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Abstract. IR, ]H-NMR and X-ray experiments have 
been carried out on dipeptides with the Pro-Asp and 
Pro-Asn sequences protected on both ends by amide 
groups. The Pro-Asp dipeptide was investigated for 
the carboxylic, methyl ester and carboxylate forms 
of the Asp residue. 

In solution, all dipeptides are found to accom- 
modate almost exclusively the flI-turn conformation 
stabilized by an interaction between the Asp or Asn- 
NH and C'/O bonds. The flI-turn percentage roughly 
parallels the basicity of the Asp or Asn side sub- 
stituent, and decreases from Asp- to Asn, and to ASp 
or Asp(OMe). 

The /?I-turn, stabilized by the interaction in- 
volving the ASp-CO site, is retained in the crystal 
structure of the Pro-Asp(OMe) dipeptide. The Pro- 
Asp and Pro-Asn dipeptides assume a flII-turn 
conformation in the solid state and the polar Asp or 
Asn side-groups are involved in a complex network 
of intermolecular interactions. 

Key words:/?-bend, crystal structure, hydrogen bond, 
infrared spectroscopy, NMR spectroscopy, peptide 
conformation, X-ray diffraction 

Introduction 

The preferential incorporation of amino acid resi- 
dues containing short polar side-chains (Ser, Asn, 
Asp...) in fl-folded sequences is well documented 
by different statistical analyses of crystallized pro- 
teins (Chou and Fasman 1977; Smith and Pease 
1980; Kolaskar etal. 1980; Rose et al. 1985). The 
question then arises as to the reason for this pre- 
ference: is it an intrisic characteristic of these short 
sequences, due to a local interaction involving the 
polar side function, or is it merely the consequence 

of the accessibility to the surrounding water mole- 
cules of these hydrophilic residues, the adjacent 
hydrophobic regions being solvent-shielded? 

This question cannot be answered by the above 
mentioned statistical analyses, due to the restricted 
dataset for each dipeptide sequence (Kolaskar et al. 
1980). We believe that the model dipeptides with 
the general formula RCO-Yaa-Yaa-NHR' can give 
us some information about the intrinsic conforma- 
tional properties of dipeptide sequences (Boussard 
and Marraud 1985), and about the existence of an 
eventual intramolecular hydrogen bond involving 
the polar side functions (Marraud and Aubry 1984). 

We have recently investigated, by IR, ]H-NMR 
and X-ray diffraction studies, the model dipeptides 
with Pro-Xaa sequences in which Xaa is an apolar 
(Ala, Leu, Val) or weakly polar (Cys, Met, Phe, Tyr) 
residue (Aubry et al. 1985), or contains a hydroxyl 
group (Ser, Thr) (Aubry etal. 1984; Marraud and 
Aubry 1984; Aubry and Marraud 1985). We have 
shown that the existence, when possible, of an intra- 
molecular interaction of the Xaa-NH bond with the 
Xaa side accepting group greatly increases the pro- 
pensity to the flI-turn formation in solution 1. In the 
solid state there is competition between inter and 
intramolecular interactions, and the molecular con- 
formation depends on the nature of Xaa. The flI- 
folded conformer is retained for Xaa = Ser (Aubry 
et al. 1984) or Thr (Aubry and Marraud 1985), but 
for all the other cases investigated so far (Xaa = 
Ala, Leu, Cys(Me), Phe, Tyr), the fill-folded con- 
former turns out to be the stable conformation 
(Aubry et al. 1985). 

We have already mentioned the frequent occur- 
rence of the Asp and Asn residues in fl-folded re- 
gions, and this has been the subject of theoretical 
(Peters and Peters 1984a and b) and experimental 

1 For the definition of the flI and flII-turn conformations in 
* To whom offprint requests should be sent peptides, see Lewis et al. (1973) 
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(Ishii et al. 1984) investigations, all concluding in 
favour of the possible existence of side chain inter- 
actions. 

