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cither in the solid stase by X-ray
solution by several spectroscopic methods.” As diketo-
piperazines have restricted rotatiosal freedom, the
sumber of the conformations is limited; and thus they
coastitute excellent subetrates for colecting parameters
useful for amalysing more complicated peptides. The
following rules which are true for both solutioas aad
solids have thus been established.

(1) The diketopiperazine ring is planas or almost planar
whea either the two residues are glycine or one of the
two a-branched residues is of the D-form.

(2) The diketopiperazime ring is buckled (bost coo-
formation) in all other cases. Prolise and derivatives
acceatuste the buckling and Limit the motioas. In all L-L
or Qly-L-diketopiperazines examised, proline itself
adopts exclusively the cavelope Co~C, endo confor-
mation.

(3) Aromatic residues lead to the flagpole-bost con-
formation. There are no particular features to note
concerning the side chains of other residues except that
conformations with y, = +60* are often preferred in
solution. Only few data concerning polar side-chains in
diketopiperazines exist.

The preseat NMR atudy of cyclo(L-Asp-L-Pro) (Fig. 1)
was undertaken in order to investigaie the side-chain
mwolthcupmd?mm:ndm
cﬂecuonttea'kmpupenme buckling, The tech-
niqucolmum ’C-eurhhedlmaddafe:lm
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*“"my“c ’C vicisal coupling coastasts is ad-
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peptides in solwtion; they give
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with "’C natural abundance compounds.
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coupling constants *Ic,.cp ad km.v obtained after
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ethanolfwater solution, m.p.: 273-276". (Found: C, 55.6; H, 6.0;
N, 14.1, Cak. for "c,"c.nno,u, C. 558 H, 6.1: N, 14.0%).
Th"CNl(Iawluh‘H,OuZ.lﬂ”'Mw!lO‘ M coe
ceatrations costsined dioxane as inlerval refereoce (taken o
§74ppm trom TMS). The were recorded at 25.2 MHz
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Fig. I MMMMMMMW
features in cycio(L-Asp-L-Pro). The aumbering and lettering
given in this figure is used throughout the presest paper in the
text and in the Tables. The dihedral angles ¢1, 1i'. 8", 8,2 of Asp
(residue 1) and &3, ', ™ (detimed by CiN,C;°C) of Pro
(residue 2) can be estimated directly from NMR data (sce Results
and Discussion).
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the decoupler was off duriag data acquisition. The 'H NMR
samples at about 0.1 M conceatration either in *HyO (internal
refereace TSP-do) or ia DMSO-d, (int. reference TMS) were run
at 250 MHz on the Cameca TSN-250 spectrometer in the C.W.
mode. The 'H-'H ocoupling comstants were obtained with
20.1 Hz precision. For titrations, the pH was adjusted by coe-
ceatrated NsO’H and *HCl and measured directly inside either
the 10mm '*C NMR tube or the S mm 'H NMR tube. None of
the pH readings was corrected for desterium isotope effects.
Spectral analysis and procedures. The 'H-'H and 'C-'H
coupling constants were measured in the 'H and C NMR
wdmmmwmmw
C couplings were determined from spectra of the '’C
hbelednwla(l-‘u.h'l‘be"C-"Ccow&wommwd
three bonds nceded high resolution spectra and were measured
cither directly at the ’C enniched atom signals for the intrs Asp
mau"cmmwummm
inter Asp-Pro
Amofm‘ enriched amino acid spectra bas been
reported clsewhere:* it was shown that themi&nlli%ol"(?in

'H-'H coupling i
cyclo(Asp-Pro) at '’C natural abundance either dissolved in ’H,0
a3 a function of pH or in DMSO-d, only for the un-ioaised
(COOinm(Myimcanicmthor&e
.?ana) They coocern mainly the nchlm
, H,*® and H,"-N,H (ia DMSO-d)." For prolise
::sll analysed because of the complexity
H*, HY mmmwmmmu,'
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involved.
Fractions of rotamer were calculated from the

’J.,-,.,ul’].,._.,u, the lu.-.c,v asd the *J¢,»¢, coupling con-
stants data using the following parameters:

JM¥=26Hz, JM*=136H"
JMCm04Hz JMC=119HL"

JEE=0SHz, JC5m59,

for proton-proton, carboe-13-protos and carbom-13-carbos-13
couplings respectively. The latter values were arrived at by
comparing "’C couplings with the 'H couplings in several amino
acids, whea they were applied to free amino acids and C-terminal
or acid residues in peptides (work ia progress). They agree well
with their counterparts io the relationships proposed by Barfleld
et ol."™ for butanoic acid and the Marshall and Miller data™ for

aliphatic carboxylic acids. The Koppie of ol™ relationship for
side chain arrangements was used for proline.

