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ABSTRACT: Conformation of Asp-containing dipeptides of the general formulae: Ac-Asp-
X-NHMe and Ac-X-Asp--NHMe (X= Ser, Lys, Asp, and Tyr) in solution were investigated using 
1 H and 13C NMR spectroscopy. The dominant formation of a /3-turn-like structure was confirmed 
in the dipeptides, Ac-Ser-Asp--NHMe and Ac-Lys-Asp--NHMe with the deprotonated Asp side 
chain, from the dependence of the amide proton chemical shifts on temperature, solvent 
composition, and peptide concentration, and from the backbone dihedral angle ¢. The backbone 
conformations of these dipeptides changed with the deprotonation of Asp. In addition tp the 
intramolecular hydrogen bond of the 4-1 type constituting /3-turn structure, other kinds of 
intramolecular interaction between the carboxylate groups of Asp and side chains of neighboring 
residues were found in Ac-Ser-Asp--NHMe, Ac-Asp--Ser-NHMe, Ac-Lys-Asp--NHMe by anal
ysis of the side chain rotamer populations, spin-lattice relaxation times, and pK. values. These side 
chain interactions may possibly contribute to the stabilization of the /3-turn-like structure. 

KEY WORDS /3-Turn I Conformation I NMR I Dipeptide I Intramolecular 
Interaction I Aspartic Acid I 

The /3-turn is an important structure essen
tial to protein folding. This turn contains at 
least four amino acid residues and is stabilized 
by a hydrogen bond of the 4--1 type involving 

the NH of (i + 3)th residue and CO of ith 
residue. Besides the IX-helix and /3-sheet struc
tures, the /3-turn structure is an important 
ordered structure stabilizing peptide and pro
tein conformations. Thus, a conformational 
study of the /3-turn structure is important for 
clarifying the relation between structure and 
function of peptides and proteins. Chou and 
Fasmanl.2 introduced the /3-turn positional 
potential in their analysis of the frequency of 
the occurrence of each amino acid residue in 
various conformational protein states. This 
potential is defined as the possibility of the 

conformation of the /3-turn structure for an 
individual amino acid residue. According to 
this analysis, there are two apparent features: 

Pro and Gly favorable to the formation of the 

/3-turn structure, and polar residues appearing 
at the /3-turn region. 

The conformation and stability of the /3-turn 
structure have been extensively studied by 
NMR (nuclear magnetic resonance),3.4 CD 
(circular dichroism),5 IR (infra-red),6 and con
formational energy calculation.7•8 Attention 
has been directed primarily to the Pro
containing peptides in which Pro is in the 
(i + 1 )th position of the /3-turn structure.9 -u 
However, the formation of the /3-turn structure 
has not been particularly studied for peptides 
containing polar amino acid residues. Among 
polar amino acid residues, Asp appears fre
quently at the corner of /3-turn region. Thus in 
this paper, the following dipeptides containing 
Asp were prepared to investigate the for
mation of the /3-turn-like structure: Ac-Asp
X-NHMe, Ac-X-Asp-NHMe, and their so
dium salts, in which the neighboring amino 
acid residues X were also polar, Ser, Lys, Asp, 
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and Tyr. These sequences appear frequently 
in the /)-turn region, e.g., -Ser86-Asp87- and 
-Ser100-Asp101- in hen egg white lysozyme.2 

Acetyl and N-methylamide groups were used 
as protecting groups to make the simplest 
peptide models capable of forming the /)-turn 
structure. Thus, two amino acid residues are 
conceivably the (i + 1 - i + 2) sequence at the 
corner region of the structure. 

It has been proposed that short range in
teractions contribute to the stabilization of the 
/)-turn structure.U As a more typical case, it is 
suggested that the interaction between the 
amino and carboxyl groups stabilizes the /)
turn structure in the peptide with free ter
minals,9 and that the salt bridge between the 
side chains locks the /)-turn structure. 13 How
ever, details are not available on intramolec
ular interaction between the (i + 1 )th and 
(i + 2)th neighboring residues in the corner 
region of this structure and this interaction 
may play an important role in its stabilization. 
An analysis of the intramolecular interaction 
in the dipeptides was carried out to determine 
their effects on the formation and stabilization 
of this structure. 

