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ABSTRACT: Peptide bonds interact so strongly with water that even a modest difference between the free 
energies of solvation of their cis and trans isomers could have a significant bearing on protein structure. 
However, proton magnetic resonance studies a t  high dilution in deuteriated solvents show that N- 
methylformamide exists as the cis isomer to the extent of 8% in water, 10.3% in chloroform, 8.8% in benzene, 
and 9.2% in cyclohexane. Integrated intensities of proton and carbon resonances show that N-methylacetamide 
exists as the cis isomer to the extent of only 1.5% in water, not changing much in nonpolar solvents. Quantum 
mechanical calculations using the 6-3 lG* * basis set reproduce these relative abundances with reasonable 
accuracy and show that there is little difference between the dipole moments of the cis and trans isomers, 
for either amide. The remarkable insensitivity .of &/trans equilibria to the solvent environment and the 
heavy preponderance of trans isomers regardless of the polarity of the surroundings (ca. 98.5% for N- 
methylacetamide, whose properties may resemble those of a typical peptide bond) accord with the over- 
whelming preference of peptide bonds for the trans configuration that is consistently observed in the 
three-dimensional structures of globular proteins. 

O /H 
+C-N' +C-N 

R' ' H R' ' R' 
%e peptide bond prefers to adopt either of two planar 0 R' 
configurations (Corey & Donohue, 1950), stabilized by res- 
onance to such an extent that their interconversion is slow on 
the NMR time scale at r c "  temperature (Drakenberg et al., 
1972). Both configurations have been observed in proteins, 

t rans (2) c i s  ( E )  

but the trans configuration appears to be much more common. 

bonds in carboxypeptidase A (Rees et ale, 1981). Steric dif- 
ficulties would arise if peptide bonds were to adopt the cis 
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configuration at many adjacent positions (Ramachandran & 
Mitra, 1976), but it has not been clear why isolated cis peptide 
bonds should be so rare. 

Earlier work has shown that free energies of interaction of 
amino acid side chains with solvent water are closely related 
to their relative tendencies to appear at the surfaces of proteins 
(Radzicka & Wolfenden, 1988), and solvation is one of several 
factors that might contribute to the difference in stability 
between cis and trans peptides. Dynamic vapor pressure 
measurements have shown that the peptide bond is among the 
most strongly solvated of uncharged functional groups that 
are found in biological systems (Wolfenden, 1976). The 
negative free energy of solvation of the peptide bond is so great 
that even a modest difference between cis and trans isomers 
could have a significant effect on protein structure. For ex- 
ample, if the trans configuration were associated with a longer 
and stronger dipole than the cis configuration, then the trans 
configuration would be expected to be relatively favored in 
water; conversely, the cis configuration might be relatively 
favored in less polar surroundings such as the interior of a 
globular protein. As a further consequence, other steric 
constraints, that might tend to force any particular peptide 
bond to adopt a cis or a trans configuration, might be expected 
to affect its thermodynamic tendency to seek a solvent-ac- 
cessible position in the overall structure of a protein. 

This possibility could be tested by examining the positions 
of cis/trans equilibrium of model peptides in a variety of 
solvents. Earlier efforts to measure the relative abundances 
of isomers, under various conditions, did not resolve this issue 
clearly [for a review, see Stewart and Liddall (1970)l. Liler 
(1972) concluded from proton magnetic resonance measure- 
ments that the rare cis isomer of N-methylacetamide was 
3-fold more abundant in water than in chloroform, whereas 
the rare cis isomer of N-methylformamide was substantially 
less abundant in water (7.7%) than in chloroform (11%). 
Using natural abundance I5N spectroscoy, Nakanishi and 
Roberts (1981) detected 8% of the cis isomer in neat N- 
methylformamide but did not observe detectable amounts of 
the cis isomer in neat N-methylacetamide. 

With the availability of instruments of greater sensitivity, 
it seemed desirable to extend these equilibrium measurements 
to solvents less polar than chloroform and to include solvents 
that are not capable of acting as hydrogen-bond donors. The 
results described below indicate that the position of cis/trans 
equilibrium of N-methylformamide is almost completely in- 
sensitive to the solvent environment. Thus, the abundance of 
the cis isomer does not increase even when the polarity of the 
surroundings is reduced severely, as in cyclohexane. Quantum 
mechanical calculations, using the 6-3 1G** basis set, repro- 
duce the observed abundances of the cis and trans isomers in 
the vapor phase with resonable accuracy and indicate that 
there is not much difference between their dipole moments. 

