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Abstract—The presence of folded solution conformations in the peptides Boc-Ala—Aib-Ala)-OMe, Boc-Val-
(Aib-Val)»-OMe, Boc-Ala—{Aib-Ala);~OMe and Boc-Val<Aib-Val);-OMe has been established by 270 MHz 'H
NMR. Intramolecularly H-bonded NH groups have been identified using temperature and solvent dependence of
NH chemical shifts and paramagnetic radical induced broadening of NH resonances. Both pentapeptides adopt 3,
helical conformations possessing 3 intramolecular H-bonds in CDCl; and (CDs),SO. The heptapeptides favour
helical structures with 5 H-bonds in CDCl;. In (CD3),SO only 4 H-bonds are readily detected.

The tendency of a-aminoisobutyric acid (H,N-C(CH,),-
COOH, Aib) residues to stabilize helical peptide back-
bone conformations was first predicted theoretically' and
has been established experimentally by several spec-
troscopic>'® and X-ray diffraction studies.'™"” For
poly(Aib), fibre diffraction studies favour a 3,o helix,'®
while theoretical analyses support a-helical'® or modified
helical structures.” While 3,, helical conformations
stabilized by intramolecular 41 H-bonds have been
observed in crystal structures of a large number of Aib
containing peptides,'™'® a-helical conformations, incor-
porating 5—»1 H-bonds, have been established in the
crystal structures of Boc-Ala-{Aib-Ala),-Glu (OBzl)-
(Ala-Aib),-Ala-OMe'” and Boc-Aib-Pro-Val-Aib-Val-
OMe.""?" The pentapeptide is distinguished by the
presence of two B-branched Val residues, while the
11-peptide has a central tripeptide stretch, -Ala-
Glu(OBzl)-Ala-, containing no Aib residues. Both peptide
crystals contain solvent molecules. It was therefore of
interest to establish the precise role of sequence and
solvent effects in modulating the preference of Aib pep-

tides for various helical conformations. As part of a
continuing program to elucidate the conformational
characteristics of Aib peptides,' we have chosen to
examine (Aib-X), sequences,’*** with a view to est-
ablishing the role of the X residue and chain length in
determining peptide conformations. In this report we
describe 'H NMR studies on penta and heptapeptides
containing L-Ala and L-Val as the X-residue. The choice
of these residues was dictated by their different propen-
sities for occurring in helical conformations.”*

RESULTS AND DISCUSSION

Pentapeptides

In the peptides, Boc-X-(Aib-X),-OMe, where X = L-
Ala or L-Val, five NH resonances could be clearly seen
in both CDCl, and (CD,),SO at 270 MHz. The NH
chemical shifts are listed in Table 1. Resonances are
labelled as S, (singlets) or D, (doublets), where “n”
designates the order of appearance from low field in
CDCls. Of these the urethane NH signals could be un-
ambiguously identified by virtue of their high field posi-

Table 1. NH chemical shifts and temperature coeflicients in pentapeptides

Boc-Val-(Aib-Val)~OMe

Boc-Ala~(Aib-Ala),OMe

SNH dsdT’ ONH dsidT®
Resonance x 10° (ppm/°C) x 10° (ppm/°C)
CDCl, (CDy;S0 CDCly (CD3):50
1.67x10°°M 1.67x 1072 M 1.94x 1072 M 1.94x 1072 M

D, 1.33 7.34 2.05 7.54 7.66 2.86

Sz 7.29 7.89 3.40 7.28 7.68 2.77

D, 6.97 7.15 1.85 7.26 147 2.29

S4 6.55 8.14 4.67 6.67 8.26 6.14

Ds 4,96 6.72 7.04 5.35 7.10 7.05
“Solvent (CDs),SO
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tion in CDCL.*” Unequivocal assignments of the
remaining two doublets (Ala) and two singlets {Aib) to
specific residues is not possible at present. However a
tentative assignment of S, to Aib(2) NH may be con-
sidered later on the basis of conformational conclusions.
The involvement of NH groups in intramolecular H-
bonding was investigated using temperature®” and
solvent dependence®® of NH chemical shifts. The tem-
perature coefficient values (d8/dT) in (CD;),SO are listed
in Table 1. The solvent titration curves obtained in
CDCLH{CD5),S0 mixtures are shown in Fig. 1.