EXPERIMENTAL 

All peptide samples were synthesized by the 
usual liquid phase method, using dicyclohexyl
carbodiimide as the coupling reagent. The 
starting materials, Boc-Asp(OBzl)-OH, Boc
Ser(Bzl)-OH, Boc-Lys(Z)-OH, and Boc
Tyr(Bzl)-OH were purchased from Protein 
Research Foundation, Japan. The peptides 
containing deprotonated Asp side chains 
(Asp(Na)) were prepared by lyophilization of 
an aqueous solution of the corresponding pep
tides containing protonated Asp side chains 
following of the adjustment pH to 7 with 
NaOH. The dipeptides prepared were iden
tified by 1 H and 13C NMR spectra and thin 
layer chromatography. 1 H NMR spectra were 
recorded on JEOL PS-100, FX-200, and FX-
270 spectrometers operating at 100, 200, and 
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270 MHz,respectively. 13C NMRspectra(25.15 
MHz) were recorded on a JEOL PS-100 spec
trometer with complete proton decoupling. 
The sample temperature was 25 ± 1 oc and 
32 ± l oc for the 1 H and 13C measurements, 
respectively. The chemical shifts was reported 
relative to tetramethylsilane unless otherwise 
noted. 1 H and 13C assignments were achieved 
by comparison with literature values. 14 - 16 

Selective homo-spin decoupling was also used 
for the assignment of the 1 H spectra. The 
resonances of two /)-protons were assigned 
using customary method.17 •18 1H resonances 
of the ABX spin system caHCPH2 were anal
yzed using a simulation and iteration program, 
LAOCON. 13C spin-lattice relaxation times 
(T1) were measured by the inversion recovery 
method. 2H20 and perdeuterated dimethyl sul
phoxide (DMSO-d6) were used as solvents. 
The vicinal coupling constants 3 J (HNC"'H) 
were measured in a mixed solvent of 90% 
H20/10% 2 H20. The concentration of the 
sample solution was 0.03 and 0.2 M for 1 Hand 
13C NMR measurements, respectively. The 
p2H values of the NMR samples were ad
justed with 2 HCl and Na02H. No correction 
was made for pH and p2H. All deuterated re
agents were purchased from Merck Sharp 
and Dohme Canada Ltd. 

RESULTS AND DISCUSSION 

Formation of the /)-Turn-Like Structure 
Most of the /)-turn structures have 4-l 

hydrogen bonds forming ten-membered rings 
(so-called C10 structure). If the protected di
peptide forms a /)-turn structure, a hydrogen 
bond is formed between the amide proton of 
a N-methylamide group and the carbonyl 
group of an acetyl group. Here, the N
methylamide and acetyl groups are included in 
the C- and N-terminal protecting groups, 
respectively. 

Temperature coefficients of the amide pro
ton chemical shifts are useful for detecting 
intramolecular hydrogen bonding.19 The 
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chemical shifts of intramolecularly hydrogen 
bonded amide protons of peptides showed less 
substantial temperature dependence than 
those of protons exposed to the solvent. When 
the chemical shift change (db) depends linearly 
on the temperature change (dT), the forms of 
hydrogen bonding are classified on the basis of 
the magnitude of db/dT. If d()jdT is in the 
range from 0 to -3 x 10- 3 ppm deg- 1, in
tramolecular hydrogen bonding is quite prob
able, but if db/dT is -6 x 10-3 to -10 x 
10- 3 ppm deg-1, hydrogen bonding interac
tion occurs mainly between the solute and 
solvent. 

Table I shows the temperature coefficients of 
the chemical shifts of the amide protons mea
sured from 25 to 65°C in DMSO-d6 solutions. 
The values db/dTwere smaller than -3 x 10- 3 

ppm deg- 1 for all amide protons in Ac-Asp
X-NHMe and Ac-X-Asp-NHMe. This sug
gests the absence of any particular intramo
lecular hydrogen bonding in the dipeptides 
whose Asp side chains are protonated. Small 
but anomalous positive temperature coef
ficients were observed for the amide protons of 
N-methylamide group in Ac-X-Asp(Na)-
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NHMe except for Ac-Asp(Na)-Asp(Na)
NHMe. These results may be due to hydrogen 
bonding and/or charge effect2° from the depro
tonated Asp side chains. If hydrogen bonds are 
responsible for the temperature coefficients, 

Table I. Temperature coefficients of amide 
proton chemical shifts in DMSO-d6 

solution 

di>/dT 

Compound 103 ppm deg- 1 

Asp N!::! XN!::! N!::!Me 

Ac-Asp-Ser-NHMe 
Ac-Asp(Na)-Ser-NHMe 
Ac-Ser-Asp-NHMe 
Ac-Ser-Asp(Na)-NHMe 
Ac-Asp-Tyr-NHMe 
Ac-Asp(Na)-Tyr-NHMe 
Ac-Tyr-Asp-NHMe 
Ac-Tyr-Asp(Na)-NHMe 
Ac-Lys-Asp(Na)-NHMe 
Ac-Asp-Asp-NHMe 
Ac-Asp(Na)-Asp(Na)-NHMe 

• N-terminal residue. 
b C-terminal residue. 

