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Abstract—Five cyclic peptide disulphides of the type Boc-C: s—Fro—X'—c\f—NHMc have been

S

synthesized, where X = Gly (1), L-Ala (2), p-Ala (3), Aib (4) and L-Leu (5). 'H NMR studies at 270 MHz
in CDCl, and (CD,),SO provide evidence of a Pro-X g-turn conformation, stabilized by a transannular
4—1 hydrogen bond involving the Cys(4) NH, in all the peptides. In addition peptides 2,4 and 5 also
possess a second intramolecular hydrogen bond involving the -NHMe group. The spectroscopic data are
consistent with a consecutive type III 8-turn conformation for peptides 2, 4 and 5, a type I(III} f-turn

structure for 1 and a type II turn for 3.

B-Turn conformations'* and disulphide linkages® are
important elements of peptide and protein struc-
tures.®” The structural diversity and wide spectrum of
biological activity of natural and synthetic peptides
has provided a powerful impetus for the development
of the experimental®® and theoretical'® methods of
peptide conformational analysis. The refinement of
spectroscopic methods of conformational analysis,
necessarily requires the availability of well defined
model peptides. Cyclic peptides have proved attrac-
tive systemsin view of their relatively restricted range
of conformations.''> Acyclic peptides incorporat-
ing stereochemically constrained residues like,
a-aminoisobutyric acid (Aib)t have been developed
more recently as conformational models.!*¢

In this report, we describe the synthesis and spec-
troscopic analysis of a series of cyclic peptide disul-
phides (Fig. 1), in which an L-Pro-X sequence sepa-
rates two Cys residues. The choice of the Pro-X
sequence was dictated by the high probability of
fl-turn formation.!” The disulphide bridge provides a
means of “covalently locking’’ the fl-turn structure
and additionally allows these peptides to be applied
to the development of CD*'" and Raman spec-
troscopy,”®2 in determining the stereochemistry of
the -S—S- linkage. The 14-membered disulfide loop is
expected to possess only limited structural flexibility,
thereby generating conformationally well defined

Boc —Cys —Pro—X— Cys —NHMe
| [

X= Glyl ,L-Alag «0-Ala3 ,Aib 4+ L-Leus

Fig. 1. Cyclic peptide disulphides.

tAbbreviations used: Aib, a-aminoisobutyric acid; Boc,
t-butyloxycarbonyl;DCC, N, Ndicyclohexylcarbodiimide;
Bz, benzyl; DMF, N, Ndimethylformamide; THF, tetra-
hydrofuran; NMM, N-methylmorpholine; NOE, Nuclear
Overhauser Bffect. Where configuration is not indicated,
L-amino acids are implied.

peptides.”? The results establish that these cyclic
peptide disulphides provide models for type I, IT and
consecutive type III 8-turns.'

RESULTS

Synthesis and characterization

The peptide disulphides were synthesized using the
classical oxidative cyclization of the peptide dithiols,
carried out under conditions of high dilution.** Pep-
tides 1-5 were obtained as homogeneous solids and
thus far single crystals, suitable for X-ray diffraction
have been obtained in the case of the Pro-Aib (4) and
Pro-Leu (5) disulphides. The monomeric nature of
the cyclic disulphides was established by mass spec-
trometric observation of the molecular ion, using
field desorption or fast atom bombardment mass
spectrometry.” Elemental analysis and 270MHz 'H
NMR spectra were fully consistent with the struc-
tures. Further confirmation of the presence of the
14-membered disulphide ring in 4 has been obtained
by X-ray diffraction.?*?” The yields of the cyclic
peptide disulphideswere low, ranging from 12to 25%;
(Table 1). Side reactions involving cleavage of
Cys—Pro bonds during the reductive cleavage of
S-benzyl groups by Na/liquid NH,;*® and the for-
mation of polymeric products during the subsequent
oxidation, presumably account for the poor yields.
An attempt to establish a correlation between possi-
ble Pro-X fl-turn formation in the acyclic precursor
and vyields of cyclization did not result in a fruitful
correlation.