In both pentapeptides three NH groups (2x NH and 1
Aib NH) appear to be shielded from the solvent since
they have d§/dT <3 x 107> ppm/°C. The same resonances
also show significantly lower chemical shift changes on
increasing the composition of (CD3),SO, a strongly H-
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bonding solvent (Fig. 1). The urethane NH (X(1)NH) and
one Aib NH have high temperature and solvent depen-
dence of chemical shifts, characteristic of solvent
exposed NH groups. The NMR data thus favours con-
formations for the pentapeptides in which 3 NH groups
are intramolecularly hydrogen bonded.

Heptapeptides

In both peptides Boc-X~{Aib-X);~-OMe (X = 1-Ala or
L-Val), all seven NH resonances are clearly observable
(Figs. 2, 3). The chemical shifts of the various resonances
are listed in Tables 2 and 3. Again, only the urethane NH
(X(1)NH) can be unambiguously assigned as the D,
resonance in both peptides. The d8/dT values for the
various NH groups in (CD;),S0 and the solvent depen-
dence of chemical shifts are summarized in Tables 2, 3

1 1 1 1 s i
5 15 25 35
Y (CO3)2 50 e

Fig. 1. Solvent dependence of NH chemical shifts in pentapeptides (left) Boc-Val-(Aib-Val)»OMe (right)
Boc-Ala~<(Aib-Ala)-OMe.

B(M)

Fig. 2. 270 MHz '"H NMR spectrum of Boc-Val-{Aib-Val);-OMe in CDCl;, 1.28% 107*M. (Inset) NH resonances
observed in the presence of varying concentrations (wt %) of the nitroxide TEMPO (a) 0.025%; (b} 0.073%; (¢}
0.23%.
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Fig. 3. 270 MHz '"H NMR spectrum of Boc-Ala~{Aib-Ala)-OMe in CDCly, 1.49 x 10°*M. (Inset) NH resonances
observed in the presence of varying concentrations (wt %) of the nitroxide TEMPO (a) 0.025%: (b) 0.073%:; ()
0.23%.

Table 2. NH Chemical shifts and temperature coefficients in Boc-Val-{Aib-Vai)>-OMe

dnn
dsidT*
Resonance CDChL x 107 (ppm/°C)
{CD3SO
128X 1072 M 1.28x 107 M 1.28x 107* M
S, 7.81 1.75 7.95 3.29
S 7.48 7.44 7.56 1.66
Ds 7.31 1.7 7153 453
Dy 1.22 7.23 7.5 0.66
Ds 7.07 7.05 7.12 1.34
Se 6.67 6.53 8.27 504
D, 5.16 489 6.95 7.05

“Solvent (CDy),SO

Table 3. NH Chemical shifts and temperature coefficients in Boc-Ala-(Aib-Ala)s-OMe

Snn
dsfar®
Resonance CDCh x 10° (ppm/°C)
{CDy):SO
149x 1071 M 149 107 M 1.49% 1072 M
D 7.88 7.70 7.96 3.98
S, 761 747 7.81 279
S 748 7.36 753 221
D, 732 7.25 7.44 1.33
Ds 7.3 7.19 733 1.56
Se 7.13 6.55 837 581

D, 6.07 5.10 7.19 7.28
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Fig. 4. Solvent dependence of NH chemical shifts in heptapeptides (left) Boc-Val~(Aib-Val)~OMe (right)
Boc-Ala<{(Aib-Ala);-OMe.

and Fig. 4, respectively. The d§/dT values in (CD,),SO
provide evidence for the involvement of 4 NH groups
(2XNH and 2 Aib NH) in intramolecular H-bonding,
while the remaining 3 NH groups have high d§/dT values
(>4x107° ppm/°C), indicative of exposure to solvent.
However, the solvent titration experiments (Fig. 4) sug-
gest that S NH groups in these peptides are relatively
insensitive to changes in solvent composition. An
examination of the data in Tables 2, 3 and Fig. 4 shows
that resonances D, in the Ala-peptide and D, in the
Val-peptide show only small As values on going from
CDCl; to (CDs),SO, but have reiatively high d8/dT
values in (CD,),SO. These results suggest that while a
four H-bond structure may be favoured in (CDs),SO,
there is a possibility of involvement of a fifth NH group
in intramolecular H-bonding in CDCl,.