-4.49 -4.81 
-4.38 -6.96 
-5.68 -6.00 
-2.80 -16.0 
-4.44 -5.47 
-2.75 -4.03 
-5.32 -5.62 
-4.99 -7.84 
-7.12 -7.12 
-5.09• -4.86b 
n.d.•·' -4.65b 

' Not determined due to non-linearity. 
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Figure 1. Concentration dependence of amide proton chemical shifts in DMSO-d6 . (a) Ac-Ser
Asp(Na)-NHMe; (b) Ac-Tyr-Asp(Na)-NHMe. 
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there are three possible hydrogen bondings. 
The first is an intermolecular one between 
peptides, and is less important in DMSO-d6 

solution. In fact, the N-methylamide proton 
resonances do not indicate significant con
centration dependent shifts as shown in Figure 
1. The other two are intramolecular; one 
forming a c10 structure as was found in the [3-
turn structure whose amide proton was hy
drogen bonded to an acetyl carbonyl group, 
and the other, forming a seven-membered ring 
with the amide proton hydrogen bonded to 
the Asp side chain carboxylate group. In the 
latter case, the chemical shifts of the amide 
protons may be influenced by the charge of 
Asp side chains. 

The dependence of the amide proton chemi
cal shifts on the solvent composition was 
measured so as to make a distinction between 
the two types of intramolecular hydrogen 
bonding. 21 The results are shown in Figure 2 
for Ac-Ser-Asp-NHMe and Ac-Tyr-Asp
NHMe, and their sodium salts. Here, the 
solvent composition was varied from pure 
DMSO-d6 to 40: 60 (v/v) DMSO-d6/C2 HC13 

at a constant peptide concentration. In this 
range, no change was observed in the cou
pling constant 3 J indicating no 
change in the backbone conformation. Since 
DMSO-d6 is a good hydrogen acceptor solvent 
and C2 HC13 has less hydrogen bonding ability, 
upfield shifts are expected for solvent-exposed 
amide protons with an increase in C2HC13 

content. The chemical shifts of intramolec
ularly hydrogen bonded amide protons are 
less affected by the change on solvent com
position. The amide protons of Asp and Ser of 
both protonated and deprotonated forms of 
Ac-Ser-Asp-NHMe showed upfield shifts with 
increasing C2HC13 content. The amide proton 
of N-methylamide group of Ac-Ser-Asp
NHMe showed a large upfield shift, while a 
small lowfield shift was observed for the de
protonated form Ac-Ser-Asp(Na)-NHMe. 
For all amide protons except for Asp amide 
proton of Ac-Tyr-Asp(Na)-NHMe, large up-

12 

field shifts were observed not only in the 
protonated but also in the deprotonated Ac
Tyr-Asp-NHMe. It is unlikely that the amide 
proton of N-methylamide group of Ac-Tyr
Asp(Na)-NHMe participates in a strong in
tramolecular hydrogen bond. Thus, the anom
alous positive temperature coefficient of the 
amide proton is due to the charge effect of the 
deprotonated Asp side chain, which may be 
close to the amide proton. From these results, 
it may be concluded that hydrogen bonds were 
the type of C10 structure for Ac-Ser-Asp(Na)
NHMe and that of seven-membered ring for 
Ac-Tyr-Asp(Na)-NHMe. 

The dependence of amide proton chemical 
shifts on solvent composition could not be 
observed for Ac-Lys-Asp(Na)-NHMe and 
Ac-Asp(Na)-Asp(Na)-NHMe, because of 
poor solubility in DMSO-d6-C2 HC13 mixture. 
As suggested by the value of the backbone 
dihedral angle ¢, the anomalous positive tem
perature coefficient of the amide proton of the 
N-methylamide group in Ac-Lys-Asp(Na)
NHMe may be related to hydrogen bonding 
which induces a change in the overall back
bone conformation. 

Backbone Conformation of Dipeptides 
Tables II and III show the vicinal coupling 

constant 3 J and dihedral angle <P 

obtained using the Karplus-type relationship 
of Demarco et a/.22 Although one coupling 
constant yields from two to four dihedral 
angles, the probable one can be selected from 
the Ramachandran plot,23 since the dipeptides 
are not sterically constrained. According to 
this plot, most of the amino acid residues take 
on a ¢ value around -90°. Values of about 
- 90° should be used. 