The present paper deals with the Pro-Asp and 
Pro-Asn model dipeptides, together with some of 
their derivatives. The aspartic residue was investi- 
gated in the carboxylic Asp, carboxylate Asp-, 
Me4N ÷ and ester Asp(OMe) states, using IR and 
1H-NMR spectroscopy. The three Asn, Asp and 
Asp(OMe)-containing dipeptides grew single crys- 
tals suitable for X-ray diffraction. 

Experimental 

Materials 

The dipeptides obey the general formula: 

tBuCO-Pro-Xaa-NH iPr '  

They were obtained by classical routes of peptide 
synthesis (Bodanski 1984). 

The pivaloyl tBuCO group was preferred to the 
more common Boc or Ac groups because it prevents 
the occurrence of the cis disposition of the tBuCO- 
Pro link (Nishihara et al. 1975). This allows an 
easier interpretation of IR and 1H-NMR data. 

The carboxylate form of the Asp deri;eative was 
obtained by direct lyophylisation of a stoichiometric 
mixture of the Pro-Asp model dipeptide with tetra- 
methylammonium hydroxide pentahydrate. The 
Me4N ÷ cation was selected because it probably gives 
rise to very weak interactions with the peptide part, 
and because it permits better solubility in organic 
solvents than the more common Na ÷ cation. 

In the following text, the model dipeptides are 
represented in abbreviation by their dipeptide se- 
quence. They were investigated in chlorinated 
(CH2C12, CHC13) and aprotic solvents (MeCN, 
Me2SO). 

117 spectroscopy 

IR spectra were run at room temperature on a 
Fourier Transform Brfiker IFS-85 apparatus with a 
resolution of 2 cm -1. The most informative frequen- 
cy domains are those of the N - H  (3,200-3,500 cm -1) 
and C=O (1,550- 1,750 cm -1) stretching vibrations. 
The absence of solute-solute interaction for concen- 
trations of 5 x 10 -3 mol/1 was confirmed by the fact 
that unmodified spectra were obtained after further 
dilution. 

J H-NMR spectroscopy 

IH-NMR spectra were scanned at room. temperature 
on a Jeol FX-100 apparatus equipped with a 14N 

heterodecoupling unit, delivering sharp NH proton 
signals. Chemical shifts are reported downfield from 
an internal tetramethylsilane reference. The NH and 
the Asp or Asn-C~H2 proton signals proved to be the 
most sensitive to the exper!mental conditions and the 
most informative for conformational purposes. 

X-ray diffraction 

Single crystals of tBuCO-Pro-Asp(OMe)-NHiPr, 
tBuCO-Pro-Asp-NHMe and tBuCO-Pro-Asn-NHMe 
were obtained by slow evaporation of ethylacetate 
solutions. X-ray data were collected at room tem- 
perature on an Enraf Nonius CAD 4 automatic dif- 
fractometer, with a graphite monochromator and the 
CuK~ radiation (2 = 1.54051 A), in the 0 -  20 scan- 
ning mode (0 _< 70°). Intensity data were corrected 
for decay when three standard reflections decreased 
by more than 5%, and for Lorentz and polarization 
effects. Due to the small size (< 0.3 ram) of the 
crystals, the absorption was neglected. Cell dimen- 
sions, obtained by refinement from a set of 25 high 
angle reflections, are indicated in Table 1, together 
with other experimental parameters. 

The structures were solved by direct methods 
using the computer program MULTAN-80 (Main 
et al. 1980) and refined using a full matrix least- 
squares procedure (Sheldrick 1976). Atom scattering 
factors used were those listed in the International 
Tables for X-ray Crystallography (1974). 

E-maps revealed the overall structures. After a 
full-matrix least-squares refinement using individual 
anisotropic thermal parameters, we noticed a large 
temperature factor associated with the Pro-C r atom 
for all three dipeptides and with the N and C-ter- 
minal methyl groups for tBuCO-Pro-Asp(OMe)- 
NHiPr. However, inspection of the Fourier map 
revealed a single but elongated peak for these atoms. 
Therefore, the Pro cycle probably experiences a 
rapid inversion of the C ~ atom, corresponding to a 
dynamic disorder (Nair and Vijayan 1981). Because 
of this disorder, the Pro hydrogen atoms were not 
located for all three dipeptides. The other hydrogen 
atoms, excepting the Asp carboxylic proton, ap- 
peared on difference maps. Refined parameters were 
calculated using anisotropic temperature factors for 
the non-hydrogen atoms and fixed isotropic thermal 
factors for the hydrogen atoms. The final factors 

R = S K I  I f 0 l - I f c [  I /ZKIFol  

Rw= X w l K I F o l -  rfcl I /S w K[fol  

are given in Table 1. 

