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ABSTRACT: Nuclear magnetic resonance, infrared, and circular dichroism methods were used to study the confor- 
mational properties of N-acetyl-N'-ethylprolineamide (blocked Pro single residue), N-acetyl-N'-methylglycineam- 
ide (blocked Gly single residue), N-acetyl-N'-methylglycylprolineamide (blocked Gly-Pro), and N-acetyl-N'-meth- 
ylprolylglycineamide (blocked Pro-Gly) in various solvents. It was found that all four peptide molecules exist in solu- 
tion a t  29 "C as an ensemble of several conformations. In the blocked Pro single residue, the acetyl-Pro peptide bond 
was found to exist in both the cis and the trans forms, with hGotransdcis = 0.7 kcal/mol in CD2Cl2 and ~ 0 . 4  kcal/mol 
in DMSO a t  29 "C. In the trans form, the hydrogen-bonded conformation (C7eq, with $pro = 80") and nonhydrogen- 
bonded conformations (with $pro being unidentified) coexist. The blocked Gly single residue was found to exist as 
a flexible molecule, with the C7 and other conformations present; no cis-trans isomerism was observed. Blocked Gly- 
Pro showed cis-trans isomerism about the Gly-Pro peptide bond with AGotrans-cis 0.7 kcal/mol in DMSO and -1.5 
kcal/mol in CDZC12 at 29 "C. The Gly residue in blocked Gly-Pro was found to exist, to a large extent, in the fully ex- 
tended (C5J structure, with the Pro residue in Gly-Pro assuming the C7eq conformation as well as other (nonhydro- 
gen-bonded) conformations. No evidence for large amounts of /3 bend was detected in Gly-Pro. The temperature de- 
pendence of the NMR and CD data of blocked Gly-Pro in water was found to be similar to that of poly(G1y-Pro), indi- 
cating that the conformational properties of the polymer can be attributed to local interactions (Le., those within the 
dipeptide unit). The predominant conformations of blocked Pro-Gly were found to contain a 4 4 1  hydrogen bond; 
the molecules also showed restricted segmental motion of the Gly residue. These observations indicate the presence 
of /3 bends (along with other conformations). The experimentally determined properties of the four peptide mole- 
cules were compared with those determined from previous theoretical studies using empirical conformational energy 
calculations and, with some exceptions, were found to be in good agreement. 

The hypothesis has been p r e ~ e n t e d ~ . ~  that the conforma- 
tion of a given sequence of amino acids in a protein is deter- 
mined largely, but not exclusively, by intra-residue interac- 
tions. If this hypothesis is correct, a short sequence of amino 
acid residues in a globular protein should exist in a confor- 
mation similar to one or more of the stable structures of the 
same amino acid sequence in an oligomer in solution. This is 
the basis for using random copolymers for determining the 
tendency of single amino acid residues to adopt the a-helical 
conformation5 and for studying short peptides to determine 
their tendency toward formation of chain reversal (bend) 
conformations in pr0teins.6-l~ In this paper, we examine oli- 
gopeptides (specifically, blocked single residues and blocked 
dipeptides) containing proline and glycine. The a-amino and 
a-carboxyl groups are blocked to eliminate charge effects and 
to simulate the environment of the polypeptide chain. Earlier 
studiesl4-l6 have treated unblocked oligopeptides of proline 

and glycine, where the peptide molecules are ionizable. The 
proline and glycine residues are of interest in protein structure 
because they are found frequently in /%bend conformations, 
Pro-Gly having a high propensity for forming a bend but 
Gly-Pro having a very low 0ne.13J7J8 Proline is of special in- 
terest because cis conformations have been observed in pep- 
tide bonds preceding Pro in small mole~ules~~-~6J9-25 and in 
proteins.26 

The purposes of this paper are to employ proton nuclear 
magnetic resonance (NMR), infrared (IR), and circular di- 
chroism (CD) methods to: (a) determine the preferred con- 
formations (including possible cis and trans peptide forms) 
of the N-acetyl-N'-ethylamide of Pro and the N-acety1-N'- 
methylamides of Gly, Gly-Pro, and Pro-Gly; (b) compare the 
calculated structures of the N-acetyl-"-methylamides of 
Gly,27 Pro,27 G l y - P r ~ , ~ ~ t ~ ~  and P ~ o - G l y ~ ~ , ~ ~  with those ob- 
served experimentally; (c) determine the influence of solvent 
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Table I 
NMR Data for Blocked Oligopeptides 

Chemcial shift, d ppm 

Peptide Solvent Temp, 'C N H G ~ ~  CaHpro CaH~iy  CH$O NHCH3" NHCH3' 
Pro 

GlY 

Gly-Pro 

Pro-Gly 

CD2C12 -21 

29 

DMSO-d6 29 
64 

CDzClz 
DMSO-d6 

_ _  

29 

67 

CDzClz -23 

29 

DMSO-d6 29 

64 

CDzClz -51 
29 

7.98 (t) 
7.76 (t) 

7.96 (t) 

7.67 (t) 

6.7" 

6.4" 

8.20 (t) 

8.02 (t) 

7.93 (t) 
7.02" 

4.15 (d) 
4.24 (d) 
4.17 (d) 

1.79 (s) 
1.94 (s) 
1.94 (s) 

4.39 (d) 2.07 ( s i  
4.23 (4) 1.97 (s) 

2.04 (s) 4.41 (d) 
4.19 (4) 1.95 (s) 6.57 (t) 

1.84 (s) 3.56 (d) 
1.84 (s) 3.56 (d) 

Too insoluble for NMR experiments 
4.37 (4) 3.88 (d) 1.86 (s) 
4.22 (d) 3.75 (d) 
4.26 (t)' 3.84 (d) 1.85 (s) 

-4.33 (q) -3.76 (d) 
4.22 (d) 3.78 (q) 1.80 (s) 
4.02 (4) 3.55 (4) 
4.41 (d) 3.95 (d) 1.97 (s) 
4.22 (4) 3.78 (q) 1.69 ( s i  
4.28 (9) 3.57 (d) 2.00 ( s ) ~  
4.13 (t) 
4.20 (t) 3.59 (d) 1.99 (s) 

4.18 (ti 3.72 (q) 2.09 (s) 
4.24 (ti 3.78 (p) 2.07 (s) 
3.95 (q) 1.89 (s) 

7.64 (t) 
7.94 (t) 
7.78 (t) 
7.50 (t) 
7.19 (t) 

6.93 (t) 
1.10 (t) 
7.65 (9) 
7.43 (9) 

7.74 (9) 

7.50 (9) 

6.7' 

6.4" 

7.78 (9) 
7.52 (4) 
7.69 (4) 
7.43 (4) 
7.59 (9) 
7.02c 

0.97 (t) 
0.99 (t) 
0.98 

1.07 (t) 
1.10 (t) 
1.07 (t) 

2.56 (d) 
2.56 (d) 

2.54 (d) 
2.60 (d) 
2.55 (d)' 

-2.59 (di 
2.50 (d) 
2.58 (d) 
2.76 (d) 
2.70 (d) 
2.55 (d) 
2.48 (d) 
2.58 (d) 

2.67 (ti 
2.69 (d) 
2.73 (d) 

0 In the proline single residue, this column refers to the NHCHzCH3 proton. In the proline single residue, this column refers to  
the NHCHzCH3 protons. This resonance partially overlaps with the other resonance indicated. This broad acetyl resonance (90 
MHz) was shown to contain an upfield component (separated by 0.04 ppm) in the resolution enhanced correlation spectra obtained 
with a 250-MHz NMR spectrometer. 

on the conformational properties of oligopeptides; and (d) 
determine the influence of local and long-range interactions 
on proline-containing oligo- and polypeptides. 