In the [3-turn structure, the ¢ value of the 
(i+2)th residue depends on the type of turn, 
while that of(i+ l)th residue is about -60° for 
almost any [3-turn structure, i.e., types I, II or 
III.2 In solution, the¢ values were observed as 
a time average of those for possible confor
mations. Though some of the changes in ¢ 
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Figure 2. Solvent composition dependence of amide proton chemical shifts in DMSO-d6jC2 HCl3 

mixture. (a) Ac-Ser-Asp-NHMe; (b) Ac-Ser-Asp(Na)-NHMe; (c) Ac-Tyr-Asp-NHMe; (d) Ac-Tyr-
Asp(Na)-NHMe. 
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Table II. Values for the dihedral angle <P for dipeptides in DMSO-d6 solution 

Compound 

Ac-Asp-Ser-NHMe 

Ac-Asp(Na)-Ser-NHMe 

Ac-Ser-Asp-NHMe 

Ac-Ser-Asp(Na)-NHMe 

Ac-Asp-Tyr-NHMe 

Ac-Asp(Na)-Tyr-NHMe 

Ac-Tyr-Asp-NHMe 

Ac-Tyr-Asp(Na)-NHMe 

Ac-Lys-Asp(Na)-NHMe 

Ac-Asp-Asp-NHMe 

Ac-Asp(Na)-Asp(Na)-NHMe 

a N-terminal residue. 
b C-terminal residue. 

Residue 

Asp 
Ser 
Asp 
Ser 
Asp 
Ser 
Asp 
Ser 

Asp 
Tyr 
Asp 
Tyr 
Asp 
Tyr 
Asp 
Tyr 
Asp 
Lys 
Asp• 
Aspb 
Asp• 
Aspb 

values are small compared to estimated error, 
change in ¢ values may reflect changes in the 
population of prefered conformations. 

As shown in Table II, in DMSO-d6 , the ¢ 
values depend on the ionic state of Asp side 
chains. The ¢ values of N-terminal residues 
corresponding to the (i + l)th residue of the /3-
turn sequence become closer to - 60° on the 
deprotonation of Asp in Ac-Ser-Asp-NHMe 
and Ac-Asp-Asp-NHMe. Thus, in these pep
tides on deprotonation of Asp, conformational 
change may be induced more suitably for the 
formation of the {3-turn-like structure. Ac
Asp-Tyr-NHMe and Ac-Tyr-Asp-NHMe 
have the same values as those of corresponding 
sodium salts, except for Asp in the latter 
peptide, possibly because of the formation of 
the seven-membered ring. The ionic state of 
the Asp side chain affects the overall backbone 

14 

31 (HNC"H) <P 

Hz 

7.8, -96±8, -144±8 
7.8, -96±8, -144±8 
7.32 -90±7, -150±7 
6.35 -80±6, -160±6 
8.30 -103±9, -137±9 
7.32 -90±7, -150±7 
8.4o -104±9, -136±9 
5.86 +42±7, +78±7 

-76±5, -164±5 
7.82 -96±8, -144±8 
8.30 -103±9, -137±9 
7.82 -96±8, -144±8 
8.30 -103±9, -137±9 
7.32 -90±7, -150±7 
7.8, -96±8, -144±8 
6.84 -85±6, -155±6 
7.8, -96±8, -144±8 
6.35 -80±6, -160±6 

6.35 -80±6, -160±6 
7.8, -96±8, -144±8 

7.32 -90±7, -150±7 
7.33 -90±7, -150± 7 
7.8, -96±8, -144±8 

conformation of Ac-Asp-Ser-NHMe, Ac
Ser-Asp-NHMe, Ac-Asp-Asp-NHMe, and 
Ac-Tyr-Asp-NHMe. Because of the poor 
solubility, ¢ values could not be obtained for 
the peptide containing Lys except for Ac
Lys-Asp(Na)-NHMe. The ¢ value of Ac
Lys-Asp(Na)-NHMe is also suitable for the 
formation of the {3-turn-like structure. 

In the mixed solvent, H20-2H20 90: 10 
(v/v), the ¢ values are not the same as those 
indicated in Table III; for certain peptides, a 
similar tendency was observed for the change 
in ¢ values on increasing the pH from 2.5 to 
4.0. 