Further support for this inference is obtained from
examination of paramagnetic radical induced line
broadening of NH resonances in CDCl,.”" Insets to Figs.
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2 and 3 show the effect of addition of the free radical
2,2,6,6-tetramethyl piperidine-1-oxyl (TEMPO) on the
Ala and Val heptapeptides, respectively. The dependence
of the linewidths of the NH resonances on radical con-
centration are shown in Fig. 5. Quantitative linewidth
determinations on all the NH resonances were rendered
difficult due to overlap. It is clear from spectra in the
insets to Figs. 2 and 3, that resonance D, in the Ala-
heptapeptide and D; in the Val-heptapeptide are
significantly less exposed to the radical than resonances
S¢ and D, (urethane).

Conformations of penta and heptapeptides

The 'H NMR results described above support the
following conclusions:

(1) The pentapeptides, Boc~Ala~{Aib-Ala),-OMe and
Boc-Val-{Aib-Val)}-OMe favour folded conformations
in solution, stabilized by three intramolecular H-bonds in
both CDCl; and (CD,),S0.
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Fig. 5. Linewidths (Avy;2) of NH resonances as a function of radical (TEMPO) concentration in CDCl; (left)
Boc~Val-(Aib~Val)~OMe (right) Boc~Ala~(Aib-Ala);-OMe. All NH resonances are not included due to spectral
overlap.
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(2) The heptapeptides Boc-Ala~(Aib-Ala);-OMe and
Boc-Val-(Aib-Val);-OMe appear to adopt different
conformations in CDCl; and (CD;),SO. While a folded
structure with five intramolecular H-bonds is favoured in
CDCl;, there appears to be a loss of one H-bond in
(CD»),S0.

In the analysis of the NMR results we have not
explicitly considered the influence of peptide aggrega-
tion. Earlier studies from this laboratory of 10 and 11
residue Aib containing fragments of suzukacillin®>® and
a model peptide benzyloxycarbonyl<{Aib-Pro)OMe™
have shown that aggregation of such peptides is not
significant in (CD5),SO at the concentrations used. Pep-
tide association is important in CDCl, but intermolecular
H-bonding is preferentially mediated by NH and CO
groups, which are free in the folded, monomeric peptide.
Molecular association, thus, does not alter the secondary
structure of the monomer.™*

Together with the known stereochemical preferences
of Aib residues,’ the NMR data suggests that both
pentapeptides favour 3,0 helical conformations, stabil-
ized by 4—1 H-bonding, in CDCl; and (CD;),SO. A
schematic representation of the H-bonding scheme is
given in Fig. 6(a). X-Ray crystallographic studies have
demonstrated such 3, helical conformations in Aib ohi-
gopeptides'™'** and two pentapeptide fragments of
suzukacillin, Boc-Ala-Aib-Ala-Aib-Aib-OMe'' and
Boc-Leu-Aib-Pro-Val-Aib-OMe.'"*' NMR evidence
for the occurrence of 3, helical conformations in frag-
ments of alamethicin and suzukacillin has also been
presented.”""

The heptapeptides Boc-X—(Aib-X);-OMe, in contrast
to the pentapeptides, show evidence of conformational
changes on going from a relatively non-polar solvent like
CDCl, to a polar, H-bonding solvent like (CD5).SO. The
presence of five H-bonded NH groups in CDCl; is con-
sistent with a regular 3, helical structure for both pep-
tides in this solvent. Such a folded conformation would
be stabilized by five 4-1 H-bonds (Fig. 6(b)). In
(CD»)»SO conformers, in which one of the 4~ 1 H-bonds
involving an X NH group (Val or Ala) is loosened, are
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increasingly populated. Since unequivocal assignment of
the X residue NH groups cannot be made, it is not
possible to establish which Type III B-turn® is des-
tabilized in (CD5):SO. The fact that an X NH group is
involved implies that an X-Aib B-turn is partially broken
in (CD;),S0. Evidence for ‘loosening’ of B-turns in in-
cipient 3, helical structures has been reported earlier in
the peptide benzyloxycarbonyl-Aib-Pro-Aib-Ala-OMe.’
While the NMR parameters in (CD;),SO for the
resonances D, in the Ala-heptapeptide and D; in the
Val-heptapeptide are indicative of partial exposure to
solvent, it is noteworthy that d8/dT values as high as
4.5x107 ppm/° have been accepted as diagnostic of
hydrogen bonded NH groups.*** An a-helical structure,
stabilized by four 5—1 H-bonds, has not been con-
sidered for the heptapeptide in (CD;),SO, since such
conformations would result in three fully solvent
exposed NH groups, corresponding to residues 1-3 in the
sequence.