Methods 
A description of the syntheses and experimental methods 

is given in the Appendix. 
Conformational Energy Calculations. The nomencla- 

ture, conventions, definitions, and methods of conformational 
energy calculations are those used earlier.27-30 Rotations about 
the peptide bond between the N-terminal acetyl group 
("residue" 1) and the first full residue (residue 2) are described 
by w l ;  rotations about the peptide bond following the first full 
residue are described by w2; those following the second residue 
by w3; and so on. Values of w near 0" and 180' are referred to 
as cis and trans, respectively. 

An energy contour diagram was drawn for $ ~ l , ,  vs. $pro in 
blocked Pro-Gly by calculating the total conformational en- 
ergy at  5" intervals over the range 0' I $pro I 180' and -180' 
I # ~ l ~  I 180' and then, by interpolation, determining lines 
of constant energy at  0.5-kcal/mol increments above the global 
minimum. 

Results and  Discussion 
NMR spectra were determined for N-acetyl-N'-ethylpro- 

lineamide (blocked Pro), N-acetyl-N'-methylglycineamide 
(blocked Gly), and the N-acetyl-N'-methylamides of Gly-Pro 
and Pro-Gly, primarily in the deuterated solvents dimethyl 
sulfoxide (DMSO-&) and methylene chloride (CD&12), at  
various temperatures. Some representative NMR results are 
shown in Table I. 

The assignments of the resonances were made by comparing 
the spectra obtained here to published s p e ~ t r a ~ ~ - ~ ~ , ~ ~ , ~ ~  for 
the same amino acid residues in similar solvents and by use 

of coupling patterns, area ratios, and decoupling experi- 
ments. 

Cis-trans isomerism about the X-Pro peptide bond 
in blocked Pro, blocked Gly-Pro, and blocked Pro-Gly was 
detected and measured quantitatively by the presence of, 
and the relative areas under, the doubled proton reso- 
n a n c e ~ , ~ ~ - ~ ~ , ~ ~ , ~ ~  particularly the Pro CaH and the Gly CaH 
or the end group CH3CO resonances. Other doubled proton 
resonances also were used. For example, in Figure 1, the cis- 
trans ratio a t  29 "C was determined by measuring the relative 
areas under the doubled NH resonance, where the upfield 
component was assigned to the trans form in DMSO-d6 and 
the downfield component was assigned to the trans form in 
CD2C12. No doubling of resonances, and hence no cis-trans 
isomerism, was detected in blocked Gly. Table I1 gives the 
percent cis and the free energy difference between cis and 
trans, AGotrans-cis, for the peptide molecules in various sol- 
vents at 29 'C. Table I1 also contains the values of AGotrms-cis 
as determined by conformational energy c a l c ~ l a t i o n s . ~ ~ - ~ ~  

It is assumed, based on prior experimentallg and theoreti- 
c a P  results, that the proportion of cis isomer of the peptide 
group following the proline ring is vanishingly small. 
N-Acetyl-N'-ethylprolineamide. Cis-Trans Isomerism. 

The coalescence of the CH&O resonance and of the CaH 
resonance as the temperature is raised from 29 to =64 "C in 
DMSO-& (see Table I) indicates, according to the method of 
Shanan-Atidi and Bar-Eli,31 that the energy barrier between 
the cis and trans forms in the Pro single residue is approxi- 
mately 18 kcal/mol, in agreement with cis-trans barriers in 
small peptides estimated p r e v i o ~ s l y . ~ ~ ~ ~ ~ ~ ~ ~  Although the 
CH3CO and CaH resonances coalesce as the temperature is 
raised from 29 to 64 'C, the NHCHpCH3 resonance is still 
doubled at  64 "C because the initial difference (at 29 'C) in 
chemical shift between the two NH peaks is larger than that 
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Figure 1.  The NH region of the 90-MHz 'H NMR spectrum of N- 
acetyl-N'-ethylprolineamide in dimethyl sulfoxidede (DMSO) and 
methylene chloride at the temperatures indicated. The chemical shifts 
are given in ppm with respect to the internal standard TMS. Spectra 
at different temperatures were obtained at different amplifica- 
tions. 

between the two CH3CO or CaH peaks. An estimate of the 
cis-trans barrier cannot be obtained in CD2C12 because of its 
low boiling point (40 "C), well below the expected coalescence 
temperature. 

Upon lowering the temperature to -21 "C in CD2C12, the 
resonances of the CHZCO and CaH protons remain doubled, 
suggesting that both cis and trans are still present. The 
amount of cis (25%) is approximately the same at  -21 "C as 
it was at  29 "C. Because the energy harrier between the cis and 
trans forms is high (18-20 kcal/mol), it is unlikely that the two 
forms are in equilibrium at  the lower temperature, as was 
assumed at  29 "C, but rather that the relative amounts of the 
cis and trans forms are "frozen" into the approximate amounts 
found at  29 "C. Therefore, the value of AGotrans+cis a t  -21 "C 
cannot he estimated. 

At -21 "C in CD2C12, the NHCH2CH:j resonance is no 
longer doubled (see Figure 1). The NH group is shielded from 
the solvent, presumably because of hydrogen bonding, when 
the acetyl-Pro peptide bond is trans but not when the peptide 
bond is cis, giving rise to a reduced temperature coefficient 
of -5.1 X ppm/deg for the trans form, compared with 
-8.9 X ppm/deg for the cis form. Therefore, as the 
temperature is lowered, the peak corresponding to the cis form 
moves downfield at  a greater rate than that of the trans form, 
until the two coalesce. It should be noted that the temperature 
coefficients evidently are not constant over the entire tem- 
perature range; otherwise, complete coalescence would not 
he expected to occur until about -70 "C. 