2 According to the usual attribution (Tanimura etal. 1984), 
the low field signal was attributed to the pro-R proton of 
the Asn and Asp residues 



Table 1. Unit cell dimensions and other crystal data 

tBuCO-Pro-Asp (OMe)-NHiPr tBuCO-Pro-Asp-NHMe tBuCO-Pro-Asn-NHMe 
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Space group P212121 P212~21 P21 
Z 4 4 2 
a (A) 10.466(1) 9.312(1) 9.510(1) 
b (A) 11.472(1) 9.632(4) 7.867(2) 
c (A) 17.513(1) 19.529(5) 11.861(3) 
fl (deg) 90 90 101.73 (2) 
d (calc) 1.17 1.24 1.25 
Independent reflections 1,994 1,951 1,814 
Unique reflections a 1,171 1,402 1,688 
Final R 0.066 0.061 0.038 
Final Rw 0.069 0.065 0.043 
W 1.344/(0. 2 (F) + 0.0002 F 2) 2.68/(0 .2 (F) + 0.0007 F 2) 1.64/(a 2 (F) + 0.0012 F 2) 

l >  1.50.(1) 

Table 2. N - H  and C=O stretching frequencies (cm 1) for the tBuCO-Pro-Asp(OMe)-NHMe, tBuCO-Pro-Asp-NHMe, tBuCO- 
Pro-Asp-NHMe, Me4 N+, and tBuCO-Pro-Asn-NHMe dipeptides and the isovaleric acid derivatives a modelling the Asp or Asn 
side-chain (CH2C12, 0.001 mol/1) 

Compound NHMe Asp or Asn-NH Asn-N6H2 tBuCO Pro-CO, Asp-CO Asp or Asn-CYO 

Pro-Asp(OMe) 3,357 3,420 1,610 1,675 1,725; 1742 b 
R-CO2Me a 1,741 

Pro-Asp 3,353 3,421 1,610 1,678 1,740 
R-CO2H a 1,746; 1,707 c 

Pro-Asp-, Me4 N+ 3,350 3,400 b 1,608 1,663 1,595; 1,487 e 
R-CO~-, Me4 N+ a 1,570; 1,487 e 

Pro-Ash 3,353 d 3,520; 3,402 1,609 1,681 1,665 
R_CONH 2 a 3,526; 3,408 1,676 

a R = (CH3)2CH-CH 2 
b Shoulder of a strong absorption band 
° This absorption is probably due to a small amount of the cyclic dimer 
d Not visible and embedded in the Asn-NaH2 absorption 
e These frequencies correspond to the stretching vibrations of the Asp-CYO2 carboxyl group 

For  a reliable compar ison of the inter and intra- 
molecular hydrogen bond dimensions, and following 
the Taylor and Kennard method (1983), N H  hydro- 
gen atoms were placed at 1.03 A from N in the direc- 
tion obtained by refinement. Fractional  coordinates, 
anisotropic and equivalent isotropic thermal param-  
eters, bond lengths and bond angles are available on 
request f rom the authors. 

Solute state 

Intramolecular interations. Intramolecular  hydrogen 
bonds were characterized by IR and 1H-NMR spec- 
troscopy. 

N - H  and C = O  stretching frequencies in CH2C12 
solution are listed in Table  2 and at tr ibuted by com- 
parison with previously investigated dipeptides 
(Boussard etal .  1979; Aubry and Marraud 1986), 
and with simple acid, ester and amides mimicking 
the Asp or Asn side-chain. 

