. 
Chem. Soc. 1987, 109, 4486-4496. 

(54) Ellman, G. L. Arch. Biochem. Biophys. 1959, 82, 70-77. 
(55) Thannhauser, T. W.; Konishi, Y.; Scheraga, H. A. Anal. Biochem. 

1984, 138, 181-188. 
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Table II. Experimentally Observed Equilibrium Constants for 
Disulfide-Exchange Reactions at 23 0C and pH 8.0 

90 100 110 120 
Time (min) 

130 140 

Figure 3. RP-HPLC analysis of disulfide-exchange equilibration ex­
periments with [58-72]KN at 23 0C and pH 8.0 after quenching with 
AEMTS. The chromatogram was obtained with the disulfide detection 
system (DDS).52,S3 A, oxidized peptide species incorporating the native 
sulfide loop (Lf R); B, tris-AET derivative; C, oxidized peptide species 
incorporating a disulfide bond between Cys58 and Cys72; D, oxidized 
peptide species incorporating the nonnative eight-residue disulfide loop 
(LfR). 
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Figure 4. RP-HPLC traces of tryptic digests of A, peak A of Figure 3, 
and B, peak D of Figure 3. Peaks labeled with T were also present in 
the trypsin control. 

be seen, four major (A-D) and a few minor products were ob­
tained, one of which (B) was readily identified as tris-(2-
aminoethylthio)-[58-72]KN (tris-AET[58-72]KN) on the basis 
of chromatographic comparison with an authentic sample (pre­
pared by reacting fully reduced [58-72] KN with excess AEMTS). 
Assignment of the other major peaks was made on the basis of 
their tryptic digestion patterns, which are distinctly different for 
the three possible monomeric cyclic disulfides. 

The RP-HPLC chromatograms of the tryptic digests of peaks 
A and D (Figure 3) are depicted in Figure 4, parts A and B, 
respectively; the tryptic peptides were identified by amino acid 
analysis, and the results are summarized in Table I together with 
those obtained for tryptic peptides derived from peaks B and C 
(Figure 3). 

Since tryptic cleavage at Lys sites that are located within one 
of the eight-residue disulfide loops does not result in the formation 
of two separate peptides (because the tryptic fragments are still 
covalently connected by the disulfide bond), tryptic digestion of 

starting peptide" 
[58-72JKN; 3 SH 
[58-72]KN; LfR 

[58-72]QN; 3 SSR 
[58-72]QN; LfR 

[58-72]KA; 3 SH 
[58-72] KA; LfR 

3.61 ± 0.07c 

3.53 ±0.13 
2.97 ± 0.01 
3.05 ± 0.16 
4.46 ±0.13 
4.52 ±0.18 

'3 SH, fully reduced peptide; LfR, peptide incorporating the native 
eight-residue disulfide loop and the third thiol present as mixed di­
sulfide with cysteamine; 3 SSR, tris-AET derivative. * Average value 
and standard deviation for three independent experiments. 'Average 
value and standard deviation for four independent experiments. 

the oxidized peptide species embodying the native disulfide loop 
(Cys65-SS-Cys72) provides only two peptides comprising residues 
58-61 and 62-72, respectively. Analogously, the oxidized peptide 
species incorporating the nonnative disulfide loop (Cys58-SS-Cys65) 
gives rise to two peptides comprising residues 58-66 and 67-72, 
respectively. Therefore, peak A (Figure 3) could be readily 
identified as the native disulfide isomer, whereas peak D corre­
sponds to the species with a disulfide bond between Cys58 and 
Cys65. Similarly B and C were identified as tris-AET[58-72]KN 
and the isomer containing a disulfide bond between Cys58 and 
Cys72, which in the case of B confirmed the initial assignment. 

The chromatograms of the quenched disulfide-exchange 
equilibration mixtures of [58-72]QN and [58-72]KA were 
qualitatively very similar to the one shown in Figure 3; especially, 
the order of elution of the various oxidized species was the same 
in all three cases. It should be noted that the distinction between 
the three intramolecular disulfide isomers was less straightforward 
in the case of [58-72JQN than for [58-72]KN and [58-72]KA. 
Replacement of Lys66 removes one of the tryptic cleavage sites 
and, although the native disulfide isomer is easily recognized 
because of the formation of the tetrapeptide 58-61, cleavage at 
Lys61 does not result in any fragmentation for either of the two 
other isomers (Cys58-SS-Cys65 or Cys58-SS-Cys72). However, 
under more stringent conditions (higher trypsin concentration, 
longer reaction times) partial cleavage also occurs at Cys(AET) 
sites, which allowed unambiguous assignment of the two nonnative 
disulfide isomers. 