The CD spectra of N-acetyl-N'-ethylprolineamide in water 
and dioxane (Figure 2) are similar to published spectra for 
N-acetyl-N'-methylprolineamide19~z~~23 in the same or related 
solvents. (Unfortunately, CD data cannot be obtained in 
DMSO nor in CD2C12 because these solvents absorb in the 
important wavelength region below 250 nm.) The fact that the 
temperature dependence is small supports the conclusion that 
there exists a statistical ensemble of conformations in water, 
and the crossover point near 213 nm (Le., a point a t  which the 
ellipticities are equal for different temperatures) indicates the 
presence of cis-trans isomerism; see the discussion on Gly-Pro 

Table I1 
Cis-Trans Isomerism in Peptide Bonds Preceding Proline 

in Blocked Oligopeptides 

Peptideo Solvent (exptUb Exptlb CalcdC 
% cis AGOtrans-cis, kcdm01 

Pro DMSO 
Dioxane 

Dz0 
CDpClz 

Gly-Pro DMSO 
DzO 
MeOD 
CDpClp 

Pro-Clyd DMSO 
CD2C12 

33 
29 
25 
24 

25 
19 
17 
9 

22 
<10 

0.4 
0.5 
0.7 
0.7 

0.7 
0.9 
1.0 
1.5 

0.8 
>1.5 

1.87 

1.87 

The peptides are N-acetyl-N'-ethylprolineamide (listed as 
Pro), N-acetyl-N'-methylglycylprolineamide (Gly-Pro), and 
N-acetyl-N'-methylprolylglycineamide (Pro-Gly). The calcula- 
tion on blocked Pro was performed on the N-acetyl-N'-rnethyl- 
amide. Experiments were carried out at 29 "C. Calculations 
were carried out using T = 300 K. See ref 28 and 29. d The relative 
amount of cis in blocked Pro-Gly was not calc~lated.~9 

1 

I 80  2 0 0  2 2 0  240 260 
W a v e l e n g t h ,  nrn 

Figure 2. CD spectra of N-acetyl-N'-ethylprolineamide in dioxane 
a t  22 and 51 " C  (2.2 X 
M). These curves were independent of concentration over a tenfold 
range in these solvents; the values of concentration, quoted here, are 
the upper limit of this concentration range. The circle on the spectra 
in water shows the location of a crossover point. The curves in dioxane 
do not cross. 

M) and in water at 5 and 75 " C  (6.3 X 

below. Although there is no crossover point for the Pro single 
residue in dioxane (Figure 2), it  is still likely (based on NMR 
data) that  cis-trans isomerism also occurs in this solvent. 

The C7eq Conformation. Theoretical work27-29!32 suggests 
several possible values of $pro for trans peptide groups. One 
of these, $pro = 80", yields a C7eq conformation (Figure 3A) 
in which the NH proton of the peptide group following the 
proline ring, i.e., the NHCH2CH3 proton in N-acetyl-N'- 
ethylprolineamide, is hydrogen bonded to the carbonyl oxygen 
of the peptide group preceding the proline ring, Le., the 
CH3CO oxygen of the N-acetyl blocking group. Other possible 
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Figure 3. Stereo diagrams of several minimum-energy conformations of N-acetyl-N'-ethylprolineamide. Cis and trans refer to conformations 
involving w1 (which describes rotations about the acetyl-proline peptide bond); 01 = 180' is trans and ~ 1 %  0' is cis. (A) A trans C7eq conformation 
with ( w 1 , $ 2 ,  $2, w p )  = 178O, -75", 79', 180'); (B) a trans conformation with dihedral angles ( w l ,  $2, $2, 02) = 180°, -75", 159', 180'); (C) a 
cis conformation for (w1,42, $2, w2) = (-5', -75', -48', 180'); and (D) a cis conformation with ( w l ,  $2, $2, w 2 )  = (-4', -75', 162', 180'). 

conformations arising from rotation about the Ca-C' bond 
are25-27,32 +pro = -50' and =160° (Figure 3B). These cannot 
involve an intramolecular hydrogen bond and, therefore, are 
distinguishable from +pro = 80' by NMR and IR spectroscopy, 
which can detect hydrogen bonding. In fact, the NMR and IR 
data do suggest conformational isomerism involving + of the 
Pro single residue. In DMSO a t  29 O C ,  for example, the NH 
proton gives rise to a doubled resonance (Figure l), presum- 
ably from the cis-trans isomerism involving w1. The two NH 
peaks behave differently as the temperature is varied, the one 
from the cis conformation at  6 7.94 a t  29 "C (see Figure 1) 
having a temperature coefficient of -5.3 X ppm/deg and 
the one from the trans conformation at  6 7.64 a t  29 O C  a tem- 
perature coefficient of -4.6 X ppm/deg. We now make 
the admittedly simplistic assumptions that hydrogen-bonded 

and nonhydrogen-bonded NH groups have temperature 
coefficients33 of -2 X 10-3 and -6 X 10-3 ppm/deg, respec- 
tively, and that the amount of hydrogen-bond character can 
be determined from the observed temperature coefficient by 
a linear interpolation between these values. Of course, a re- 
duced temperature coefficient also can arise because of 
shielding from the solvent without the presence of a hydrogen 
bond, but, with peptides of these small sizes in which shielding 
of protons most likely would result from hydrogen bonding, 
we will assume that a reduced temperature coefficient implies 
the presence of hydrogen-bonded conformations. The ob- 
served -4.6 X ppm/deg, therefore, suggests roughly 35% 
hydrogen-bond character for the NH group following Pro 
when w1 = 180' (trans), presumably arising from the C7eq 

conformation (Figure 3A), corresponding to +pro = 80'. Since 
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Figure 4. Stereo diagram of N-acetyl-N'-methylglycineamide showing a C P  conformation and hydrogen bond (dashed line). The dihedral 
angles of Gly in this conformation are (4, $) = (-83", 76'). 

the C p  hydrogen bond leaves the NH proton onlypartially 
shielded from the solvent, the actual occurrence of the C7eq 
conformation may be somewhat higher than 35%. Although 
the temperature coefficient is -5.3 X ppm/deg for the 
NH group following Pro when w1 = 0" (cis), the cis confor- 
mation cannot have a hydrogen-bonded NH group for steric 
reasons. The partial hydrogen-bond character of the 
NHCHzCH3 proton in the trans isomer implies the presence 
also of nonhydrogen-bonded structures, in which $pro must 
differ from 80" (presumably,27-29%32 with $pro = -50 and 160"). 
This indicates that isomerism involving $pro takes place. 

The existence of a hydrogen bond in the blocked Pro single 
residue is indicated further by its IR spectrum in DMSO (not 
shown here). A weak NH band a t  3280 cm-l and a band a t  
1650 cm-l in the amide I region, a t  -25 "C, suggest the pres- 
ence of a hydrogen bond, with bands at  3450 and 1685 cm-l 
arising from nonhydrogen-bonded conformations. Other 
possible interpretations of the existence of two bands in the 
amide I region are that the amide and imide groups give rise 
to different bands or that the cis and trans forms cause sepa- 
rate IR bands. However, because of the evidence for hydrogen 
bonding from other regions of the IR spectrum and from NMR 
temperature coefficients, we favor the assignment of the two 
bands in the amide I region to hydrogen-bonded and nonhy- 
drogen-bonded conformations, not only for blocked Pro in 
DMSO but also for blocked Pro in CD2C12 and for other 
peptides in these two solvents (see below). 