The N H  stretching frequency near 3,360 cm -1, 
sensitive to the Me or iPr nature of  the C-terminal 
group, is assigned to the C-terminal  N H  bond in- 
volved in a (i + 3) ~ i hydrogen bond typical of  a 
fl-turn. The absence of any significant absorption 
near 3,450 cm -1, typical of  a free N H  vibrator  (Bous- 
sard and Marraud 1985) shows the great predomi-  
nance of fl-folded conformers. 

The low frequency of  the middle  N H  bond is that 
of  an intramolecularly hydrogen bonded vibrator  
engaged in a rather weak interaction for Pro- 
Asp(OMe) and Pro-Asp, or a stronger interaction for 
Pro-Asp- or Pro-Asn. The Asn-NaH2 frequencies 
(3,520 and 3,402 cm < )  are, in contrast, those of  free 
vibrators. 

This interpretation is corroborated by the C = O  
stretching absorption domain  al though some absorp- 
tion bands overlap completely. All dipeptides ex- 
hibit a strong absorpt ion at 1,610 cm <,  at tr ibuted to 
the pivaloyl carbonyl bond engaged in the (i + 3) ~ i 
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interaction (Aubry etal. 1985), whereas both Pro 
and Xaa-CO contributions have the frequency typi- 
cal of free vibrators. 

The assignment of the Asp(OMe), Asp and Asn- 
C O  absorption is quite easy and we note that its 
frequency is systematically lower than that of the 
corresponding isovaleric derivative modelling the 
side-chain. This confirms the existence of intra- 
molecular bonding of the middle NH bond to the 
side-chain as accepting site. The case of Asp- is 
more complicated because of the complex vibration 
modes of a CO~ group, and is better solved by 
~H-NMR spectroscopy. 

The progressive addition of Me2SO to a solution 
of peptide in chloroform has a deshielding effect on 
the NH protons, and their NMR signals are shifted 
to an extent depending on their free or bonded 
character. Hydrogen bonded NH proton signals are 
less rapidly shifted than free NH protons (Urry et al. 
1975). 

Figure 1 a reveals a small shift for the C-terminal 
NH proton signal, confirming its inclusion in a 
( i+  3 ) ~  i hydrogen bond. In a previous paper 
(Boussard and Marraud 1985), we have shown that 
the/]-turn percentage, % [/]-turn], in CH2C12 is relat- 
ed to the difference, AS, of the C-terminal NH 
proton chemical shifts when measured in MezSO and 
then in CHC13: 

% [/]-turn] = 100-  39A5. 

Table 3 shows that Asp- induces the maximum 
/]-turn ratio, followed by Asn, Asp and Asp(OMe). 
These values are higher than for the homologous 
Pro-Leu dipeptide (56%, Aubry et al. 1985) and this 
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Fig. 1. Influence of Me2SO content in Me2SO/CHC13 mixtures 
on the C-terminal (a) and Xaa (b) NH proton N M R  signals 
for the tBuCO-Pro-Xaa-NHMe dipeptides (Xaa = Leu (©), 
Asp(OMe) ( '),  Asp (n), Asp-, Me4N ÷ (o) and ASn (G)). The 
observed shift of a signal on addition of Me2SO indicates the 
progressive solvation of the corresponding NH bond by the 
strong aprotic Me2SO molecule. An NH bond protected 
against solvation by its participation in an intramolecular 
interaction gives rise to a rather flat variation 

increase is probably due to the interaction of the 
side-chain already demonstrated by IR spectroscopy. 
Figure 1 b confirms the low solvent accessibility of 
the middle NH proton when compared to Pro-Leu. 
All three Asp-containing dipeptides give similar 
variations as a function of Me2SO content and this 
shows that the carboxylate group in Asp- behaves 
exactly as the ester and carboxylic groups in 
Asp(OMe) and Asp respectively, and is engaged in 
the same type of interaction with the middle NH 
bond. 