From the ¢ values and evidence for the 
occurrence of intramolecular hydrogen bonds, 
we conclude that formation of the {3-turn-like 
structure takes place most prabably in Ac
Ser-Asp-NHMe and Ac-Lys-Asp-NHMe as 
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Table III. Values for the dihedral angle ¢ for dipeptides in aqueous solution• 

3J (HNC"H) <P 
Compound pHb Residue 

Hz 

Ac-Asp-Ser-NHMe 2.5 Asp 7.32 -90±7, -150±7 
Ser 6.83 -84±6, -156±6 

4.0 Asp 6.94 -86±6, -154±6 
Ser 6.94 -86±6, -154±6 

Ac-Ser-Asp-NHMe 2.5 Asp 7.8, -96±8, -144±8 
Ser 6.34 -79±6, -161±6 

4.0 Asp 7.58 -92±7, -148±7 
Ser 6.92 -85±6, -155±6 

Ac-Asp-Tyr-NHMe 2.5 Asp 8.24 -101±9, -139±9 
Tyr 7.58 -92±7, -148±7 

4.0 Asp 7.9, -96±8, -144±8 
Tyr 6.59 -82±6, -158±6 

Ac-Tyr-Asp-NHMe 2.5 Asp 8.24 -101±9, -139±9 
Tyr 6.26 +55±7, +65+7 

-79±6, -161±6 
4.0 Asp 7.25 -89±7, -151±7 

Tyr 6.93 -85±6, -155±6 
Ac-Asp-Lys-NHMe 2.5 Asp 7.25 -89±7, -151 ±7 

Lys 6.59 -82±6, -158±6 
4.0 Asp 6.75 -84±6, -156±6 

Lys 6.59 -82±6, -158±6 
Ac-Lys-Asp-NHMe 2.5 Asp 7.99 -97±8, -143±8 

Lys 5.6, +38±8, +82+8 
-73±5, -167±5 

4.0 Asp 6.92 -85±6, -155±6 
Lys 6.59 -82±6, -158±6 

Ac-Asp-Asp-NHMe 2.5 Aspc 7.25 -89±7, -151 ±7 
Aspd 8.24 -101±9, -139±9 

4.0 Aspc 6.59 -82±6, -158±6 
Aspd 7.25 -89±7, -151±7 

• Coupling constants 3 J (HNC"H) were measured in a mixed solvent of H20-2H20 90: 10 (v/v). 
b pH meter readings. 
c N-terminal residue. 
d C-terminal residue. 

the time average conformation in solution. 
Further, it may be said that the deprotonation 
of Asp is necessary for the preferential for
mation of the /3-turn-like structure. 

Side Chain Rotamer Population 
Side chain conformations were determined 

by spin analysis of a and f3 proton resonances 
so as to investigate further the formation of the 
/3-turn-like structure. If the dipeptide back
bone takes on a folded conformation such as 
that of the /3-turn structure, the side chains can 

Polymer J., Vol. 16, No. I, 1984 

approach each other. In the dipeptide with a /3-
turn-like structure, both side chains become 
mutually close enough to interact when theN
terminal and C-terminal residues take (t)- and 
(g -)-rotamers, respectively, or both take (g +)
rotamers. Thus, the rotamer population is 
expected to reflect the backbone conformation 
and (side chain)-(side chain) interactions. 
Much attention was directed to the rotamer 
population P 9 +, since the amino acid residue 
does not favorably take the (g+)-rotamer ex
cept for Ser in protein.24 The rotamers about 

15 



H. ISHII, Y. INOUE, and R. CH(JJ6 
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co 
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x=+60 o 

Figure 3. Three stable rotamers about the C"-CP bond 
and their notations. 

the Ca-CP bond and their notations are shown 
in Figure 3. 

In Table IV are listed the values for the 
vicinal coupling constant 3 J (HCaCPH) and 
rotamer populations for the dipeptides and 
Ac-Asp-NHMe at p2 H 3, 7, and 13. The 
population were calculated using the approxi
mations of Pachler25 and Feeney26 (shown in 
parentheses). The side chain of Asp was fully 
protonated and deprotonated at p2H 3 and 7, 
respectively. 

Table IV indicates that the rotamer popu
lations of both residues change in a complicat
ed manner with change in the ionization state 
of the side chains in Ac-Asp-Ser-NHMe. 
With an increase in p2H from 3 to 7, P9 + in
creases for both residues, especially Asp. In 
the monomer model, Ac-Asp-NHMe, the 
P9 + dose not increase on deprotonation, due 
to repulsive interaction between the side 
chain carboxylate and backbone carbonyl 
groups. Thus, the large increase in P9 + for 
Asp in the dipeptide may be induced by side 
chain interactions with Ser. This indicates 
the formation of hydrogen bonds between the 
side chain carboxylate and hydroxyl groups. 
The occurrence of such an interaction is sup
ported by the titration behavior of proton 
chemical shifts, as shown in Figure 4. The de
protonation of Asp caused larger shifts of the 
Ser f3 proton than I)( proton. As the p2H in
creased from 7 to 13, the value of P9 + de
creased, becoming almost the same as that 
at p2H 3 for either residue in Ac-Asp-Ser
NHMe. This suggests that hydrogen bonds 
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Figure 4. pH titration shifts of()( and f3 protons of Ser. 
(a) Ac-Asp-Ser-NHMe; (b) Ac-Ser-Asp-NHMe. The 
chemical shift for f3 proton is averaged value of two f3 
protons. The internal reference for the chemical shifts 
was tert-BuOH. 