The Cfq conformation of the Pro single residue also appears 
to be present in CD2C12. The NMR spectrum in Figure 1 dis- 
plays an NHCH2CH3 doubled resonance arising from the 
cis-trans isomerism, with a temperature coefficient of -5.1 
X ppm/deg for the peaks which, at 29 
"C, appear at  6 6.93 and 6.57, respectively. Unfortunately, the 
percent hydrogen-bond character of the NH protons cannot 
be estimated from these data since temperature coefficients 
in CD2C12 have not been related quantitatively to hydrogen 
bonding, as is the case in DMSO, but it is clear that the peak 
at b 6.93 a t  29 "C, which must correspond to the trans isomer 
(because the cis form cannot form a hydrogen bond), has a 
significantly reduced temperature coefficient indicative of 
partial hydrogen-bond character. 

The IR spectrum a t  -25 "C in CD2C12 (not shown here) 
shows the major NH band a t  3435 cm-l, characteristic of a 
nonhydrogen-bonded NH, and the minor (broader) band at 
3313 cm-l characteristic of a hydrogen-bonded group. The 
hydrogen bond also gives rise to a band at  1635 cm-l near the 
(nonhydrogen-bonded) amide I band a t  1672 cm-l. These 
IR results are very similar to those for N-acetyl-N'-methyl- 
p r ~ l i n e a m i d e ~ ~  in CD2C12 and to those for N-acetyl-"- 
e thylpr~l ineamide ,~~,~e  with the exception that the 3446-cm-l 
NH absorbance reported by A ~ i g n o n ~ ~  could be removed here 
by column chromatography (on Fluorosil) as N-methyl- 
acetamide, an impurity which arises during synthesis. The 
data, which imply the presence of a hydrogen bond, therefore 
suggest that  the C7eq conformation is present in CD2C12. 

Comparison with Calculations. The following compari- 
sons can be made between these experimental results and 
previously published conformational energy cal~ulations.~7 
Although the experiments were carried out on N-acetyl- 

and of -8.9 X 

N'-ethylprolineamide while the calculations were performed 
on N-acetyl-N'-methylprolineamide, we assume that the 
differences between the ethyl and methyl end groups are 
negligible with respect to the conformational properties of the 
proline residue. 

(1) The free energy difference, AGotrans+c,s, for isomerism 
about a peptide bond can be determined using data on mini- 
mum energy conformations (i.e., those in ref 27) and 
employing the method described in an earlier paper.2s The 
peptide group preceding the pyrrolidine ring in N-acetyl- 
N'-methylpr~lineamide~~ is calculated to be 4.2% cis, which 
corresponds to AGotrans-cls = 1.87 kcal/mol at  T = 300 K 
(Table 11). The experimental values of AGOtrans-cls given in 
Table II for N-acetyl-N'-ethylprolineamide are =0.7 kcalimol 
in CD2C12 and e0.4 kcal/mol in DMSO. It  was concluded from 
the calculations2s that AGotrans-cls of N-substituted peptides 
should decrease as the dielectric constant increases, since 
electrostatic repulsions destabilize the cis form. Hence, it is 
not unexpected that the calculated value of hGotrans-c,s, de- 
termined with an effective dielectric constant of 4,30 is higher 
than the experimentally determined value in CDzCl2 (di- 
electric constant of 8.93 a t  25 "C), which is, in turn, higher 
than that in DMSO (dielectric constant of 46.68 at  25 "C). 
Hydrogen-bonded and nonhydrogen-bonded trans confor- 
mations are depicted in Figures 3A and 3B, respectively, and 
two different (nonhydrogen-bonded) cis conformations are 
shown in Figures 3C and 3D. 

(2) An important similarity between the experimental and 
theoretical results is the presence of several stable confor- 
mations. Theory and experiment, therefore, show that the 
solution properties of Pro are a result of an ensemble of low- 
energy structures, not just one stable structure. Several con- 
formations which may exist in solution are shown in Figure 
3. 

(3) The calculations and the experiments qualitatively agree 
that the Cieq conformation is one of the major low-energy 
structures (Figure 3A) of the Pro single residue. 
N-Acetyl-N'-methylglycineamide. The C, conforma- 

tion. In DMSO, the temperature coefficients for the NH and 
NHCH3 protons in blocked Gly (Table I) are -6.1 X and 
-4.9 X ppm/deg, respectively, suggesting that the 
NHCH3 (but not the Gly NH) proton has partial (= 28%) 
hydrogen-bond character. This implies the presence of the CT 
conformation. [The C p  conformation (shown in Figure 4) and 
its mirror image (in blocked Gly), the C7ax conformation, are 
equally probable. Unless otherwise specified, the term C7 re- 
fers both to C7eq and to C7aX in blocked Gly but only to Cfq 
in blocked Pro since CvaX (4, $ 80, -80") cannot exist be- 
cause the proline ring fixes 4 at ca. -75O.I Even though the Gly 
NH resonance does not show a lowered temperature coeffi- 
cient, it is still possible that a significant amount of C5 con- 
formation is present, since the C5 hydrogen bond is very 
nonlinear and its donor (NH) proton is quite exposed to the 
solvent. 

The IR spectrum of blocked Gly in DMSO at 25 "C also 
indicates the presence of a hydrogen bond and hence the 
presence of the C7 and/or C5 conformation. A small shoulder 
at  3250 cm-1 on a strong, broad band centered a t  about 3440 
cm-l is interpreted as arising from a hydrogen-bonded NH 
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Figure 5. Infrared spectra of N-acetyl-N'-methylglycineamide, 
A (in CC14, at -25 "C), and B (sublimed onto a KBr plate, and mea- 
sured a t  -25 "C). 

group. The hydrogen bonding is evidently weak, however, 
since no shoulder is observed on the amide I band in the 
1650-1685-crn-' region nor on the amide I1 band in the 
1500-1550-~m-~ region. 

Although Gly is not sufficiently soluble in most nonpolar 
solvents to determine its NMR spectrum, its IR spectrum in 
CCld had been determined by Avignon and H u o i ~ g . ~ ~  In an 
attempt to reproduce their work, we found their bands at  3461 
and 3412 cm-'; however, we could not detect the reported3, 
band at  3360 cm-I (Figure 5A). A study of the origin of this 
discrepancy has revealed3* that the 3360-cm-1 band is due to 
impurities resulting from decomposition of the peptide in 
CC4. The IR spectrum of blocked Gly in the solid state is 
shown in Figure 5B and has bands a t  3293 and 1642 cm-l 
characteristic of hydrogen-bonded peptide groups. These 
hydrogen bonds, however, may be inter- rather than intra- 
molecular and therefore tell us nothing about the conforma- 
tion of the Gly residue. We have made no further effort to 
verify the existence of the C7 conformation in nonpolar sol- 
vents. 