'H NMR studies

Figure 3 shows a representative270 MHz '"H NMR
spectrum of the Pro—Gly disulphide 1in CDCl,, 'H
NMR studies on disulphide 4 have been described
earlier, in conjunction with X-ray diffraction stud-
ies. Extremely well resolved spectra were obtained
in all cases permitting unambiguous assignment of
resonances. In dl five peptides the Cys(I)NH could
be unequivocally assigned to the high field NH
(~5.56) in CDCl,, in view of the known tendency of
urethane NH groups to appear at high field in this
solvent.® The X-NH groups in 1(X =Gly) and 4



Table 1. Characterisation of cyclic peptide disulphides Boc-Cys-Pro-X-Cys-NHMe

s—4

Yield Mess Speotrum MP B o f Elemental Analysis

x @ e co phyED R S
Cale Obs Cale Obs Cale

Gy 1 25.4 - 490° 148-149 0.85 0.89 -22,5  46.6 46.3 6.3 6.5  14.3

Lala 2 13.6  503° 504%'% 227228 077 093 65 47.7 474 6.6 7.0 13.9

DAla 3 15.9 503° 504°9  198-199 0.74 0.93 -90 477 471 6.6 6.9 13.9

Aibb:.' 12.2  517° 518°%  188-190 0.74 0.86 -97.5  46.9 47.0 5.8 6.3 11.6

Leu 5 153 545¢ - 155-157 0.89 0.95 +25 50.6 50.8 7.1 7.3 12,8

a) A = 154 Methanol iNn chloroform; B = Ethylacetate-pyridine-acetic acid-water (5:1531131).
b) Analytical Data computed with & molecule of (CD3)230

e) Field Desorption

d) Fast Atom Bombardment

e) Electron impact

£} C= 0.2, CHBOH

(X =Aib) are unambiguously recognized as triplet
and singlet resonances, respectively. In peptides 2, 3
and 5 both the Cys(4) and X-NH groups are dou-
blets. Unequivocal assignments were made by double
resonance experiments, which establish the con-
nectivities between C?H,, C*H and NH resonances;
the C?H, Cys resonances being clearly distinct from
the Ala CPH, or Leu C?H, peaks. The methylamide
NH resonances are readily identified as broad quar-
tets. Assignments in (CD;),SO were made on the
basis of spin decoupling and by monitoring NH
chemical shifts in mixtures of CDCl, and (CD,),SO.
The chemical shifts and Jync.u Values for the NH
groups in peptides 1-5 are listed in Table 2.

Delineation of hydrogen bonded NH groups

The presence of solvent shielded or intra-
molecularly hydrogen bonded NH groups was estab-
lished using three criteria: (i) temperature de-
pendence of NH chemical shifts in (CD;),80,*-* (ii)

solvent dependence of NH chemical shifts
CDCL~CD,),SO mixtures™® and (iii) rates
hydrogen-deuterium (H-D) exchange in CDCl;-D
mixtures.® A typical H-D exchange experims
is shown in Fig. 3 (inset) for peptide 1. It is cle
that the exchange rates follow the orc
Gly(3)NH > Cys(I)NH » NHMe > Cys(4NH. T
Cys(4) and methylamide NH protons exchan
significantly slower than the other two, indicative
their relative inaccessibility to solvent. A simil
order of H-D exchange rates is observed in the oth
peptide disulphides (2-5) although the precise valu
of the exchange half lives (#,,) vary. The use of
heterogeneous solvent system precludes comparis
between different sets of peptides. No attempt h
been made to quantitate the H-D exchange dat
since a qualitative ordering of NH groups is sufficie
for delineating solvent shielded NH groups.

The results of experimentsto determinethe solve
and temperature dependences of NH chemical shi

Cys Pro X Cys
H-—‘\——OH H——K——-OH
SBz SBz
Boc 0OSu H OH Boc —_ OH
AqTEA /THF SBz iBUOCOCI/NMM/
Boc —— NHMe CH3zNHp
HCl/ryF) "Bz
Boc OH H NHMe
DCCICHzc12 SBz
Boc NHMe
HCl/ THF SBz
Boc T-OH H NHMe
'SBz HOBt/OCC/OMF SBz
Boc NHMe
AS (iANA Ll jg NH. (k) S8z
B S8z (iDKaFITENY, (887 HMo




Stabilization of f-turn conformations 2579
Table 2. '"H NMR parameters of NH group in the peptides Boc—Cys—Pro—X—Crs—NHMe
S—S
— a
s ope, (ppm) A (epm)
x - .