BC-NMR chemical shifts. >C chemical shifts of all C
atoms measured for the un-ionised and the jonised form
together with the pH eflects are assembled in Table 1. The
resonances are assigned on the basis of those of the free
amino acids, by analysing the pH dependence effects on
the chemical shifts and by comparing the '’C-labelled
and "*C natursl abundance compound spectra (Fig. 2).
Forpmhnetheymubomthemutheomlound
for any proline containing diketopiperazine.*® During
depfomnonoftbendeclmny-arboxybcmall
the aspartic acid carbons are shifted downfield. The
effect decreases regularly from the C,” end to the Cj
end, simply describing a phenomenon dependent on the
carbon-carboxyl distance, such as it had been
shown for C-terminal amino acids in peptides.’’ The
averaged pK value of the carboxyl group, estimated from
the chemical shift curves of all Asp carbons is about
425,

'"H NMR chemical shifts. 'H chemical shifts for two
pH values are given in Table 2. Again they were assigned
from the comparison with 'H resonances of related
compounds and with the assistance of the pH effects. In
this work we designate by A the S-proton of the Asp
residue characterized by the signal having the smaller
chemical shift and giving rise to the larger coupling with
the a-proton at nevtral pH. If we take into account the
genenally accepted steric factors, then rotamer I is found
tobenmpopnhledthmmmll This assignment is
further corroborated by the *Jc,c,» data which emerge
as 2 good means for assigning the A and B S-protons
(see rotamers in Table 4). In agreement with the '>C
results, the pH dependence of the H,*, H;** and H,**
pmtoncheunalshtfuyteldsofpl(ouzs

Coupling constants: ek Jc.c and Ju.n coupling
constants (Table 3). mpnml J..,M...,ucouphng
constant in the aspartic acid residue varies from
-I7.8Hzto—l6.9}{zmthecoumohomunon of the
carboxylic group and thus this process in-
adequately. Three one-bond “C-'’C couphnp are
avaihbientbe"Cenmheduwucmndm Jc,.c,.
Jercp (9'-0p’ type) and ‘Iciecp (sp>-sp’ type).
'Ic,r-c,# (the greatest of the three values at acid pH) which
mvolvecthewbonofthe»nmbleuwpdlmnha
from S6Hz to 51 Hz, whereas 'Jc,c« and 'Jciecy
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Fig 2 "’C NMR spectra of: (a) natural "’C sbundance cyclo (Asp-Pro), (b) cyclo (185% '*C-Asp}-Pro} in *H,0 at
oH 1.55.
Table 1. "’C chemical shifts in cyclo{Asp-Pro)
Asp Mo
™ g |1 ¢l Il gl 8 & | &
! ! ! ? ? ? ? 2 ?
1.5% 167.39 | S2.68| 35.09|1re. 70 ) 172,67 60.00 | 28.68 | 22.71 | 46.%7
6.40 [168.16 ] 58.76| 38.20|178.40 172.68] 89.91 28.62 | 22,73 | 46.33
a8 [ 4] 1.08 5.0 3.70- 0.01]-0.09 |- 0.08 0.00 |- 0.0¢

Table 2. 'H chemical shifts in cyclo(Asp-Pro)

Asp Pro
- A
a [ arla ] a Tu ]

1.46 | 4.55 .0 2.9 6“3 1.3¢ t.0¢ | 2.0 5.5

6.00 | 4.8 2.00 2.49 4% 138 2.05 | 1.0 s.85
conserve their initial value of 52 Hz and ~ 40 Hz respec- 1.3 Hz/ppm (for C-termanal glycime in di and tripeptides
tively, during the deprotonation process of the car- this slope was about 1.5 Hz/ppm®).
boxylic group. At the same time an simost linear rela- The two '’C geminal couplings *Jc,r.c,« and Ic ¢,
nomh:pbetmthcc. chemical shifts and the are sbout equal for a given pH: ~1.5 Hz in the seutral
‘Jepcp variations is observed, the slope being form and slightly smaller in the anion. Appareatly, ioe-
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Table 3. One bood and two boad coupling coastants i cyclo(Asp-Pro)

Tonlzatl 'y Yya, s | s ) 3} ;8.4 8,8
state (IN @ Y a-cY -8 Al
16 11 15 15 14 1
c,'bau 52,0 40.3 6.0 2.0 1.8 X
Y
¢, 00 52.0 40.0 1.0 1.2 1.7 - 18.9

isation of the carboxylic group does not affect the
paimlcowhnptoauwexteatmthscomnd.