Other Conformations. There are two pieces of evidence 
which indicate that other conformations, besides the C,, are 
present in solutions of the blocked Gly single residue. First, 
the coupling constant JC~H-NH for blocked Gly in DMSO is 
4.2 Hz, which corresponds (according to Bystrov et  a1.39) to 
( @  ) I /*  = B O 0 ,  where the brackets indicate an average. If the 
C7 structure (with +, $ = r80, f80") were the only confor- 
mation present in solution, the measured coupling constant 
would be consistent with 4 = d o " ,  Le., ( +2 ) lI2 = 80". Other 
conformations, therefore, must be present to yield the ob- 
served ( c $ ~ ) ~ / ~  = 180". The second piece of evidence for the 
presence of conformations other than the C7 is that  the 
NHCH3 proton is only partially hydrogen bonded (as men- 
tioned above), and therefore, some conformations not con- 
taining a (C,) hydrogen bond also must be present. It is not 
possible to determine directly from the experimental data the 
values of 4 and $ in the nonhydrogen-bonded structures, but, 
as will be seen in the following paragraph, the experimental 
data are consistent with the calculated low-energy mini- 
1118.27 

Comparison with Calculations. Calculations on the Gly 
single residuez7 suggest that (a) no appreciable cis-trans 
isomerism can take place,28 (b) Gly is very flexible, as indi- 
cated by the relatively flat conformational energy map,27 (c) 
the C7 conformation contributes significantly to the ensemble 
of conf~rrna t ions ,~~ and (d) from the energies and dihedral 
angles a t  the minima we obtain a Boltzmann average value of 
( N 160'. All of these theoretical results are consistent 
with the experimental data presented in this paper. (The 
calculated and experimental values of ( I $ ~ )  agree within 
experimental error.) Although the C5 conformation (fully 
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Figure 6. Temperature dependence of the ratio of peak areas for the 
resonances from the NHCH3 protons of N-acetyl-N'-methylglycyl- 
prolineamide in four solvents. 

extended) is calculated to be the conformation of lowest free 
energy,27 we do not expect to be able to detect the Cg hydrogen 
bond from a lowering of the NMR temperature coefficient of 
the Gly NH proton since the proton would still be somewhat 
exposed to the solvent, and we obtain a calculated fraction of 
the C5 conformation of only 21%. On the other hand, the 
combined fraction for the two C7 conformations (C7eq and 
Cyax, which are mirror images in blocked Gly) is slightly 
higher, 27%, and the NH proton is shielded more from the 
solvent. The experimental results, therefore, are consistent 
with the interpretation that both the C, and the C5 (as well 
as other conformations) are present in solution. 
N-Acetyl-N'-methylglycylprolineamide. Cis-Trans 

Isomerism. Figure 6 shows a plot of the relative area of the 
smaller peak with respect to the total area of the two peaks of 
the doubled NHCH3 resonance in blocked Gly-Pro as a 
function of temperature. Over most of the temperature range 
(see below), the doubling of the NHCH3 resonance can be 
attributed to cis-trans isomerism, since the relative areas 
under the Pro C'H or Gly C'H peaks, which we use in Table 
I1 to measure the percent cis form, are approximately the same 
as the relative areas under the NHCH3 peaks, in all these 
solvents and at  temperatures greater than -15 O C .  

In DMSO and in DzO, the upfield peak is the trans isomer,21 
and we assume that the upfield peak (which is the larger of the 
two) is the trans form in MeOD at  temperatures above -15 
"C. In these polar solvents, the proportion of cis isomer in- 
creases with increasing temperature in the range above -15 
"C. Evidently, the higher temperatures allow increased pop- 
ulation of the higher energy cis form. Below -15 "C in MeOD, 
and over the entire temperature range in CD2C12, the relative 
area of the smaller peak increases with decreasing tempera- 
ture. (DMSO and D20, of course, freeze at  these low temper- 
atures.) We do not understand the origin of this inverted 
temperature dependence at  low temperatures. One possible 
interpretation is that, in the higher temperature range, the 
cis and trans forms are in equilibrium, since the barrier to 
rotation about the peptide bond can be surmounted. Cis-trans 
isomerism dominates the resonance of the NHCH3 protons 
of the molecule a t  these high temperatures, although rotations 
about other bonds take place, e.g., variation of $ ~ i ~ ,  $pro. 
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Figure 7. CD spectra of N-acetyl-N'-methylglycylprolineamide (3.6 
X M) in H20 a t  4 and 71 "C. The dashed curve is the difference 
spectrum between the 4 and 71 "C spectra obtained by subtracting 
one spectrum from the other. No concentration dependence was ob- 
served for [SI. The circle shows the location of a crossover point. 

At low temperatures, on the other hand, variations of 02 cease, 
because the 18-20-kcal/mol barrier is too high, and the con- 
formational isomers are no longer in equilibrium. Rotations 
about the other backbone bonds, however, have much smaller 
barriers and dominate the resonance of the NHCH3 protons 
a t  the low temperatures, giving rise to the observed inverse 
temperature dependence. I t  is not clear, however, what par- 
ticular conformations other than the cis and trans isomer 
would give rise to the doubled NHCH3 resonances at  low 
temperatures. 

Another possible explanation may be that, since high di- 
electric constants favor the cis form, and since the dielectric 
constants of MeOD and CDZC12 increase with decreasing 
temperature, the amount of cis also increases with decreasing 
temperature in the range below -15 "C. This interpretation 
suffers from the fact that rotation about the Gly-Pro peptide 
bond is unlikely a t  very low temperatures because of the high 
cis-trans energy barrier. It also should be noted that we did 
not check for aggregation in these experiments. Further study 
may be required to explain the results of Figure 6 more 

The presence of both cis and trans forms of Gly-Pro in DzO 
is indicated not only by the doubling of NMR peaks but also 
indirectly by the CD spectra shown in Figure 7. The observed 
temperature dependencelg and the crossover point21~40~41 near 
216 nm (indicated in Figure 7 by the circle) are characteristic 
of an ensemble of structures which undergo isomerism be- 
tween two states, the cis and trans forms, in water. 

Other Conformations. Both the Gly N H  and NHCH3 
resonances exhibit reduced temperature coefficients of their 
chemical shifts in DMSO (-4.3 X 
ppm/deg, respectively), which suggests that both N H  protons 
have partial hydrogen-bond character. The only possible in- 
tramolecular hydrogen bonds are those of the Cb (fully ex- 
tended) conformation in Gly, of the Cveq conformation in Pro, 
or of a bend conformation with a 4-1 hydrogen bond. Since 
the best interpretation of Figure 6 indicates that several 
conformations are present in solution (see discussion in pre- 
ceding section), at  this point it appears that all three of these 
structures contribute to the average conformational properties 
(however, see below). Of course, the fact that the N H  protons 
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Figure 8. Plot of the ellipticity (0) a t  the minimum, [8]197, and the 
percent of cis isomer, as determined from NMR (o), as a function of 
temperature in water for N-acetyl-N'-methylglycylprolineamide. The 
solid line is the best fit to the circles and squares. The dashed line 
represents the NMR data of TorchiaZ1 for poly(G1y-Pro) of molecular 
weight 13 200 in HzO-CH~COOH (99.5:0.5). 

show only moderately reduced temperature coefficients likely 
means that other nonhydrogen-bonded conformations also 
exist in DMSO. 