The results of the disulfide-exchange equilibration experiments 
are summarized in Table II. A^p refers to the ratio of peak areas 
(obtained with the DDS) of the native (Cys65-SS-Cys72) and 
nonnative (Cys58-SS-Cys65) disulfide isomers after quenching of 
the reaction with AEMTS, i.e., K n , = [L„SSR]b/[L^R]b (eq 4). 

It should be emphasized that, in all cases, the same values for 
^eip were obtained (within the experimental error) when the 
equilibrium was approached from different sides. This proves that 
Kap indeed reflects the different thermodynamic stabilities of the 
native and nonnative eight-residue disulfide species and is not due 
to a high kinetic barrier for the conversion of the native to the 
nonnative isomer. 

The same values for Kap (within the experimental error) were 
found when disulfide exchange was quenched by directly lowering 
the pH to 2, without blocking the free SH groups,53 which is a 
reasonable finding in view of the large excess of cystamine applied 
in the equilibration experiments (cf. section "Rationale of the 
Procedure") (data not shown). This confirms that the data 
presented in Table II are not dependent on the use of AEMTS 
as the blocking reagent. 

Discussion 
The data presented in Table II show that there is a clear 

preference for the formation of the native (Cys65-SS-Cys72) over 
the nonnative (Cys58-SS-Cys65) eight-residue disulfide loop in all 
cases, and only small differences (in terms of standard free energy) 
are observed between the three homologous peptides. The value 
of Kap obtained for the wild-type peptide is 3.58 ± 0.10 (AG0 

= -0.75 ± 0.02) (average value and standard deviation for seven 
independent experiments) and is thus somewhat lower than in the 
RNase M-peptide (5.9 ± 0.8).30 Since Kap corresponds closely 
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to A^SR as defined in eq 1, this difference does not necessarily 
reflect a change in the "conformational" equilibrium constant A?H 

(eq 2), but could be accounted for simply by a different ratio of 
K1'/K2' (eq 11) in [58-72]KN and the M-peptide, respectively. 
Although data obtained for the M-peptide30 suggest that K1

1IK2' 
may not be too different from unity, any interpretation of the 
difference in Kav between [58-72] KN and the M-peptide in terms 
of differences in local interactions would be highly speculative, 
since KZfK2' has not been determined for either peptide. We shall, 
therefore, focus on the comparison of [58-72] KN with the ho­
mologous peptides [58-72]QN and [58-72]KA, respectively, 
where the differences in Ka? clearly reflect the differences in the 
equilibrium constants K51* among the three peptides (cf. section 
"Rationale of the Procedure"). 

Despite the universal conservation of Lys and Asn in positions 
66 and 67, respectively, of the amino acid sequences of mammalian 
pancreatic ribonucleases,34,35 amino acid substitutions at these 
positions do not result in any dramatic change in the standard 
free energy difference between the native and the nonnative 
eight-residue disulfide isomers as compared to the wild-type 
peptide. Although [58-72JQN exhibits a slight decrease in Ka„ 
[Kap = 3.02 ±0.17; AG0 = -0.65 ± 0.03 kcal/mol (average and 
standard deviation of six independent experiments)], the result 
clearly indicates that the positively charged Lys side chain is not 
of primary importance for the preferential formation of the native 
disulfide loop, at least not under the conditions of ionic strength 
used in our experiments (which are those used by Konishi et al.56 

in a whole series of regeneration experiments with disulfide-re-
duced RNase A). It has been pointed out that Lys66 is somewhat 
close to the active site of the enzyme and may therefore be con­
served for catalytic reasons,34,57 although it is not usually invoked 
in the catalytic mechanism of RNA cleavage. 