Cys(1) Cys(4) NHMe X Cys(1) Cys(4) NHMe X
Gly ’1 5.61 T7.55 6.82 7.15 1.79 0.11  0.87 157
L—Alas S.44 T.26 6.55 6.35 2,11 0.26 0.76 1.72
D-Ala 2 5.72 T.67 6.97 T.13 1.55 0.25 0.96 1.70
Alb ﬁ; 5.35 T.43 6.78 6.42 2.13  0.01 0.86 1.91
Leu 2 5.4 T.22 6.54 6.2 2.05 0.16 1.1 1.59

5 b c

a8 /at x 10 (ppn/°K) Iun-cg_(B2)” No.of

Cys(1) Cys(4) NHMe X  oys(1) Cys(4) x H Bonds
Gly 1 8.7 14 4.1 4.6 80 7.0 d 1
L~-Ala ,% 7.3 2.1 1.9 51 9.0 55 9,0 2
D—Alaz 8.8 0.4 5.8 5.2 9.0 9.0 4.5 1
Alb i T4 15 34 45 8.5 7.5 - 2
Leu 5 3.8 12 2.0 4.0 8.5 8.0 9.5 2
&) A§ = 8(033)2so - 8cnc13 b) Solvent, (CDy),50
¢) Errors in J value8 ~ 0.5 Hz d) J not determined due to poor

resolution of triplét and accidental degeneracy of ¢% ", protons.
in peptides 2(t-Ala) and 3(p-Ala) are shown as appears to be shielded from the solvent

illustrative examples in Fig. 4. The values of the
temperature coefficients (d8/dT) and solvent shift
values (AS) for the NH groups in the various peptides
are summarized in Table 2. In the Pro—Gly (1) and
Pro-p-Ala (3) disulphidesonly the Cys(4)NH group
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Fig. 3. 270MHz 'H NMR spectrum of 1 in CDCl, (inset)
NH resonances monitored as a function of time after
addition of ~ 10% D,0O. Note that Cys(4) and methylamide
NH groups exchange at a significantly slower rate than

Cys(1) and Gly NH groups.
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(d8/dT < 0.004 ppm/°C),*** presumably by in-
volvement in an intramolecular hydrogen bond. In
the Pro-L-Ala (2) and Pro-L-Leu (5) disulphides two
NH groups, Cys(4) and NHMe, show evidence for
being hydrogen bonded. In the Pro—Aib (4) disul-
phide, Cys(4)NH is strongly solvent shielded, while
NHMe has an intermediate dé /d " value in (CD;),SO
(0.0034ppm/°C). Inall peptides the A6 values for the
Cys(1) and X-NH groups are large (1.5-2.0 ppm),
whereas the Cys(4)NH exhibits very little solvent
dependence (45 < 0.3ppm). The NHMe group has
an intermediate AS value for all five peptides
(0.8-1.1 ppm), suggesting that the solvent titration
experimentsmay be less reliable in differentiatingfree
and hydrogen bonded terminal methylamide groups.

Further evidence for the presence of intramolecula:
hydrogen bonded conformations was obtained from
IR studies in CHCl, solution, at peptide concen-
trationsof ~ 3 x 1072 M (Fig. 5). The presence of the
broad intense band at < 3350cm ™! is indicative of
the presence of intramolecularly hydrogen bonded
NH groups.®**3 In both 'H NMR and IR studies,
effects due to peptide association®“*? have been dis-
regarded for the following reasons: (i) non-specific
aggregation effects tend to equalize the d5/d T values
for a set of NH groups in a peptide; (ii) in both NMR
and IR studies, clear distinctions were obtained be-
tween the spectroscopic parameters (dé/dT, 46 and
area of the vy, (bonded) band) of the acyclic
di-S-benzyl precursors and the cyclic peptide disul-
phides.
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Fig. 4. Temperatureand solvent dependence of NH chemical shifts in peptide disulphides (bottom)2 and
(top) 3.