The IR spectra of blocked Gly-Pro at  25 "C in DMSO and 
in CD2Clz verify the existence of hydrogen-bonded NH pro- 
tons. In DMSO, there is a strong broad NH band centered at  
3300 cm-l, indicating a hydrogen bond, with another broad 
NH band (nonhydrogen-bonded) near 3450 cm-I. [The other 
IR bands in DMSO are not as definitive, the amide I band 
occurring (unresolved) between 1610 and 1650 cm-l and the 
amide I1 band appearing at  1540 cm-l.] In CDzC12, blocked 
Gly-Pro gives rise to a spectrum which also shows NH hy- 
drogen bonding. Two strong NH bands occur at  3440 and 3410 
cm-l, with a weak broad shoulder at  -3340 cm-l arising from 
a hydrogen-bonded NH group. The shoulder at  1645 cm-I on 
the strong amide I band at  1670 cm-l also suggests the pres- 
ence of some hydrogen bonding. These IR results are consis- 
tent with the interpretation derived from the NMR temper- 
ature coefficients that the Gly NH and the NHCH3 protons 
are involved in some hydrogen bonding, which arises from the 
C5 conformations in the Gly residue and from the C7eq con- 
formation in the Pro residue or a 4-1 hydrogen bond in 
Gly-Pro, and that other (nonhydrogen-bonded) structures also 
exist. 

Comparison with Poly(G1y-Pro). In Figure 8, the ellip- 
ticity at  the 197-nm minimum, [ellg7, in the CD spectrum of 
the blocked dipeptide Gly-Pro in water is plotted against 
temperature. The proportion of cis isomer present under these 
conditions (determined by NMR) is also plotted and, by 
suitable alignment of scales, may be seen to fall on the same 
straight (solid) line. The dashed line in Figure 8 shows a plot 
of the proportion of cis isomer for poly(G1y-Pro) in water- 
acetic acid (99.5:0.5), reported by Torchia.21 Considering the 
slight difference in solvents, the agreement between the solid 
and dashed lines is excellent and strongly suggests that cis- 
trans isomerism in the polypeptide is determined mainly by 
local interactions, Le., within a dipeptide moiety, and not by 
long-range interactions. 

The NMR and CD data of poly(G1y-Pro) correlate with 
those of blocked Gly-Pro but not, as we shall see later, with 
those of blocked Pro-Gly. This is because, as has been found 
in many s t ~ d i e s , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3  the conformational space of Gly 
is severely restricted by a proline residue which follows it, as 
in blocked Gly-Pro and in poly(G1y-Pro), but not by the 
proline residue which precedes it, as in blocked Pro-Gly. 
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Figure 9. Stereo diagrams of N-acetyl-N'-methylglycylprolineamide. Cis and trans refer to conformations with w1 1 0' and =180°, respectively. 
(A )  A cis conformation with dihedral angles (WI, 42, $2, up, 43, $ 3 , 0 3 )  = ( B O O ,  180°, 1 7 8 O ,  - 2 O ,  - 7 5 O ,  163", 180'). (B) A trans conformation 
with dihedral angles (WI, $2, $2, up, 43, $ 3 , 4  = (180°, 17B0, 1 7 5 O ,  1 7 7 O ,  - 7 5 O ,  7 9 O ,  1 8 0 O ) .  

Therefore, the conformation of the Gly residue in blocked 
Pro-Gly does not correspond to that in blocked Gly-Pro or 
poly(G1y-Pro). This means that, while the similarity in the CD 
and NMR behavior of blocked Gly-Pro and poly(G1y-Pro) is 
evidence for the dominance of local interactions over long- 
range interactions, the lack of similarity between the CD and 
NMR spectra of blocked Pro-Gly and poly(G1y-Pro) means 
that the local interactions also dominate over short-range 
interactions (the latter being those within the individual 
amino acid residues), since there are inter-residue interactions 
between Pro and Gly in the Gly-Pro sequence. Thus, even 
though poly(G1y-Pro) and poly(Pro-Gly) are different des- 
ignations of the same polymer, the conformational behavior 
of Gly in this polymer is dominated by the proline residue 
which follows it. 

I t  should be noted that there is no quantitative agreement 
between the cis-trans isomerism of H-Gly-Pro-OH and that 
of poly(G1y-Pro) since the charged end groups in the un- 
blocked dipeptide play an important role in determining the 
cis-trans ratio.l4-16 

Comparison with Calculations. The following compari- 
sons can be made between the conclusions derived from the 
experimental results given above and the theoretical results 
reported earlier.28 

(1) The quantitative agreement in the experimental and the 
calculated values of the proportion of cis isomer is good. In our 
least polar solvent CDzC12, AGot,,,,-,i, = 1.5 kcal/mol, 
compared with the calculated value of AGotrans-.cis = 1.87 
kcal/mol (for an effective dielectric constant of 430). As dis- 
cussed above in the section on the Pro single residue, the 
theoretical work28 suggests that the proportion of cis isomer 
should increase with increasing dielectric constant. This 
general trend (except for the anomalous behavior in DzO) is 
observed experimentally in Figure 6, where the relative area 
under the small peak of the NHCH3 doubled resonance at  
temperatures above -15 "C is ascribed to the cis isomer. Of 
course, other solvent effects are also present, since the cis 
content in water is lower than that in DMSO, even though the 
dielectric constant of water is higher. An example of a Gly-Pro 
conformation with a cis peptide bond is shown in Figure 
9A. 

(2) As with the single residues, the dipeptide Gly-Pro exists 
in several conformations in solution, in agreement with the 
conformational energy  calculation^.^^^^^ Two of the possible 
conformations, consistent with the experimental and theo- 
retical results, are shown in Figure 9. 

(3) The experimental results suggest that the Gly residue 
in Gly-Pro occurs to some degree in the Cg conformation. This 
is in agreement with the predictedz9 57% occurrence of C5 in 
Gly of Gly-Pro. (As discussed above, the amount of C5 con- 
formation in the blocked Gly single residue is below the level 
of experimental detection, consistent with the predicted29 
percent occurrence of only 27%). It should be noted that both 
low-energy conformations in Figure 9 show Gly in a C5 con- 
formation. Recent  report^^^,^^ on the X-ray structure o f t -  
BOC-Gly-L-Pro-OH also indicate that the Gly residue pre- 
ceding Pro exists in the extended (C,) conformation. 