are broken by repulsive force between the 
charged side chains. The change in P9 + for 
Asp cannot be explained without taking the 
(side chain)-(side chain) interaction into con
sideration. Although no intramolecular hy
drogen bonded clO structure could be found, 
folded conformations are likely to occur at 
p2H 7 in Ac-Asp-Ser-NHMe. 

A similar tendency was observed for side 
chain rotamer populations in Ac-Ser-Asp
NHMe, although the change in P9+ was small 
compared to the experimental error. Thus, the 
preferred conformation is a folded one, which 
is quite consistent with the formation of clO 
structure found in DMSO-d6 solution. 
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Table IV. Proton coupling constants (Hz) and rotamer populations' 
of dipeptides in aqueous solution 

Compound p2H Residue 3JAX 3JBX 2JAB P.- P, P •• 

Ac-Asp-Ser-NHMe 3 Asp 7.29 5.94 16.79 0.44 0.30 0.26 
(0.45) (0.33) (0.22) 

Ser 4.61 5.28 11.87 0.18 0.24 0.58 
(0.17) (0.14) (0.69) 

7 Asp 6.04 5.62 15.09 0.31 0.24 0.45 
(0.32) (0.24) (0.44) 

Ser 4.87 4.47 11.57 0.20 0.17 0.63 
(0.22) (0.05) (0.73) 

13 Asp 7.15 6.35 17.74 0.41 0.34 0.25 
(0.42) (0.38) (0.20) 

Ser 4.52 5.15 12.16 0.17 0.23 0.60 
(0.17) (0.13) (0.70) 

Ac-Ser-Asp-NHMe 3 Asp 7.41 5.77 16.97 0.44 0.29 0.27 
(0.47) (0.32) (0.21) 

Ser 5.27 5.94 11.54 0.24 0.30 0.46 
(0.23) (0.25) (0.52) 

7 Asp 6.84 5.62 16.12 0.39 0.28 0.33 
(0.40) (0.28) (0.32) 

Ser 5.38 5.37 11.72 0.25 0.25 0.50 
(0.25) (0.19) (0.56) 

13 Asp 7.08 6.84 15.38 0.41 0.39 0.20 
(0.41) (0.44) (0.15) 

Ser 4.94 5.61 11.21 0.21 0.27 0.52 
(0.20) (0.20) (0.60) 

Ac-Asp-Tyr-NHMe 3 Asp 7.85 5.64 16.09 0.48 0.28 0.24 
(0.52) (0.32) (0.16) 

Tyr 8.11 6.20 14.30 0.50 0.33 0.17 
(0.53) (0.40) (0.07) 

7 Asp 8.06 6.35 15.87 0.50 0.34 0.16 
(0.53) (0.40) (0.07) 

Tyr 8.30 6.11 14.16 0.52 0.32 0.16 
(0.55) (0.39) (0.06) 

13 Asp 8.30 5.86 16.11 0.52 0.30 0.18 
(0.56) (0.36) (0.08) 

Tyr 7.57 6.83 14.29 0.45 0.39 0.16 
(0.46) (0.44) (0.10) 

Ac-Tyr-Asp-NHMe 3 Asp 6.84 6.26 16.98 0.39 0.33 0.28 
(0.40) (0.36) (0.24) 

Tyr 7.25 7.24 13.51 0.42 0.42 0.16 
(0.42) (0.50) (0.08) 

7 Asp 6.24 
Tyr 7.55 6.65 13.43 0.45 0.37 0.18 

(0.47) (0.44) (0.09) 
13 Asp 5.94 

Tyr 7.57 7.32 13.91 0.45 0.43 0.12 
(0.46) (0.50) (0.04) 
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Table IV. (continued) 

Compound pzH Residue 31Ax 3JBX 2JAB pg_ P, Pg. 