The acyclic peptides, with the exception of
Boc-Cys(SBz)-Pro—-Aib—Cys(SBz)-NHMe, did not
show evidence for the presence of intramolecularly
hydrogen bonded NH groups. Aggregation effects,
particularly via intermolecular /?-sheet formation in
organic solvents,”" would be expected to be more
facile for the acyclic peptides. In the case of the
Pro-Aib acyclic peptide, the presence of two
stereochemically-constrained amino acids,"** would
favour consecutive /?-turn formation for the
-Pro-Aib—Cys-sequence in solution, a feature dem-
onstrated in several cases in related peptides.* 4

DISCUSSION
The number of intramolecular hydrogen bonds

and the conformationsconsistent with the N MR data
for peptides 1-5 are listed in Table 2. The NMR
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Fig. 5. IR spectra of -Pro-X—disulphides (~ 3 x 10-3M)
in CHCl,. Only vy stretching bands are shown.

results suggest that in all five peptide disulphides, the
Cys(4) NH isinaccessibleto solvent. This observation
is consistent with the involvement of the Cys(4)NH
in a transannular 4 — lintramolecularhydrogen bond
with the Cys(1)Co group, stabilizing a Pro-X /?-turn
(Fig. 6). The conformational angles in the ideal
Pro-X-/?-turnsare type | ¢p,, = —60°, ¥pr, = —30°,
bx = —90°, Yx =0 1ype I1 ¢bpry = —60°, Ypr, = 1207,
Gx =80°, Yy = 0" type I oo =0x =—60°

Vrro = —30". Note that type III turns are only
a slight varlant of the Type | conformation. This
conformation is in accord with the established pro-
pensity of Pro-X sequences to adopt /?-turn struc-
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Fig. 6. (top) Pro-X B-turn conformation proposed for
peptides 1 and 3 (bottom consecutive 8-turn conformation
proposed for peptides 2, 4 and 5.



tures.>*1” An interesting feature in peptides 2, 4 and
5 is the low dé/dT value for the C-terminal NHMe
group, suggestive of its participation in an intra-
molecular hydrogen bond. A consecutive f-turn
structure involving a Pro-X turn followed by an
X-Cys turn (Fig. 6) is consistent with the cata. In
this conformation two 4-1 hydrogen bonds
(Cys(1)CO---HN Cys(4) and Pro(2)CO---HNMe)
stabilize the successive 8-turns. A structure involving
a repetitive type III B-turn (incipient 3,4 helix), with
a disulphide bridge linking Cys(1) and Cys(4) has
been established in the solid state for 4.%% There are
only two stereochemically acceptable ways of gener-
ating repetitive f-turns in the L-Pro-L~X-1-Cys
sequence. These are (i) type III-III, with all resi-
dues having ¢ ~ —60°, Y ~ —30° (ii) Type II-
type I(IIT)  With e~ —60°, Ype~ T120°,
fx~ TTO'£20° Yx~ =20°£20° oy, ~ +80°,
Yy ~ 0°. Of these, the type 11 structure Is expected
to be energetically less favourable since it forces the
L-X and L-Cys residues to adopt positive ¢, ¥
values."" It is, therefore, likely that peptides 2 and 5
adopt the incipient 3,, helical structure, crys-
tallographically observed for 4.