The studies described above suggested that the
stereochemical constraints imposed by Aib residues
dominate the folding of (Aib-X), sequences. While the
Ala and Val residues have substantially different ten-
dencies to occur in helical conformations,” only minor
differences in NMR parameters have been detected be-
tween the Val and Ala hepta and pentapeptides. A degree
of conformational flexibility, albeit small, has been
observed, leading to solvent dependent structural per-
turbations.

EXPERIMENTAL

All peptides were synthesized by soln phase procedures using
Boc groups for amino protection, methyl esters for carboxyl
protection and dicyclohexylcarbodiimide (DCC) or DCC-1-
hydroxybenzotriazole as coupling agents.” Boc-Val and Boc-
Ala were prepared by Schnabel’s procedure,* while Boc-Aib was
prepared by the procedure of Mayr and Jung.”” All methyl esters
of amino acids were prepared using the SOCI-MeOH pro-
cedure.” All peptides were checked for homogeneity by TLC on
silica gel (CHCl;:MeOH, 9.5:0.5) and yielded 60 MHz or
270 MHz 'H NMR fully consistent with their structures.
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Fig. 6. Schematic hydrogen bonding pattern proposed for (a) Boc-X—(Aib-X)-OMe; (b) Boc-X—~Aib-X);-OMe.
Note in (CD3):SO one 4 1 hydrogen bond is loosened.
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Synthesis of Boc-Val<(Aib-Val)»-OMe

Boc-Val-Aib-Val-OMe. Boc-Val (16 mmol, 3.3g) was dis-
solved in CH,Cl, (20 ml) and cooled to 0°. Aib-OMe (16 mmol,
1.9 g) was added followed by DCC (16 mmol, 3.3 g). The mixture
was stirred for 4hr at 0° and overnight at room temp. The
precipitated dicyclohexylurea (DCU) was filtered off and the
organic layer washed with IN HCl (3x20mi), IN NaHCO;
(3x20ml) and finally with water (2x 20 ml). The organic layer
was dried over Na,SO, and evaporated to yield Boc-Val-Aib-
OMe as a solid, yield 4.2 g (81%). This was directly used without
purification.

The dipeptide ester (12mmol, 3.3g) was dissolved in 10 ml
MeOH and 2N NaOH (12 ml) was added and stirred for 12 hr.
The mixture was washed with ether (2 x 15 ml) and the aqueous
layer was acidified with 2N HCI, saturated with NaCl and
extracted with EtOAc (4x 15Sml). The EtOAc was dried and
evaporated to give Boc-Val-Aib~OH as a white solid, yield 3.1g
(81%). This was directly converted to the tripeptide.

Boc-Val-Aib-OH (5 mmol, 1.5 g) was dissolved in DMF (5 ml)
and cooled to 0°. Val-OMe (5 mmol, 0.7 g) was added followed
by HOBt (5 mmol, 0.068 g) and DCC (5 mmol, 1.1g). The mixture
was maintained at 0° for 4 hr and at room temp for 20 hr. Work
up as described above yielded the tripeptide as a white solid.
1.2g (60%). M.p. = 160-162°. 'H NMR (60 MHz, CDCl;, 8): 7.18
(d, Val(3) NH), 6.78 (s, Aib NH), 5.18 (d, Val(1) NH), 4.51 (q, Va.
C°H), 3.89 (q, Val C°H), 3.76 (s, 3H, OMe), 2.07 (m, 2H, Val
CPH), 1.61, 1.58 (Aib C?H3), 1.48 (s, 9H, Boc CH,), 0.95 (m, 12H,
Val C*H;).

Boc-Val{Aib-Val),-OMe. Boc-Val-Aib-Val-OMe (2.5 mmol,
1.1g) was dissolved in 99% formic acid (3 ml) and kept at room
temp for 16 hr. The formic acid was removed in vacuo, the
residue dissolved in water, neutralised with Na,CO; and extrac-
ted with CHCl; (4x 10 ml). The organic extract was dried and
evaporated to give H,N-Val-Aib-Val-OMe as a white solid
(0.63 g, 80%), which was used directly.