Ac-Asp-Lys-NHMe 3 Asp 7.25 6.70 17.14 0.42 0.37 0.22 
(0.43) (0.43) (0.14) 

7 Asp 7.33 6.83 15.00 0.43 0.39 0.18 
(0.44) (0.45) (0.11) 

13 Asp 7.55 6.83 0.45 0.39 0.16 
(0.46) (0.46) (0.08) 

Ac-Lys-Asp-NHMe 3 Asp 8.24 5.6, 16.8, 0.51 0.27 0.22 
(0.56) (0.32) (0.12) 

7 Asp 7.33 5.62 15.63 0.43 0.28 0.29 
(0.46) (0.29) (0.25) 

13 Asp 6.96 6.10 0.40 0.32 0.28 
(0.41) (0.34) (0.25) 

Ac-Asp-NHMe 3 Asp 6.83 5.14 16.85 0.39 0.23 0.38 
(0.42) (0.21) (0.37) 

7 Asp 8.30 5.37 15.99 0.52 0.25 0.23 
(0.57) (0.30) (0.13) 

Ac-Asp-Asp-NHMe 3 Aspb 7.57 5.37 17.09 0.45 0.25 0.30 
(0.49) (0.27) (0.24) 

Asp' 7.57 6.80 17.09 0.45 0.38 0.17 
(0.47) (0.44) (0.09) 

7 As ph 6.59 5.86 0.36 0.30 0.34 
(0.38) (0.30) (0.32) 

Asp' 

a Rotamer populations were obtained by Pachler's and Feeney's (in parentheses) approximation.25 ·26 

b N-terminal residue. 
' C-terminal residue. 

The rotamer population for Tyr shows little 
change and P9 + for Asp decreased on depro
tonation of Asp side chains in Ac-Asp-Tyr
NHMe and Ac-Tyr-Asp-NHMe, suggesting 
the absence of any particular (side chain)-(side 
chain) interactions. The ionization state of 
either side chain does not induce mutual con
formational change in the side chains of these 
dipeptides. This is due to the bulkiness of the 
Tyr side chain which prefers the (g-)-ro
tamer.27 No evidence for side chain interaction 
could be found from a rotamer analysis of the 
side chains in Lys-containing dipeptides. The 
results on the side chain conformation are still 
consistent even when Ac-Ser-Asp-NHMe and 
Ac-Asp-Ser-NHMe take on folded confor
mations. 
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Interactions involving the Lys side chain 
Interactions between side chains were de

tected by 13C relaxation measurements. Ob
servation of the 13C relaxation greatly facili
tated the motion analysis of the aliphatic 
residues in the peptides.28·29 The larger T1 

value corresponded to the greater mobility 
under the condition of extreme narrowing 
limit. Table V shows the NT1 values of the 
individual carbons of Lys and Asp in Ac
Asp-Lys-NHMe and Ac-Lys-Asp-NHMe. 
Here, N is the number of protons directly 
bonded to a given carbon. The NT1 values for 
Lys gradually increase along the side chain 
from the a- to a-carbons because of increase in 
mobility. The NT1 value of the Lys a-carbon is 
smaller in Ac-Lys-Asp-NHMe than in Ac-
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Table V. 13C NT1 values in aqueous solution at p2 H 7 and 32'Ca 

Compound 

Ac-Asp-Lys-NHMe 

Ac-Lys-Asp-NHMe 

0.31 

0.28 

{3 

0.45 

0.42 

a NT1 values given in seconds. Errors in NT1 are ± 10%. 
b Not determined. 

Asp-Lys-NHMe, while the NT1 values of Lys 
a-carbon are comparable in both dipeptides 
within experimental error. The smaller NT1 

value indicates that the c-amino terminal 
group is more constrained in Ac-Lys-Asp
NHMe than in Ac-Asp-Lys-NHMe. 
Furthermore, for Asp, the NT1 values of r:t.

and j3-carbons are smaller in Ac-Lys-Asp
NHMe than in Ac-Asp-Lys-NHMe by a fac
tor of about 0.7. These results may arise from 
the different degree of electrostatic attractive 
interaction between the Lys c-amino and Asp 
carboxylate groups, which is greater in Ac
Lys-Asp-NHMe than in Ac-Asp-Lys
NHMe. Although in an aqueous solution, 
intermolecular hydrogen bonding with water 
molecules competes with intramolecular in
teraction, the small differences in NT1 values 
are still sufficient to account for the significant 
side chain interactions. The occurrence of side 
chain interactions is compatible with the pro
posal that the j3-turn-like structure most likely 
occurs in Ac-Lys-Asp-NHMe. 