Materials. N-Methylformamide and N-methylacetamide 
were purchased from Aldrich Chemical Co. N-Methylform- 
amide was dried with molecular sieves, distilled, and frac- 
tionally frozen. N-Methylacetamide, after drying and redis- 
tillation, was purified by zone melting (Knecht, 1971). 
[13C]-N-Methylacetamide was synthesized by treating 
[13C]methylamine hydrochloride with acetic anhydride; after 
removal of substances boiling below 130 OC, the product was 
purified by ion-exchange chromatography on Bio-Rex MSZ- 
501D gel from Bio-Rad Laboratories, eluting with water. Each 
of these solutes was free of impurities that could be detected 
by proton or carbon magnetic resonance spectroscopy (see 

MATERIALS AND METHODS 

Table I: Chemical Shifts and Abundances of the Cis Isomers of 
N-Methylformamide and N-Methylacetamide in Various 
Solvents at 20 OC 

nucleus solvent solute IM) 6 (trans) 6 (cis) % cis” 

HCONHCH, D 2 0  
HCONHCH, D,O 
HCONHCH3 CDCl3 
HCONHCH, CDCI, 

HCONHCHp C6D6 
HCONHCH3 C6D12 
HCONHCH3 CbD12 

HCONHCH, C6D6 

. ,  . I 

N-Methylformamide 
0.050 2.74 Is) 
0.050 8.04 (s j  
0.025 2.75 (d) 
0.025 8.18 (s) 
0.025 2.37 (d) 
0.025 7.85 (s) 
0.025 2.71 (d) 
0.025 8.02 (s) 

~I 

2.88 (s) 

2.91 (d) 
8.02 (d) 
1.96 (d) 
7.54 (d) 
2.74 (d) 
7.87 (d) 

7.95 (s) 
8.0 f 0.2 
8.95 f 0.5 

10.5 f 0.1 
10.1 f 0.1 
8.7 f 0.1 
8.8 f 0.3 
9.25 f 0.2 
7.85 f 2.4 

N-Methylacetamide 
CH3CONH- D20 0.025 2.00 (s) 2.06 (s) 1.39 h 0.4 

CHICONH- DZO 0.025 2.69 (s) 2.74 (s) 1.88 f 0.4 

CHaCONH- D20 0.10 17.4 (s) 2.07 (s) 1.46 f 0.09 

CHjCONH- CDCl3 0.025 1.96 (s) 2.01 (s) 2.65 f 0.03 

CH3CONH- CDCl3 0.025 2.78 (d) 2.86 (d) 2.87 f 0.04 

CH3 

CH, 

13CH3 

CH3 

CH3 

CH3 

CH3 
‘Abundance of the cis isomer, relative to the total abundance of both 

isomers, estimated from integrated signal intensities at the resonances indi- 
cated. bAt this concentration, near the solubility limit in water, no signal 
could be observed from the cis isomer. The signal-to-noise ratio of these 
samples would have allowed the cis isomer to pass undetected if its relative 
abundance had been less than approximately 2%, so that this can be con- 
sidered an upper limit for its abundance. 

below). D20, CDC13, and C6Ds were purchased from Aldrich 
Chemical Co. C6D1, was purchased from MSD Isotopes. 

Methods. Proton and 13C magnetic resonance spectra were 
recorded with a Varian XLdOOFT spectrometer operating at 
20 OC. Proton chemical shifts, referred to solvent peaks, and 
I3C chemical shifts, referred to added 1,4-dioxan, are shown 
in Table I. The relative concentrations of the cis and trans 
isomers were calculated by comparing the integrated intensities 
of signals from the methylamine and carboxylic acid moieties 
as indicated in Table I. In each case, signals from the two 
isomers could be resolved completely with this instrument. 

RESULTS 
Concentrations of solutions, chemical shifts for the more 

abundant trans isomer, and the ratio of integrated intensities 
observed for the cis and trans isomers are given in Table I.  
At the concentrations indicated, there were no signs of ag- 
gregatation of these solutes in any of the solvents examined. 
However, when concentrations were elevated above 0.4 M in 
cyclohexane solution, new peaks began to appear, in accord 
with the known tendencies of these compounds to aggregate 
at high concentrations (Graham & Chang, 1971). In water, 
chloroform, and cyclohexane, proton spectra of N-methyl- 
formamide showed methyl resonances for the cis isomer that 
were shifted downfield from those for the trans isomer, whereas 
the resonance of the formyl proton of the cis isomer was sit- 
uated slightly upfield from that of the trans isomer, (Table 
I). In benzene, these differences were larger, and in this 
exceptional solvent, resonances of the cis methyl protons were 
shifted upfield from those of the trans isomer. 