(4) The calculationsz9 show that Pro in blocked Gly-Pro 
should exist in a C p  conformation with a mole fraction of 
about 0.55. This is compatible with the experimental data 
which indicate the existence of a hydrogen-bonded NHCH3 
group. The calculated global minimum-energy conformation 
of blocked Gly-Pro is the trans form depicted in Figure 9B and 
shows that both NH groups are hydrogen bonded. 

(5) The experimental data are not compatible with the ex- 
istence of large amounts of the 4-1 hydrogen bond nor of 
significant amounts of P-bend structure in blocked Gly-Pro, 
because (a) the formation of a 4-1 hydrogen bond is incom- 
patible with the existence of a Cs conformation that is ob- 
served in the Gly residue (and the amount of nonhydrogen- 
bonded Gly NH is less than 50%), and (b) the CD spectrum 
for blocked Gly-Pro in water (Figure 7) is not that expected 
for a dipeptide with significant amount of bend structure (cf. 
Pro-Gly results below). We can conclude, therefore, that 
blocked Gly-Pro has a low propensity for formation of /3 bends, 
in agreement with the observed low fraction of occurrence of 
bends in Gly-Pro sequences in globular proteins13 and with 
the calculations.13~z~~29 

(6) A comparison of the experimental results on blocked 
Gly-Pro with those on poly(Gly-Pro)21 indicates that cis-trans 
isomerism is determined primarily by local rather than 
long-range interactions. This conclusion is in agreement with 
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Figure 10. The NH region of the 90-MHz 'H NMR spectrum of 
N-acetyl-N'-methylprolylglycineamide in DMSO-& at 29 "C. The 
chemical shifts are given in ppm, with respect to the internal standard 
TMS. 

earlier calculations from this laboratory28 but in disagreement 
with those of T0nelli.~6 
N-Acetyl-N'-methylprolylglycineamide. The 4-1 

Hydrogen Bond. The temperature coefficients for the dou- 
bled resonance of the NHCH3 (amide) proton in DMSO (see 
Table I and peaks I and I1 in Figure 10) on the upfield and 
downfield side, respectively, are -3.0 X 
ppm/deg. If we assume again that a nonhydrogen-bonded 
proton gives a temperature coefficient of -6 X ppm/deg, 
and a completely hydrogen-bonded proton (well shielded from 
the solvent) gives a temperature coefficient of -2 X 
ppm/deg, then both resonances from the NHCHB proton show 
partial (75 and 68%, respectively) hydrogen-bond character. 
This can be interpreted to indicate that each of the two reso- 
nances is a result of several conformations, some hydrogen 
bonded and some not. 

The IR spectrum of Pro-Gly in DMSO verifies the presence 
of both hydrogen-bonded and nonhydrogen-bonded NH 
groups. A band at  3250 cm-1 arises from a hydrogen-bonded 
NH. This hydrogen-bonded NH group must be the NHCH3 
group and not the Gly NH group of Pro-Gly since the latter 
amide hydrogen shows an NMR temperature coefficient in 
DMSO of -5.6 X ppm/deg, indicating little or no hy- 
drogen-bond character. 

The NHCH3 group in CH3CO-Pro-Gly-NHCH3 can hy- 
drogen bond either with the carbonyl oxygen of the CHsCO 
end group (a 4-1 hydrogen bond) or with the carbonyl oxygen 
of the Pro C'=O group (in which the Gly residue is in a C7 
conformation). Since both peaks of the doubled NHCH3 
resonance have reduced temperature coefficients, suggesting 
two types of hydrogen bonds, we interpret the NMR data as 
indicating the presence of several conformations, some having 
a Ci hydrogen bond (the Gly residue being in the C7 confor- 
mation) and some having a 4-1 hydrogen bond. The inter- 
pretation that a 4-1 hydrogen bond exists in blocked Pro-Gly 
is consistent with those of Urry and co -~orke r s ,6~7~1~  Kopple 
et al.,8 and Wuthrich et aL47 in other peptides having a 
-Pro-Gly- sequence. 

A 4 4 1  hydrogen bond can occur only in a bend conforma- 
tion (although many bends can and do O C C U ~ ~ ~ , ~ ~  with no 4-1 
hydrogen bond). Therefore, bends play an important role 
among the stable conformations of blocked Pro-Gly. The data 
obtained in this study do not allow us to determine the par- 
ticular types of bends present in solution, but the data do 
eliminate certain bend types. The type V bend29 (involving 
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Figure 11. Infrared spectra of N-acetyl-N'-methylprolylglycineamide 
in CDzCl2 a t  -25 "C and 1.3 X M. These curves were indepen- 
dent of concentration in the range of 4 X to 4 X M. 
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Figure 12. CD spectra of N-acetyl-N'-methylprolylglycineamide (8.8 
X M) in H20 a t  6 and 50 "C. The dashed curve represents the 
CD spectrum (1.1 X M) in trifluoroethanol a t  5 "C. 

a C7eq conformation for Pro), and others in which the Pro 
residue is in a C7eq conformation, do not seem to occur ap- 
preciably in DMSO, since the NMR temperature coefficient 
of the Gly N H  proton is -5.6 X 10-3 ppm/deg, indicative of 
a proton with little or no hydrogen-bond character. Of course, 
bend types 1', 11', 111', and V' (see Table I of ref 29 for defini- 
tions) cannot occur in Pro-Gly due to the restricted rotation 
about the N-Ca bond of Pro because of the pyrrolidine ring. 
The experimental data do not distinguish between bend types 
I, 11,111, IV, and VII, and it is likely that several, if not all, of 
these bend types occur. 

The bend probability Pb, i.e., the probability or mole frac- 
tion of Pro-Gly occurring in a bend conformation, cannot be 
determined quantitatively from the present work, but the 
NMR experiments suggest that Pro-Gly favors bend confor- 
mations over nonbends, and hence Pb > 0.50. This is indicated 
by the following observation. The '2'1 value of the Gly CaH 
protons is 0.7 f 0.1 s in Pro-Gly compared with 0.9 f 0.1 s in 
Gly-Pro and 0.91 s in t r i g l ~ c i n e . ~ ~  The reduced value of 2'1 
indicates that the segmental motion of the Gly residue in 
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Figure 13. Conformational energy contour map for $ ~ l ~  vs. $pro in 
N-acetyl-N'-methylprolylglycineamide. Other dihedral angles were 
fixed at  ( w l ,  62, w2, $3, us) = (180°, -75", 180", 7 7 O ,  1 8 0 O ) .  The labeled 
points represent (A) a type V bend (AI3 = 0.0 kcalhol) ;  (B) the 
minimum-energy position of the conformation of lowest free energy 
(AE = 0.10 kcalhol) ,  a type I1 bend; and (C) the position of a type 
I1 bend having an i + 3 to i hydrogen bond (see Figure 14). The labels 
on the contour lines refer to total conformational energy in kca lho l  
above the global minimum a t  point A. 

blocked Pro-Gly is more restricted compared to that of the Gly 
residue in other oligopeptides. This restricted motion may be 
due to a high bend probability since the position of the CnH 
relative to the rest of the molecule is approximately the same 
in all the bend conformations. I t  should be noted that the 
semilog plots of eq 1 (given in the Appendix) are not linear for 
large T (T > 3T1), possibly implying that more than one con- 
formation is present, each having a different 2'1, consistent 

with the interpretation that several bend types are stable in 
DMSO. 