The pK. value of the carboxyl group is 
known to be affected by the surrounding en
vironment, e.g., intamolecular hydrogen bond
ing. 30 Intramolecular hydrogen bonds which 
stabilize the carboxylate form should increase 
the acidity of the carboxyl groups. Table VI 
shows the pK. values of the Asp side chains 
obtained from titration curves for Asp tl
carbons. These values are smaller in Ac-Asp
Ser-NHMe, Ac-Ser-Asp-NHMe, Ac-Asp
Lys-NHMe, and Ac-Lys-Asp-NHMe than 
Ac-Asp-Tyr-NHMe, Ac-Tyr-Asp-NHMe, 

Polymer J., Vol. 16, No. I, 1984 

Lys 

y 

0.71 

n.d.b 

0.90 

0.82 

1.22 

1.04 

0.40 

0.29 

Asp 

{3 

0.56 

0.40 

Table VI. pKa values of the carboxyl groups 
of aspartic acid residues 

Compound 

Ac-Asp-Ser-NHMe 
Ac-Ser-Asp-NHMe 
Ac-Asp-Tyr-NHMe 
Ac-Tyr-Asp-NHMe 
Ac-Asp-Lys-NHMe 
Ac-Lys-Asp-NHMe 
Ac-Asp-NHMe 
Ac-Asp-Asp-NHMe 

a Errors are ±0.05 pH unit. 

3.95 
4.05 
4.15 
4.45 
3.85 
3.90 
4.20 
4.00 

Ac-Asp-Asp-NHMe, and Ac-Asp-NHMe by 
about 0.10 to 0.30 pH units. These small but 
evident differences are quite consistent with 
the differences in degree of intramolecular 
interactions. 

Analysis Based on Chou and Fasman's j3-Turn 
Positional Potential 
From the above considerations, it may be 

concluded that the j3-turn-like structure is 
preferable to Ac-Ser-Asp-NHMe and Ac
Lys-Asp-NHMe with the deprotonated Asp 
side chain. Chou-Fasman's j3-turn positional 
potentials for N-terminal and C-terminal resi
dues are denoted by P;+ 1 and P;+z, respective
ly. These values are P;+ 1 =1.27, P;+ 2 =2.06 
for Asp; P;+ 1 = 1.47, P;+z = 1.32 for Ser; 
P;+ 1 = 1.35, P;+z =0.81 for Lys; Pi+ 1 =0.79, 
P;+z = 1.24 for Tyr.2 The P;+ 1 values for Ser 
and Lys are larger than that of Tyr in the case 
of Ac-X-Asp-NHMe. This accords with the 
formation of the j3-turn-like structure found 
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in this paper. For the Asp residue, the P;+ 1 

value is smaller than the P;+z value. Indeed, 
no /1-turn-like structure was found for 
Ac-Asp-X-NHMe. There is a correlation 
between the ability to form the P-turn-like 
structure and the P-turn potential within the 
dipeptides investigated here. 

In regards to the (side chain)-(side chain) 
interactions, the degree of these interactions is 
also correlated to the P-turn positional poten
tial. Each constituent P-turn positional poten
tial of Ac-Asp-Ser-NHMe and Ac-Ser-Asp
NHMe, in which significant side chain in
teractions were found, is larger than that of 
Ac-Asp-Tyr-NHMe and Ac-Tyr-Asp
NHMe, in which no interactions occurred. 
More evident examples are the Lys-containing 
dipeptides. The product of the P-turn po
sitional potentials of constituents, P; + 1 · P; + 2 

and the degree of side chain interactions are 
larger in Ac-Lys-Asp-NHMe than in Ac
Asp-Lys-NHMe. Therefore the strength of 
the side chain interactions depends on the type 
of the amino acid residue as well as its se
quence. These observations are consistent with 
the expectations based on Chou-Fasman's 
potentials. 

According to the CPK molecular model, the 
two adjacent side chains come closer to each 
other in a folded conformation, particularly in 
most of the P-turn structures. From the above 
results, the P-turn structure is apparently 
stabilized more or less by interactions between 
the residue side chains located at the corner of 
the P-turn-like structure. This is also con
firmed by the fact that deprotonation of Asp 
is necessary for (side chain)-(side chain) attrac
tive interactions. 

CONCLUSIONS 

1. The P-turn-like structure is formed in 
Ac-X-Asp-NHMe (X=Ser and Lys) with the 
deprotonated Asp side chain. 

2. Besides the intramolecular hydrogen 
bond forming clO structure, there are in-
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tramolecular interactions between the depro
tonated Asp side chains and the side chains of 
the neighboring residues in Ac-Asp-Ser
NHMe, Ac-Ser-Asp-NHMe, and Ac-Lys
Asp-NHMe. 

3. Good correlation exists between the 
strength of the side chain interactions and P
turn positional potentials. 

4. The (side chain)-(side chain) interac
tions contribute to the stabilization of the P
turn-like structure. 
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