fl-Jolded conformation. The spectroscopic data leads 
us to the conclusion that the Asp or Asn-containing 
dipeptides are predominantly fl-folded by a classical 
(i + 3) ~ i hydrogen bond. Moreover, an additional 
intramolecular interaction between the middle NH 
bond and the side CYO group contributes significant- 
ly to the stability of this fl-turn which must be of the 
flI type (Fig. 2). A flII conformation would not be 
compatible with this additional interaction and 
would correspond to a smaller 3JN~ coupling constant 
(expected value 4.5Hz, experimental values in 
Table 3) and to a higher Pro-CO stretching fre- 

Table 3. ]H-NMR data a,/?I-turn ratio b, and percentage of the 
preferential rotamers of the Asp or Asn C~-C/~ bond for the 
tBuCO-Pro-Xaa-NHMe dipeptides (CHC13, 0.005 mol/1) 

Xaa Asp(OMe) Asp Asp-, Me4 N+ Asn 

35 (NHMe) c 0.45 0.33 - 0.03 0.16 
% [flI-turn] 83 87 100 94 
3JNc~d 9.5 8.5 7.8 8.8 
C~H-CPHRHs bond e 
6 (C~Hs) 2.52 2.65 2.45 2.41 
5 (C/~Ha) 3.31 3.21 2.87 3.16 
3J~ps 5.0 5.4 6.2 4.5 
3J~ R 3.9 4.0 2.2 3.9 
2Jps~R 17.3 17.3 16.3 15.2 
% rotamer I 15 18 0 9 

(Zl ~ _ 60 o) r 
% rotamer II 3 4 0 3 

(7] -~- 180 °) f 
% rotamer III 82 78 100 g 88 

(Z 1 __ - 6 0  o)  f 

a Chemical shifts 5 in ppm and coupling constants J in Hz 
b % [/?I-turn] 
c Shift in ppm of the NH(Me)  proton NMR signal as mea- 

sured in CHC13 and Me2SO pure solutions. This shift is relat- 
ed to the flI-turn ratio by % [/?I-turn] = 100 - 39A5 (NHMe) 
(Boussard and Marraud 1985) 

d 3j vicinal coupling constant in the Asp or A s n [ H - N - C ~ - H ]  
fragment 

e Due to the nature of the group in the ~-position for Asp or 
Asn residues, the usual pro-R or pro-S assignment for the 
C•H2 protons (Tanimura etal. 1984; Picur and Siemion 
1983) must be inverted (C/~HR signal shifted downfield) 

f See Cung and Marraud (1982) 
g Interpretation in terms of a single conformer corresponding 

to Z 1 _~ 75 ° (see text) 
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C 
i+3~[ / 

C.Xc~O '0 H~N~c~O 
// 

H ~ C ~ H 

c~ /C  '..0/~ c _~_] OH 
i O2 Me, N + 
!NH 2 

Fig. 2. Schematic representation of the /?I-turn characterized 
by the classical (i + 3) --+ i hydrogen bond, and stabilized by 
an additional interaction involving the middle NH bond and 
the side C~O carbonyl group of an Asp or Asn residue 

Table 4. Molecular conformation described by the dihedral 
angles defined by the four atoms in the 1 st column ~ for the 
tBuCO-Pro-Asp(OMe)-NHiPr, tBuCO-Pro-Asp-NHMe, and 
tBuCO-Pro-Asn-NHMe dipeptides in the solid state 

Atoms Angle a Pro- Pro- Pro- 
Asp(OMe) Asp Asn 

TableS. Hydrogen bond distances (A) for the tBuCO-Pro- 
Asp(OMe)-NHiPr, tBuCO-Pro-Asp-NHMe, and tBuCO-Pro- 
Asn-NHMe dipeptides in the solid state 

Peptides Atoms Symmetry code Distance 

Pro-Asp(OMe) N3-H. . .  O0 a x,y,z 3.20 
N2-H. . .  O~ b x,y,z 2.94 

Pro-Asp N3- H... O0 ~ x, y, z 2.92 
N2-H. . .O]  ~ 1 - x , - 1 / 2 + y ,  2.83 

3/2-z 
O6-H .., O2 c - 1/2 +x, 2.65 

5/2+y, 1 - z  

Pro-Asn N 3 - H  ... O0 ~ x, y, z 2.91 
N2-H. . .  O~ ~ - x , y , l - z  2.87 
N6-Ht.. .  O0 c,d x , - l + y , z  2.91 
N6-Hc... O~ c'd - x , - l + y , l - z  3.13 