With changes in solvent polarity, there was a striking ab- 
sence of significant variation in the cis/trans equilibrium of 
N-methylformamide. Values ranged from 8% in water to 
approximately 9% in cyclohexane. In the case of N-methyl- 
acetamide, the rarity of the cis isomer limited the accuracy 
with which its abundance could be determined. The abun- 

CH3CONH- C6D12 0.020 1.75 (s) b c2.0 

CH3CONH- C6D12 0.020 2.67 (d) b <2.0 
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dance we observed by 'H NMR for the cis isomer in water, 
1.576, was much lower than that reported by Liler (1972), 7%. 
We do not understand this discrepancy but believe that it may 
have arisen from the difficulty of removing small amounts of 
contaminating acetic acid from N-methylacetamide by simple 
vacuum distillation, the method of purification that was ap- 
parently used by Liler. Our material was further purified by 
zone melting and mixed-bed ion-exchange chromatography 
(see Methods) to remove the last traces of methylamine and 
acetic acid and contained no peak that might have corre- 
sponded to the substantial amounts of cis isomer reported by 
Liler. In the earlier work, overlapping of resonances from this 
material and the amide may have led to the overestimation 
of the cis isomer. 

Whereas our proton magnetic resonance results for N- 
methylacetamide showed appreciable experimental error, we 
were able to obtain a more definitive result by carbon magnetic 
resonance spectroscopy, using material 99% enriched with 13C 
at the N-methyl group (Table I). This material was found 
to contain 1.46 f 0.09% of the cis isomer in water, in good 
agreement with the average value obtained by proton magnetic 
resonance. In chloroform, the amount of cis isomer increased 
to 2.8%. No cis resonance could be observed in cyclohexane, 
but the signal-to-noise ratio placed limits on our ability to 
detect the cis isomer in this solvent, allowing us only to place 
an upper limit of approximately 2% on the amount of cis 
isomer that could have been present. Thus, the results for 
N-methylacetamide suggest greater variability in abundance 
of the cis isomer than was observed for N-methylformamide 
but that there should be no systematic increase or decrease 
with changing solvent polarity. 

Our quantum mechanical calculations used the 6-3 1G** 
basis set of the Gaussian 82 ab initio program (Binkley et al., 
1986) on a Cray XMP computer. This basis set places po- 
larization functions on all atoms, whereas a previous study 
(Fogarasi et al., 1979) used a less extensive ab initio basis set 
without polarization. Full geometry optimizations were per- 
formed for both N-methylformamide and N-methylacetamide 
in a number of starting configurations. The trans form was 
found to be lower in energy, by 1.073 kcal/mol for N- 
methylformamide and by 2.459 kcal/mol for N-methylacet- 
amide. In the absence of entropy effects, these energy sepa- 
rations would suggest that the cis isomer should be present 
to the extent of 13.7% in N-methylformamide and 1.45% in 
N-methylacetamide. These values are not very different from 
the experimental values we observe in several solvents (Table 
I) [Fogarasi et al. (1979) reported a trans preference of 2.0 
kcal/mol for N-methylformamide]. The resonable agreement 
observed here suggests that entropic contributions to the 
relative free energies of cis and trans isomers are minor. To 
evaluate these entropy contributions would require a full 
quantum mechanical calculation in solvent water, a task that 
cannot be undertaken reliably at present. 

Our computations indicate that in the low-energy forms of 
N-methylformamide, the N-methyl hydrogen atoms are or- 
iented gauche to the amide hydrogen. In the low energy forms 
of N-methylacetamide, the N-methyl group is oriented in such 
a way that one of its hydrogen atoms is eclipsed by the amide 
hydrogen atom, the other methyl group being eclipsed by the 
C=O bond. Apart from the methyl hydrogen atoms, both 
molecules were essentially planar. In the cis isomer of N- 
methylacetamide, there appears to be less steric hindrance than 
in the trans isomer, but this difference is somewhat less in 
N-methylformamide. Thus, the geometry changes in going 
from cis to trans were larger in the case of N-methylacetamide 

R A D Z I C K A  ET A L .  

Table 11: Bond Andes" for N-Methvlamides 
bond angle (deg) 

R trans <C-N-R' cis <C-N-R' 
CH3 121.37 127.33 
H 123.28 125.22 

bond angle (deg) 
R trans <C-N-H cis <C-N-H 

CH3 119.43 113.92 
H 117.75 115.52 

'Calculated for atoms as described in the text, with the chemical 
groups denoted in the structures shown in the text. 

than in the case of N-methylformamide, as indicated by the 
calculated bond angles in Table 11. 

Calculated dipole moments of minimum energy forms of 
N-methylformamide were 4.296 D for the cis isomer and 4.030 
D for the trans isomer. Dipole moments of minimum energy 
forms of N-methylacetamide were 4.213 D for the cis isomer 
and 4.032 D for the trans isomer. These small differences are 
in reasonable accord with the observed lack of a substantial 
solvent effect on the cis/trans equilibrium. In each case, the 
calculated dipole vector was oriented roughly parallel to the 
C - 0 vector. 

A personal communication from Drs. W. L. Jorgensen and 
J. Gao of Purdue University indicates that they have arrived 
at similar conclusions from ab initio molecular orbital calcu- 
lations and Monte Carlo statistical mechanics simulations. 