For the Pro-Gly (1) and Pro-p-Ala (3) disul-
phides, conformations involving a Pro-X §-turn heed
to be considered. Type I(III) and 11 p-turns are
stereochemically allowed, with the type II con-
formation being energetically favourable for the
Pro-p-Ala sequence. Crystallographic studies of N-
isobutyl-L-prolyl-D-alanylisopropylamide have es-
tablished a type IT 8-turn in the solid state.* Analyses
of Pro-Gly S-turns in protein crystal structureshave
yielded a slight preponderance of type II con-
formation~ A direct way of distinguishingthe type
I and II structures is by nuclear Overhauser effect
(NOE) techniques.”” A detectable NOE between Pro
C*H and the X-NH resonances is expected for Pro-X
type II 8-turns!  Difference NOE studies establish an
intensity enhancement of 6% for the Pro C*H reso-
nance on saturating the p-Ala NH of 3, in CDCl,. In
the case of 1 NOE’s were not detectable.*® The results
suggest that peptide 3 favours a type II 8-turn, while
1 adopts a type 1 (111) conformation. This latter
conclusion is, however, not based on substantive
experimental evidence, since non-observation of an
NOE could, presumably, also be an experimental
artifact. Analysis of the ABX spectrumdue to the Gly
C*H, and NH protons can yield vicinal and geminal
coupling constants, which in turn can be used to
derive information about ¢g, and yg,.* Such an
approach has in fact been used to establish a type II
Pro-Gly 8-turn in a synthetic oxytocin analogue.*
Unfortunately, in the present case, the accidental
degeneracy of the Gly C*H, chemical shifts (at
270 MHz) precluded such an analysis. Magnetic non-
equivalence of Gly C*H, protons in Pro-Gly se-
quences has often been used as a diagnostic for folded
conformations and absence of dynamic averaging
over multiple conformational states.®' The results
on the Pro-Gly disulphide 1, suggest that this may not
be true in all cases. A type I-f-turn, within a
14-membered disulphide loop has been proposed for
the -Cys-Pro-Val-Cys- sequence from NMR and
conformational energy calculations.® In that se-
quence the bulky 8-branched Val residue, lowers the
probability of consecutive 8-turn formation.

The Jnen Values for the X residue listed in Table
2 suggest that the ¢y values in the X =1-Ala (2) and
L-Leu (5) peptides (3=90 —9.5Hz) are similar,
while the p-Ala residue in 3 (3=45 Hz) adopts a
different conformation (¢). This is consistent with
the conclusion reached above that type III B-turns
are favoured in peptides 2 and 5, while 3 adopts a
type II structure. In view of the known uncertainties
in dihedral angle—coupling constant relationships?
no attempt has been made to derive precise ¢ values.

An intriguing observation in Table 2 is that the
dé/dT value of the NHMe group in the Pro-p-Ala
peptide ) is significantly higher than in the other
disulphides. While the dé/dT value of 0.0041 ppm/°C
observed in 1is not conclusive evidence for a hydro-
gen bonded NH group, it may reflect a tendency of
the -Pro—Gly-Cys—~ sequence towards consecutive
8-turn formation, with the second Gly-Cys bend
being destabilized in polar media, like (CD;),SO. In
such a situation the initial Pro-Gly turn may in fact
prefer a type I(II1) conformation.

The preceding discussion suggests that varied
8-turn conformations are observed in the peptide
disulphides 1-5. A more complete elaboration of the
stereochemistry of the backbone and disulphide link-
age in these peptides must await the results of future
X-ray diffraction studies, conformational energy cal-
culations, Raman and CD spectroscopic analysis of
these peptides. The presently available data estab-
lishes these systemsas useful “cyclized 8-bend" mod-
e | ~The peptide disulphides described in this study
constitute relatively rigid models for type I, II and
consecutive type III 8-turn structures and should
prove useful in the spectroscopic characterization of
these conformations. The application of these pep-
tides and related acyclic systems in analysis of g-turn
structures by NOE and CD methods is described
elsewhere.*

EXPERIMENTAL
Synthesis of peptides
The general scheme adopted is summarizedin Fig. 2. All
peptides were characterized by 'H NMR and checked for
purity by TLC on silica gel. Elemental analyses were also
carried out on the acyclic and cyclic tetrapeptides. The
detailed protocol is described below for 1.

Synthesis of disulphide 1

Boc-Cys(SBz)-NHMe. Boc-Cys(SBz)-OH** (3.19; 10
mmol) dissolved in anhyd THF (20 mi) was cooled in a
freezing mixture (- 15°C). N-Methylmorpholine (1.1 ml)
and isobutylchloroformate(1.3 ml) were added successively,
with stimng. After 15min, dry THF saturated with
CH,NH, gas (25 ml) was added and the mixture stirred for
2 hr. Insoluble salts were filtered off, the THF was evapo-
rated and the residue was dissolved in EtOAc and washed
successively with IN HCI, 1IN NaHCO, and sat ag NaCl.
The organic layer was dried over Na,SO, and evaporated to
yield a white solid (3.1 g; 95%), m.p. 123°C.