Intramolecular hydrogen bond of the (i + 3) ~ i type (fl-turn) 
b Intramolecular Asp(OMe)-NH to Asp(OMe)-CYO hydrogen 

bond involving the Asp(OMe) side-chain 
° Intermolecular hydrogen bond between two molecules re- 

lated by the symmetry code 
d Ht is trans and Hc is cis to O~ in the Asn residue 

C0-N1-C1-CI  4h -66 -57 -59 
N1-C]~-C~-N2 ~ul -20 134 138 
C1-N2-C~-C~ 02 -91 59 66 
N2-C~-C~-N3 ~'2 6 26 11 
C S - C 6 - N I - C  ~ COo b -179 177 173 
C T - C ~ - N 2 - C  ~ (X)I b -179 -177 -179 

' ~ -177 -178 175 C 2 - C 2 - N 3 - C  3 032 b 

N2-C~-C~-C~ Z 1 68 -159 -69 
C~-C~-C~-X2 & Z22 158 -150 143 
C~-C~-O2~- C~ Z 3 174 

According to the recommendations from IUPAC-IUB 1970. 
Dihedral angles are in degrees. Due to the disordered 
Pro-O' atom, the values for the Pro cycle are not reported 

b This dihedral angle is characteristic for a trans (co ~_ 180 °) 
or cis (~o _~ 0 °) disposition of the amide groups 

° X = O for Asp and Asp(OMe); X = N for Asn 

cases, the second interpreta t ion gives a large pre- 
dominance  o f  ro tamer  II!  over the other  two con- 
format ions (Table 3). 

Consider ing now the C ~ - C  ~ bond  cont iguous  to a 
carbonyl  CvO group,  its conformat iona l  state (Z 2 di- 
hedral  angle) is related to the geminal  pro ton  
coupl ing constant  2J~R~s (Montecalvo and St. Jacques  
1975; Barfield et al. 1976). The larger value for Pro- 
Asp and Pro -Asp(OMe)  (Table 3) corresponds to a 
Z 2 value o f  nearly 180 o whereas the smaller coupl ing 
for Pro-Asn corresponds to a lower angle o f  nearly 
150°. This is consistent with a s tronger A s n - N H  to 
Asn-C~O interact ion in the latter case, as can be in- 
ferred f rom Fig. 1 b. 

quency  (expected value 1 ,690cm -1, exper imental  
values in Table  2) (Aubry  et al. 1985). 

The or ienta t ion o f  the Asp or Asn side chain  is 
related to the pro ton  coupl ing constants in the 
C~H-C~H2 f ragment  (Cung and Ma r r a ud  1982). 
However,  the vicinal coupl ing  constants, 3J~R and 
3J~s, can be interpreted either in terms of  a single 
conformat iona l  state o f  the C ~ - C  ~ bond,  or in terms 
of  three interconvert ing staggered conformat ions  
corresponding to Z ~ __ - 60 ° ( ro tamer  I), 180 ° (ro- 
tamer  II), and 60 o ( ro tamer  III) in the usual conven-  
tions ( IUPAC- IUB 1970). The  fo rmer  in terpreta t ion 
only applies for P ro -Asp-  (Cung and Ma r r a ud  1982), 
giving a Asp- -z  I value (Table 3) cor responding  to a 
slightly distorted ro tamer  III. In the other  three 

Solid state 

Excepting the d isordered Pro-C ~ a tom in all three 
dipept ides  investigated, and iPr or tBu-Me groups  in 
tBuCO-Pro -Asp (OMe) -NHiPr ,  the molecular  con- 
formations o f  P ro-Asp(OMe) ,  Pro-Asp and Pro-Asn 
could be de te rmined  with a good  degree o f  accuracy.  
The usual dihedral  angles giving the conformat iona l  
states o f  the bonds  ( I U P A C - I U B  1970) are specified 
in Table  4. 