Boc-Val-Aib-OH (1.7 mmol, 0.52g) was dissolved in DMF
(5 ml) and coupled to H,N-Val-Aib-Val-OMe (1.7 mmol, 0.54 g)
using DCC (1.7 mmol, 0.035 g) and HOBt (1.7 mmol, 0.023g) as
descrited earlier. The crude product was purified by column
chromatography on silica gel, using CHCl; and CHCI;-CH,OH
mixtures for elution. The pentapeptide was obtained as a white,
crystalline solid, yield 0.8 g (80%) m.p. = 173-175°; [a]p” = - 35°
(¢ =0.1, MeOH); R;=0.5 (CHCI;-MeOH 9.5:0.5) (Found: C,
58.42; H, 8.99; N, 11.32. Calc. for (CHs;0sN5s): C, 58.10; H, 8.85;
N, 11.69%). 'H NMR (270 MHz, CDCl;, 8): 7.33 (d, Val NH), 7.29
(s, Aib NH),6.97 (d, Val NH), 6.55 (s, Aib NH), 4.96 (d. Val(1) NH),
4.46(q, Val C°H), 4.18 (q, Val C°H), 3.76 (t, Val C"H), 3.71 (s, 3H,
OCHs), 2.4, 2.19, 1.95 (m, 3H, Val CPH), 1.58, 1.56, 1.55, 1.45 (S,
each 3H, Aib C®H3), 1.47 (9H, Boc CH3), 0.93-1.04 (m, 18H, Val
CH;).

Synthesis of Boc-Val{Aib-Val);-OMe

Boc-Val(Aib-Val)-OMe (1.2 mmol, 0.72g) was dissolved in
formic acid (2ml). After deprotection of the Boc group the
mixture was worked up as described earlier to yield H,N-Val-
(Aib-Val)-OMe as a white solid (0.55 g, 92%) which was directly
used.

Boc-Val-Aib-OH (1 mmol, 0.3g) in 5 ml DMF was cooled to
0°. H3N-Val-(Aib-Val)-OMe (1 mmol, 0.5 g) was added followed
by HOBt (1 mmol, 0.14 g) and DCC (1 mmol, 0.21 g). The reaction
mixture was stirred at (° for 6hr and at room temp for 48 hr.
Work up as described earlier, yielded a crude solid which was
purified by column chromatography on silica gel (CHCl;, CHCl3-
MeQOH). The heptapeptide was obtained as a white solid, yield
0.68g (86%); m.p.=205-207; [alp™ = - 20° (c = 0.1, MeOH);
Ry =0.47 (CHCl;:MeOH, 9.5:0.5). (Found: C, 58.06; H, 8.99; N,
12.41. Calc for C, 58.24; H, 8.81; N, 12.51%). 'H NMR (270 MHz,
CDCl;) shown in Fig. 2. Single crystals suitable for X-ray
diffraction were obtained from CHCls-ether soln.

Boc-Ala~Aib-Ala)~OMe

The pentapeptide was prepared by procedures entirely analo-
gous to those described for the corresponding Val analog. The
peptide was obtained as a white solid after silica gel column
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chromato%raphy, yield §2+3 coupling) = 32%; m.p. = 164-166°
(m.p. (it} = 176°); [a]DZ‘ = -55°(c =0.1, MeOH). The m.p. and
{a]p values differ from those reported in the lit.” It is possible
that observations made on different crystailine polymorphs result
in these differences. Preliminary X-ray evidence for such a
phenomenon has been obtained for the Val peptides. R =0.31
(CHCl3:MeOH, 9.5:0.5). (Found: C, 53.75; H, 7.78; N, 13.04.
Calc. for C, 53.59; H, 7.9; N, 13.59%). '"H NMR (270 MHz,
CDCl3, 8): 7.54 (d, Ala NH), 7.28 (s, Aib NH), 7.26 (d, Ala NH),
6.67 (s, Aib NH), 5.35 (d, Ala(1) NH), 4.52, 4.19, 3.99 (m, IH
each, Ala C°H), 3.71 (s, 3H, OCH,), 1.58, 1.56, 1.54, 1.44 (s, 3H
eaﬂch, Aib CBH3), 1.46 (s, 9H, Boc CHs3), 1.38-1.43 (m, 9H, Ala
C"Hj,).

Boc-Ala—{Aib-Ala);-OMe

The heptapeptide was prepared by procedures described for
the Val analog and purified by silica gel chromatography. Yield
(2+5 coupling) = 65%, m.p. = 150-152°; [a]p” = ~20° (¢ =0.1,
MeOH); R; =0.29 (CHCl;: MeOH, 9.5:0.5). '"H NMR (270 MHz,
CDCls) shown in Fig. 3.

NMR Measurements. NMR studies were carried out on a
Bruker WH-270 NMR spectrometer as described earlier.””®
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