DISCUSSION 
The observed and calculated positions of peptide &/trans 

equilibria suggest that the strong preponderance of the trans 
configuration in the backbones of proteins is an intrinsic 
property of the peptide bond, independent of the polarity of 
the environment. This preference should be reflected not only 
in the structures of proteins but also in those of much smaller 
compounds with biological activities, such as neuropeptides. 
Thus, even in molecules as simple as dipeptides, 98-99% of 
the population can be expected to adopt the trans configura- 
tion. 

The small difference between the calculated dipole moments 
of the isomers agrees with our experimental finding that the 
cis/trans equilibrium of N-methylformamide is almost com- 
pletely insensitive to the solvent environment, changing by a 
factor of only 15% when N-methylformamide is transferred 
from water (dielectric constant 80.1) to cyclohexane (dielectric 
constant 2.0). Thus, although the total free energy of solvation 
of the peptide bond is approximately -10.0 kcal/mol (Wol- 
fenden, 1976, 1978), free energies of solvation of the cis and 
trans isomers appear to differ by less than 0.1 kcal/mol. As 
a consequence, the transfer of a peptide bond from the interior 
of a protein to an exposed position on its surface would not, 
in itself, be expected to change its intrinsic preference for the 
cis or trans configuration. Conversely, other factors that might 
force such a bond to adopt the cis or trans configuration would 
not be expected to influence its tendency to seek a buried or 
exposed condition. Similarly, natural and synthetic peptides 
should continue to exhibit a strong preference for the trans 
configuration when, as may often be the case, they are bound 
by receptors in a local environment less polar than water. 

These conclusions apply only to equilibria, in the alternative 
environments represented by dilute solution in water and in 
the nonpolar solvents of the kinds considered here. In a solvent 
or microenvironment capable of acting only as a donor, or only 
as an acceptor, of hydrogen bonds to the solute, the positions 
of &/trans equilibrium might change. Nor is the rate of 
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peptide isomerization expected to be insensitive to the polarity 
of the environment. Recently, a “prolyl isomerase” has been 
found to produce modest enhancements in the rate of cis-trans 
isomerization of proline imidic peptide bonds in oligopeptides 
and proteins (Lang et al., 1987). In the transition state for 
peptide isomerization, there is presumably a major loss of 
resonance stabilization and susceptibility to polar interactions. 
Indeed, Drakenberg et al. (1972) have demonstrated that 
peptide isomerization becomes much more rapid in nonpolar 
environments than in water. It seems likely that the catalytic 
effects of prolyl isomerase might be produced, at least in part, 
by withdrawal of the susceptible peptide bond from water into 
an active site of lower polarity. 
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ABSTRACT: Previous folding studies have shown that equilibrium denaturation of bovine growth hormone 
(bGH) is a multistate process with stable intermediates. The native and unfolded species are monomeric, 
but intermediates are both monomeric and associated. In this study, the relative insolubility of an associated 
intermediate is used to distinguish its presence in equilibrium denaturation and during kinetic refolding. 
To study the role of the associated intermediate in the refolding pathway, a two-step procedure for its detection 
was developed. The first step of this procedure is used to populate the associated intermediate, and the 
second step involves dilution to solvent conditions in which only the associated intermediate precipitates. 
The amount of precipitate is quantitated either directly by formation of turbidity or indirectly by quantitation 
of the remaining soluble protein. The results show that an associated species is transiently populated during 
folding, it is incorrectly folded, and it occurs due to specific interactions of monomeric folding intermediates 
at  moderate to high protein concentrations. This association of intermediates is a competing reaction that 
decreases the folding rate. The location of this competing reaction in the refolding pathway occurs after 
the formation of an early framework-type intermediate that contains considerable secondary structure but 
prior to the rate-limiting formation of the native tertiary structure. When refolding occurs in solutions that 
solubilize the associated intermediate, then native protein is obtained quantitatively. However, if refolding 
occurs in solutions that do not solubilize the associated intermediate, then most of the product results in 
an insoluble protein aggregate. The formation of precipitate that occurs upon refolding is inhibited by addition 
of fragments 96-133 or 109-133 that are derived from bGH. It is suggested that these fragments prevent 
precipitation by binding to the framework-type intermediate in a manner that prevents it from participating 
in the association reaction. The relationship of these results to general pathways of protein precipitation 
is discussed. 

x e  solubility of proteins in aqueous solutions is a physical 
property of fundamental biological importance. Solubility 
occurs when solute (protein) to solvent (water) interactions 
are more favorable than solute to solute interactions. Insol- 

ubility occurs when the solute to solute interactions are more 
favorable than the solvent interactions. Protein insolubility 
at the molecular level is poorly understood and frequently 
causes experimental difficulties for protein studies in general. 
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