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As a protein folds, many of its main-chain amide groups 
exchange hydrogen bonds with water for hydrogen bonds with 
other main-chain amides. The energetic contribution of this 
exchange to the folding and stability of proteins is unclear.' 
Theoretica1,z calorimetric,3 and spectroscopic4J studies indicate 
that amide-amide hydrogen bonds form readily in nonpolar media. 
In contrast, amide-amide hydrogen bonds form only at extremely 
high amideconcentrations in water.6 Extensive efforts' to evaluate 
the contribution of amideamide hydrogen bonds to the aqueous 
stability of a particular receptor-ligand complex ultimately failed 
to exclude contributions to binding from other forces.8 To assess 
the importance of amide-amide hydrogen bonds in protein folding 
and stability, we have determined the relative strength of amide- 
amide and amide-water hydrogen bonds. 

Our analyses were performed on the simple peptide Ac-Gly- 
[&b-13C]Pro-OMe (1) and the related amide [13C=O]Ac-Pro- 
OMe (2).9 In a previous study, the kinetic barrier to prolyl peptide 
bond isomerization of 1 was shown to depend on the ability of 
the solvent to donate a hydrogen bond to the amidic carbonyl 
group.'O Here, the effects of amide solvents and water on this 
same kinetic barrier were determined using inversion transfer 
13C NMR spectroscopy.'l Solvent effects on the amide I 
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Figure 1. Plots of AG* for isomerization of 1 vs Y of amide I vibrational 
mode of 2 in different solvents. The solvents (neat concentration, M; pK. 
in Me2S0, if known") were as follows: 0 ,  dioxane (1 1.7); A, N,N-di- 
methylformamide (1 3.0); gray m, N-methylpropionamide (10.7); gray 
A, N-ethylacetamide (10.8; 26.1); gray V, N-methylacetamide (13.1; 
25.9); gray 0, N-methylformamide (17.1); 0, formamide (25.2; 23.45); 
E(, water (55.5; 32). A cis to trans. B: trans tocis. Unweighted linear 
regression analysis gives slopes 4 . 0 2 2  * 0.003 (A) and 4 . 0 3 0  0.006 
(B). 
vibrational mode of 2 were determined using IR spectroscopy.12 
The amide solvents studied mimic amide groups found in 
proteins." 

1 2 

The relationship between the free energy of activation for the 
isomerization of 1 and the frequency of the amide I absorption 
band of 2 is shown in Figure 1. The amide I vibrational mode 
absorbs at lower frequencies with increasing strength of a hydrogen 
bond to the amide oxygen.14 Also, the rate of prolyl peptide bond 
isomerization is related inversely to the strength of hydrogen 
bonds formed to the amide oxygen.1° The axes in Figure 1 report 

(12) IR experiments were done on a Nicolet 5PC spwtyometer at 25 OC 
(except N-methylacetamide: 40 O C )  usinga ZnSecrystal. Samplescontained 
0.01 M 2 in neat solvent. The frequency of the amide I vibrational mode was 
determined to within 2 cm-1 and was not altered significantly by raising the 
temperature to 60 OC. The presence of I3C in 2 decreased the frequency of 
its amide I vibrational mode (by 41 cm-1 in dioxane; by 50 cm-1 in water) and 
thereby avoided overlap with amide solvents. 

(13) Amide solvents (Aldrich Chemical; St. Louis, MO) were distilled 
from either 4-A molecular iieves (fonnamides) or CaH2 (secondary amides). 
Acetamide, the simplest primary amide, was not studied due to its high melting 
point (82.3 "C). 8-Valerolactam, which has a relatively unhindered cis amide 
bond, was not studied because its amide I vibrational mode otwcured that of 
2. 

(14) Krimm, S.; Bandehr, J. Adu. Protein Chem. 1986.38, 181-364. 
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independent measures of the ability of a solvent to donate a 
hydrogen bond to an amide oxygen.15 

The data in Figure 1 show that water donates a strong hydrogen 
bond to an amidic carbonyl group. The analogous ability of 
secondary amide solvents, which resemble the main chain of 
proteins, to donate a hydrogen bond is dramatically less. The 
concentration of each solvent studied was > 10 M, which is likely 
to exceed the effective concentration of peptide bonds to one 
another, at least during the early stages of protein folding. The 
relative strength of hydrogen bonds observed here therefore 
suggests that amide-amide hydrogen bond formation alone is 
unlikely to drive protein folding.16 

The data in Figure 1 also show that formamide, which mimics 
the primary amide in the side chains of asparagine and glutamine 
residues, is a significantly better hydrogen bond donor than are 
any of the secondary amides studied, and it is almost as good as 
water." This result suggests that side-chain-mainchain hydrogen 
bonds can contribute more to protein stability than can main- 
chain-main-chain hydrogen bonds. This idea is consistent with 
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asparagine, glutamine, and glycine being preferred residues at 
the C-terminus of a-helices.l* There, an amide side chain can 
donate a hydrogen bond to a main-chain carbonyl group, and a 
glycine residue can maximize the exposure of a main-chain 
carbonyl group to solvent water.19 

What is the origin of the dramatic difference observed between 
the hydrogen bond donating abilities of secondary amides and 
formamide? An important contribution may arise from the 
effective concentration of donors, since an additional potential 
donor is always proximal to every hydrogen bond donated by 
formamide. Alternatively, the observed difference may result 
largely from steric constraints that restrict the number or geometry 
of hydrogen bonds donated by secondary amides, as has been 
proposed for large alcohols.k.2O Regardless of its origin, the 
observed difference in hydrogen bond donating abilities is likely 
to be manifested during protein folding and in folded proteins. 

Approximately '/,of the main-chain amides in globular proteins 
form hydrogen bonds with other main-chain amides.21 Although 
the formation of such intramolecular amide-amide hydrogen 
bonds in water can be exothermic,2* the results presented here 
and elsewhere6 indicate that amides form stronger intermolecular 
hydrogen bonds with water than with other amides. We conclude 
that main-chain-main-chain hydrogen bonds can form only in a 
cooperative prccess, which is likely to be facilitated by the 
hydrophobic collapse of the unfolded protein and the consequent 
shedding of water molecules from main-chain amides.1. We also 
suggest that the desolvation of individual main-chain amides 
diminishes the stability of folded proteins.1b.23 
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