All amide  bonds  are very near  the trans planar  
conformat ion  (coi~_ 180 °, i = 0 - 2 )  and all three 
molecules are fl-folded by an ( i +  3) ~ i hydrogen  
bond  (Table 5). However ,  this fold is o f  the flI-type 
for Pro-Asp(OMe)  (Fig. 3 a) and of  the f lI l- type for 
bo th  Pro-Asp and Pro-Asn (Fig. 3 b and c). In the 
former  case, the molecular  confo rma t ion  is stabil ized 



Fig. 3. Stereoviews of the molecular conformations for the 
tBuCO-Pro-Asp(0Me)-NHiPr (a, /?I-turn), tBuCO-Pro-Asp- 
NHMe (b, /?II-turn) and tBuCO-Pro-Asn-NHMe (c, PII-turn) 
dipeptides in the solid state. The intramolecular ( i+  3) -, i 
and Asp(0Me)-NH to Asp(0Me)-CYO hydrogen bonds are 
indicated by thin lines. The ellipsoids correspond to a 50% 
occupancy for the atomic positions 

by an additional intramolecular Asp(0Me)-NH to 
Asp(0Me)-CYO interaction. The other two dipep- 
tides are characterized by a complex network of 
intermolecular interactions involving the Asp or Asn 
side chains (Table 5), and each molecule is hydrogen 
bonded to four neighboring molecules by one or two 
hydrogen bonds (Fig. 4). 

Discussion 

The crystal structure of Pro-Asp(0Me) gives direct 
evidence for the existence of the Asp-NH to Asp- 
CYO interaction and for its importance as a stabiliz- 
ing factor of the PI-turn. However, the different 
P-folding modes of both Pro-Asp and Pro-Asn di- 
peptides in solution (/%turn) and in the solid state 
(PII-turn) illustrate the conformational flexibility of 
homochiral sequences (Aubry et al. 1985). This sug- 
gests that long-range interactions involving the polar 
side function are sufficient to induce a transition 
from the usual PI-turn to the PII-turn conformation. 

In agreement with results reported earlier (Ishii 
et al. 1984), deprotonation of the Asp residue in- 
creases the /I-turn ratio in solution. Because of the 
increased basic character of COT with respect to 
C02H, deprotonation induces a stronger interaction 
with the peptide backbone. 

In all four cases investigated, the Asp or 
Asn Ca-Cfl bond preferentially accommodates (in 
solution) the so-called rotamer 111 conformation 

E 60"). This conformation is generally less fa- 
vored than the other two staggered orientations 
(Janin et al. 1978; Benedetti et al. 1983), but it is 
most favorable for the existence of the backbone side 
chain interaction. The progressive solvation of the 
middle NH bond by Me2S0 (Fig. 1 b) releases this 
interaction and the Asp or Asn CbH2 protons become 
nearly magnetically equivalent, whereas the per- 
centage of the Ca-Cb rotamer 111 decreases (Fig. 5). 
This effect is less visible for Pro-Asn than for Pro- 
Asp(OMe), probably because of the stronger basicity 
of the amide side-function. 

The preference for the rotamer I11 of the C"-Cb 
bond in a PI-turn is confirmed by the crystal struc- 
ture of Pro-Asp(0Me) (Fig. 3 a). On the other 
hand, the PII-folded forms of Pro-Asp (Fig. 3 b) and 
Pro-Asn (Fig. 3c) correspond to the Ca-Cb ro- 
tamer I1 and I conformations respectively. 