The experimental data for blocked Pro-Gly in solvents 
other than DMSO, such as CD2C12 and water, are more diffi- 
cult to interpret, since the temperature coefficients in these 
other solvents have not been characterized and documented 
as extensively. Nevertheless, we can see some similarities 
between the conformational properties of blocked Pro-Gly in 
DMSO and those in other solvents. For example, the IR 
spectrum of blocked Pro-Gly in CD2C12, as shown in Figure 
11, indicates a high degree of hydrogen bonding. The NH 
bands occur at 3440 and 3340 cm-l, the amide I bands at  1670 
apd 1625 cm-', and the amide I1 bands at 1505 and 1540 cm-'; 
in each pair, the latter band arises from hydrogen-bonded 
protons. Taken together with the NMR and IR data in DMSO, 
these data suggest that C7 and 4-1 hydrogen bonds are 
present also in CD2C12. The CD spectrum of blocked Pro-Gly 
in H20, given in Figure 12, has a minimum at 214-215 nm and 
a low ellipticity (-7 X lo3 deg cm2/dmol), very different from 
the CD spectrum of Gly-Pro in H2O (see Figure 7 ) .  Although 
these CD spectra cannot identify the presence or absence of 
bend conformations unequivocally, the spectrum of blocked 
Pro-Gly is similar to the calculated49 CD spectra of types I and 
I1 bends of dipeptides, suggesting that Pro-Gly favors bends. 
The insensitivity of the CD spectrum of Pro-Gly to temper- 
ature, in contrast to that of Gly-Pro (which showed stronger 
temperature dependence because of the dominance of cis- 
trans isomerism), can be explained best by the presence of an 
ensemble of conformations in solution, without the cis-trans 
isomerism dominating the spectrum, as was also indicated by 
the NMR results in DMSO (see above). 

Comparison with Calculations. The experimental results 
and the earlier calculations29 on blocked Pro-Gly are in good 
agreement in the following ways. (a) Both show a distribution 
of stable conformations, rather than just one or two. (b) Both 
indicate that Pro-Gly has a high bend probability (as opposed 
to Gly-Pro, which does not). And (c) both theory and experi- 
ment suggest that the Gly residue in Pro-Gly can exist in a 
stable C7 conformation. The calculations and experiments 
disagree, however, on the presence of the Pro C7 conformation, 
the c a l c ~ l a t i o n s ~ ~  indicating that it is a stable structure (at 
least in solvents of low dielectric constant) and experiments 
indicating that it does not appear significantly in DMSO. The 
experiments and calculations further disagree on the presence 
of a 4-1 hydrogen bond, the IR and NMR experiments in- 
dicating that this hydrogen bond occurs to a significant extent 
while the c a l c ~ l a t i o n s ~ ~  show no strong 4-1 hydrogen bond. 
These two discrepancies likely arise from the same source, viz., 
the weak attraction between an amide hydrogen and a car- 
bonyl oxygen in the hydrogen-bond potential of ECEPP.3O 
Figure 13 shows the problem graphically: the minimum-en- 
ergy conformation29 of Pro-Gly is a type V bend at  (+pro, +pro, 
+ ~ l ~ ,  + ~ l ~ )  = (-75", 79O, 84O, -74O), close to point A in Figure 

9 P  

Figure 14. Stereo diagram of N-acetyl-A"-methylprolylglycineamide showing a type I1 /3 bend with i + 3 to i hydrogen bond (dashed line). The 
dihedral angles (w1, $2, $2, up, $3, $3, wg) = (l8Oo, -75", llOo, 180°, 80°, IOo, 180'). 
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13 ( 4 ~ 1 ~  was fixed at 77’ in computing point A). Point B is the 
calculated conformation of next lowest energy and is a type 
I1 bend with Pro in the Cy conformation. Neither of these 
bends has a 4-1 hydrogen bond (as defined in ref 29), al- 
though the NHCH3 proton in the structure at  point B would 
be shielded from the solvent and appear hydrogen bonded in 
a measurement of the NMR temperature dependence (but 
probably not appear hydrogen bonded i n a n  1R spectrum). 
The structure having a 4-1 hydrogen bond, proposed from 
the experimental data to be present in DMSO, is shown in 
Figure 14 and corresponds to point C in Figure 13, only a short 
distance from B and only 2 kcal/mol higher in energy. I t  is 
probable that if the NH- - -0C hydrogen bond potential is 
changed to make the interaction more attractive, the mini- 
mum could shift from point B to point C in Figure 13. This is 
because an increase in the stability of the NH. - .OC interac- 
tion would greatly stabilize the linear 4-1 hydrogen bond (see 
Figure 14) but not stabilize the nonlinear C7 hydrogen bond 
appreciably. The correct value of the NH.. -0C hydrogen- 
bond interaction parameter is being redetermined50 presently 
from crystal data on model compounds by the procedure given 
in ref 30. Initial studies50 indicate that this interaction should 
be changed from -1.1 kcal/mol30 a t  the optimal interatomic 
distance to about -3.5 kcal/m01,~~ a sufficient change to sta- 
bilize the 4-1 hydrogen bond. 
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Note Added in Proof. M. Marraud recently has brought 
to our attention his work [e.g., G. Boussard, M. Marraud, and 
J. NBel, J. Chirn. Phys. Phys.-Chim. Biol., 71,1081 (1974)l on 
some of the same blocked dipeptides treated in our present 
and earlier work (ref 29). Boussard et al. showed the presence 
of the 4 - 1 hydrogen bond, the C5 and C7eq structures, and 
other conformations of N-acetyl-N’-methylprolylglyci- 
neamide in nonpolar solvents, which our paper confirms. After 
our paper had been accepted for publication, a paper by T. 
Higashijima, M. Tasumi, and T. Miyazawa was published in 
Biopolymers, 16,1269 (1977), on ‘H-NMR studies of N-ace- 
tyl-N’-methylprolineamide, a molecule closely related to 
N-acetyl-N’-ethylprolineamide, one of the molecules exam- 
ined in the present work. Higashijima et  al. determined the 
relative amounts of cis and trans isomers and investigated the 
presence of the C p  structure (which they referred to as the 
y-turn structure), in a variety of solvents, temperatures, and 
concentrations. They examined a greater variety of experi- 
mental conditions for N-acetyl-N’-methylprolineamide, and 
our work essentially confirms their results under comparable 
conditions. Higashijima et al. did not compare quantitatively 
their results with those of conformational energy calculation 
nor with work on related oligo- and polypeptides. 

Miniprint Material Available: Full-sized photocopies of 
the Appendix (9 pages). Ordering information is given on any 
current masthead page. 
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