Boc-Pro-Gly—-Cys(SBz)-NHMe. Boc—Cys(SBz-NHMe
(1.8g; 5.5 mmol) was treated with dry THF saturated with
HCI gas (10 ml). After Boc group removal was complete, as
evidenced by TLC, the mixture was carefully neutralized
with aqueous Na,CO, and extracted with CHCl,. The
organic layer was dried and evaporated to yield Cys
(SBz)-NHMe as a viscous oil (1.1g; 88%) which was
directly used. The oil was dissolved in CH,Cl, (15ml) and
cooled in an icebath. Boc-Pro—Gly-OH* (1.4g, 5.1 mmol)
and 1g (5mmol) DCC were successively added and the
mixture stirred overnight at room temperature. The precip



itated dicyclohexylureawas filtered off and the filtrate was
washed with IN HCI, IN NaHCO, and H,0. Drying and
evaporation yielded the tripeptide as a white solid (21 g;
87%), m.p. 137°. The 270 MHz 'H NMR spectrum was fully
consistent.

Boc—-Cys(SBz)-Pro-Gly-Cys(SBz)-NHMe. Boc-Pro-
Gyl-Cys(SBz)-NHMe (2.0g, 4.1 mmol) was deprotected
with HCI/THF as described above to give Pro-
Gly—Cys(SBz)-NHMe as a colorless oil (yield 1.5g, 97%).
This was dissolved in 10m! DMF, cooled to 0" and 12g
(4 mmol) Boc—Cys(SBz)-OH was added followed by 500mg
1-hydroxybenzotriazole and 800mg (4mmol) DCC. The
mixture was stirred overnight, the precipitated di-
cyclohexylurea filtered Off, 30 m! EtOAc added and the
product obtained after workup, as described above, as a
white, hygroscopic solid, which slowly turns yellow on
standing. Yield 25 g (93%). Column chromatography on
silica gel with (3% CH,OH-CHCl,) as the eluant yielded the
acyclic tetrapeptide as a fine white solid. M.p. 95-96°.
[2]8 = —94° (c=0.2, CH;OH). (Found C, 58.9; H, 7.0; N,
10.4. Calc. for C,¢H,,0.H,S, C, 59.0; H, 6.7; N, 10.4%). The
270 MHz 'H NMR spectrum was fully consistent.

Cyclic disulphide 1

2.0 g of acyclic tetrapeptide was dissolved in 400 ml of
dry, distilled liquid NH,. Small pieces of metallic sodium
were added, while stirring vigorously until the blue color
persisted. The excess of sodium was carefully destroyed by
addition of a few drops of glacial acetic acid. The ammonia
was slowly evaporated under a stream of nitrogen and the
residue dissolved in 1800m! H,0 (0.073%solution). The pH
was adjusted to 6.8 and small amounts of 002 M
K,Fe(CN), was added to ensure complete oxidation* The
solution was lyophilized and the residue extracted with
4 x 25 ml EtOAc. The organic layer was washed with IN
HCI, IN NaHCO, and H,0 and dried. Evaporation yielded
600 mg of a solid which was chromatographedon a silica gel
column. Elution with 3% CH,OH-CHCI, yielded 365 mg
(25.4%) of disulphide 1. The physical characteristics are
summarized in Table 1. The 270 MHz 'H NMR spectrum
is shown in Fig. 3.

Synthesis of disulphides 2, 3, 4, 5

The disulphides 2-5 were synthesized using a protocol
similar to that described for 1. The dipeptide acids
Boe-Pro-X-OH were synthesized by the succinimide ester
procedure,”* except for X = Aib which was prepared by
saponification of Boc-Pro—Aib—OMe synthesized by the
DCC/CH,Cl, procedure. Except for X =Gly and Aib,
I-hydroxybenzotriazole was used as a racemization sup-
pressing additive® in the coupling of Boc-Pro~X-OH to
Cys(SBz)-NHMe. In all cases the acyclic tetrapeptides were
purified by silica gel column chromatography and fully
characterized by elemental analysisand 270 MHz 'H NMR.

The yields of cyclization and various parameters charac-
terizing the cyclic peptide disulphides are summarized in
Table 1. All five disulphides gave extremely well resolved
270 MHz 'H NME spectra. A representative spectrum is
illustrated in Fig. 3.
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