When considering the P-folded dipeptide se- 
quences encompassing two chiral L-amino acid resi- 
dues in crystallized proteins, nearly 10% are of the 
unusual PII-type (Chou and Fasman 1977). The 
distribution of the corresponding Ca-Cb bond con- 
formations for the Asp, Am, polar (Asp, Asn, Ser, 
Thr, His), and apolar residues (Val and Ile excluded) 
in the (i+2)th position of a /I-turn are quoted in 
Table 6. It appears that rotamer I11 is more favored 
for polar residues in PI-turns, and this result is 
probably not fortuitous. Although crystallized pro- 
teins are essentially in an aqueous environment the 
present experiments have been carried out in non- 
aqueous solvents, the difference between polar and 
apolar residues (Table 6) suggests that the backbone 
side-chain interaction is retained in many /?I-turns of 
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C 

Fig. 4. Stereoviews of the molecular pack- 
ing modes in the crystals for the tBuCO- 
Pro-Asp(OMe)-NHiPr (a), tBuCO-Pro- 
Asp-NHMe (b) and tBuCO-Pro-Asn- 
NHMe (e) dipeptides. The intra and 
intermolecular hydrogen bonds a)e in- 
dicated by thin lines 
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Table 6. Occurrence (n) and percentage (%) of the three staggered rotamers I, II and IIIa for the C~-C # bond of the residue in the 
( i  4- 2)th position of flI and flII-turns in the crystallized proteins b 

Residue flI-turns flII-turns 

I II III I II III 

n % n % n % n % n % n % 

ASp 21 50 10 24 11 26 1 e 1 e 0 e 
Asn 13 43 5 17 12 40 6 67 2 22 1 11 
Polar ° 56 42 19 14 59 44 8 53 4 27 3 20 
Apolar a 45 67 12 19 10 14 12 80 2 13 1 7 

a Rotamers I: X 1 _~ - 60°; II: Z 1 ' ~  180°; III: Z l ___ 60 ° 
b Chou and Fasman (1977) 
° Residues: Asn, Asp, Ser, Thr, His 
d Residues: Cys, Phe, Leu, Met, Trp, Tyr 
e Insignificant due to the restricted dataset 

CI 
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{-- r£---{----{----~---?ot II 

Fig. 5. Influence of Me2SO content in Me2SO/CHC13 mixtures 
on the Asp- or Asn-C#H2 proton NMR signals (upper part) 
and on the Asp or Asn C~-C # rotamer distribution (lower 
part) for the tBuCO-Pro-Asp(OMe)-NHMe (a) and tBuCO- 
Pro-Asn-NHMe (b) dipeptides. Introduction of MezSO in- 
duces loss of the rotamer III, allowing a quasi-free rotation for 
the ASp or Asn C~-C # bond. As a consequence, the Asp or 
Asn-C#Hz protons tend towards magnetical equivalence 

between the middle  N H  bond  and the accepting part  
o f  the ASp or  Asn s ide-chain is clearly deduced  f rom 
IR  and ~H-NMR data,  and this interact ion greatly 
contributes to the stability o f  the /? I - tu rn .  The dif- 
ferent basic propert ies  o f  the side funct ion result in a 
decreasing propens i ty  for /?I-turn fo rmat ion  when 
going f rom ASp- (ionic carboxylate  group)  to Asn 
(amide group),  to Asp (neutral carboxyl ic  group)  or 
Asp(OMe)  (ester group).  

The  retention o f  the above /? I - fo lded  form in the 
crystal structure o f  P ro -Asp(OMe)  demonstra tes  the 
val idi ty o f  the above  interpretation.  However ,  the 
/?II-folded forms o f  Pro-Asp and Pro-Asn in the solid 
state indicate that  the difference o f  free energy be- 
tween these two forms can be compensa ted  for by 
long-range interactions. This conformat iona l  transi- 
t ion should be taken into considerat ion when pept ide  
molecules are involved in molecular  contacts in the 
course o f  biological  processes. 
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the proteins. In contrast,  the f lII- turn does not  favour  
ro tamer  III, whatever  the polar  or  apolar  character  
o f  the residue. In this case, the backbone  side chain  
interact ion does not  exist, and the C ~ - C  p bond  pre- 
ferentially accommodates  the more  c o m m o n  rotamer  I 
and II conformations.  

Spectroscopic and X-ray  di f f ract ion experiments  
on dipept ides  having both  N and C-terminal  amide  
functions conf i rm that  these molecules  are well 
adapted  to the character iza t ion o f  the different  
fl-turn conformations.  

W h e n  considering Pro-Asp and Pro-Asn sequences 
in solution, the existence o f  an attractive interact ion 
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