Even more surprising, substitution of Ala for Asn67 leads to 
a 30% increase in Kaf [Kap = 4.49 ± 0.23; AG0 = -0.88 ± 0.03 
kcal/mol (average and standard deviation of six independent 
experiments)], instead of a marked shift in favor of the nonnative 
eight-residue disulfide isomer, as might have been expected for 
reasons discussed above. There are obviously two alternative initial 
conclusions that may be drawn from this finding: (i) Residues 
65-68 (in [58-72] KN) are not present in a /3-turn conformation 
to any significant extent to account for the free energy difference 
between the two eight-residue disulfide isomers. This also raises 
the question whether the protein conformation in this highly 
solvent-exposed region in solution is actually identical with the 
one in the crystal structure. However, recent NMR studies of 
RNase A in solution58 confirm the presence of a /8-turn at 
Cys^-Lys^-Asn^-Gly68. (ii) The /3-turn exists, but is not disturbed 
when Asn67 is replaced by Ala. This possibility seems quite 
unlikely, even given the limited reliability of Chou-Fasman-type 
conformational prediction parameters.59 The predicted decrease 
in the (3-turn potential is so significant that a destabilizing effect 
on the native eight-residue disulfide loop should be observed, if 
the turn contributed markedly to its thermodynamic stability. 

It should be noted, however, that, according to statistical 
analyses of protein crystal structures, the probability of occurrence 
of Ala in the second position (position i + 1) of a /3-turn is 
approximately twice as high as for occurrence in the third position 
(i + 2);37'38-60 this is in agreement with conformational energy 

(56) (a) Konishi, Y.; Ooi, T.; Scheraga, H. A. Biochemistry 1982, 21, 
4734-4740. (b) Konishi, Y.; Ooi, T.; Scheraga, H. A. Biochemistry 1981, 
20, 3945-3955. 

(57) Beintema, J. J. FEBS Lett. 1989, 254, 1-5. 
(58) Robertson, A. D.; Purisima, E. O.; Eastman, M. A.; Scheraga, H. A. 

Biochemistry 1989, 28, 5930-5938. 
(59) Kabsch, W.; Sander, C. FBBS Lett. 1983, 155, 179-182. 
(60) Kolaskar, A. S.; Ramabrahmam, V.; Soman, K. V. Int. J. Pept. 

Protein Res. 1980, 16, 1-11. 

calculations on X-AIa and AIa-X dipeptide units61 that consistently 
show a higher #-turn probability for AIa-X than for X-AIa se­
quences in positions i + 1 and i + 2. In addition, the latter 
calculations61 predict a high /3-turn potential for the Ala-Gly 
dipeptide, GIy also being by far the most frequently occurring 
amino acid at the i + 2 position of type II |8-turns.38 It is, therefore, 
conceivable that substitution of Ala for Asn67 could result in a 
shift of the location of the /3-turn in [58-72]KA to residues 
Lys^-Ala^-Gly^-Gln69, thus retaining a conformation where the 
closer proximity of Cys65 and Cys72 (as compared to Cys58 and 
Cys65) still favors formation of the native disulfide isomer. 

These ideas are compatible with conformational energy cal­
culations using ECEPP.62 These calculations indicate that the 
Cys65-SS-Cys72 eight-residue disulfide loop with Ala in position 
67 is significantly (~10 kcal/mol) more stable with a type II 
/3-turn at residues 66-69 than in the native conformation36 with 
a type IH turn at positions 65-68. We want to emphasize that 
these ideas (including the computational result) are not meant 
to offer a rationale for the observed (small) difference in values 
of AG" between [58-72]KN and [58-72]KA, but rather to try 
to rationalize the surprising finding of the absence of any sig­
nificant change in the equilibrium constant upon replacement of 
Asn67 with Ala. Alternatively, formation of a /3-turn at positions 
65-68 could also be an event subsequent to the formation of the 
disulfide bond between Cys65 and Cys72, whose preferential for­
mation could be determined by parameters that were not addressed 
in this study. 

Conclusions 
The results of the disulfide-exchange experiments on [58-

72] KN clearly demonstrate that local interactions exist in this 
peptide that suffice to favor the formation of the native disulfide 
bond between Cys65 and Cys72 significantly over the nonnative 
eight-residue disulfide isomer (using a reference state with the 
third Cys residue forming a mixed disulfide with cysteamine). 
None of the single amino acid substitutions (Lys66 - • GIn; Asn67 

-* Ala) investigated caused a major change in the standard free 
energy difference between the two isomers, although Lys66 and 
Asn67 are highly conserved in all ribonucleases from mammalian 
species. In the case of [58-72]KA, this may be attributed to a 
change in local interactions without significantly changing the 
stability of the native loop. 
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