, "C-'H and "C-"C intraresidxe
coupling constants and the aspartic acid side chain
arrangement. The vicinal coupling constants measured in
both natural abundance and ’C eariched cyclo (Asp-
Pro) are listed in Table 4, together with the fractions of
the rotamer populations. They have been estimated by
using the three scts of ’J, and ), coupling cosstants

tons, i.c. between rotamer | and II. Given the errors
associated with estimates of rotamer populations, this
task is most easily accomplished when the fractions of
rotamer 1 and IT are very different as is the case at
peutral pH.

In the uncharged form of cyclo(Asp-Pro) rotamer 111 is
found in greater amount than the two others in both
solvents; this situation is often encountered in cyclo-

tbesidcchﬁnomninﬁoninthhcompound.

Vicinal 'H-'H, "’C-"°C and 'H-'H five bond coupling
constants: the pyrrolidine and the diketopiperazine ring
coufommlndmethybuﬁondethehlllmloﬂhe
aspartic acid residue appears as a singlet, i.c. *Ju,en
~0-1Hz. According to this value the dihedral angle.
é: (aspartic acid residue) must be -30° to —40°, which
Mwmmeﬁuwmmma

(bowpm-bou

where A’ is a constant (1.4 Hz in *H,0) for syncoplanar

Table 4. Vicinal coupling cosstants and side chain arraagement of aspartic acid in cyclo(Asp-Pro). (For spectral
analysis and rotamer calculstion, see Experimestal section)

Tugo (com atnte) Tugt 1 000" atute) DHSO (COOM 4.nte)
’l AoLamens !J Kotmwers SJ otemers
Coupled Muclel He) TR L I L 1o, m
‘ o o |
- BA B8 5.2, s.1( 0.6 L 0.t | 053 o, ar|ose jo.10 loas |sos, 6. 0.5 loss o.a0
'y l l B - &
t T | | + t
¢ - 2.0 |owr | | 1.5 |o.3 1.98 l |
H H . . . . | | . I .
+—t —t—+ 1 '
-l 6.0 I loew] s I lows | st L Lo
L1 | ] | |
AbOemeA 1 aetemen 11 xotawer 111
1
x':-u' ,('. 120° X 1460°
co co
W W W c’. W
N L N L
c' w
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C*H groups, n equals the number of equivaleat coupling
poths (ie. n=2 for diketopiperazines) and ¢ equnh
lé — 601, one obtains a value for the dihedral angle ¢, of
about —35°, - 40°. Coansidering the remarkable agreement
between the ¢ values obtained by the two different sets
of coupling constants, it can be reasonably concluded
ﬂm the dikctoptpmzine ring assumes about the same
wsﬂt coaformation in the two solvents.

The H: -H; and H:’—Hz” proton Coupﬁﬂ' con-
stants in peoline measured at the a-proton signal are
10.2 Hz and 6.2 Hz for both the neutral and the anionic
form in *H,;0 solution. According to the Kopple e ol
curve, these values correspond to torsional angles of 155*
or 0" and 35° or 135° (rounded to the nearest five
degrees). mvﬂmoﬂﬁ'uﬁ”‘convmxoaqme
fixed value for the dihedral angle x,' of -35° (Fig. 1).
Two interresidue '*C-"’C vicinal coupling constants are
also related to the geometry of the pyrrolidine ring: on
the one hand ’J¢c,.cp characterized by a value of
I%szescnhesthetomondmﬁet"’ on the other
hand, *Jcicyr of 2.9 Hz is related to 8"

In the absence of a suitable relationship directly ap-
pbcabktopephdeudechnm.tbem:ﬁameoftbe
interresidue ’C-">C coupling data in terms of angular
dependence is checked against the crystallographic
parameters of the analogous compound cycio{Leu-Pro)
reported by Karle. ™ We note (Table 5) that proline
containing L-L cychic dipeptides show about the same

L
conformational features throughout, & fact which
Wlhemtcouwmn the diketopiperazine
ring assumes a significant boat-bowsprit buckling: the
pyrrolidine ring conformer is of Cu-C, endo type (Cs =
envelope: C, endo: the C, atom is above the plane
formed by the other four atoms of the ring and on the
same side as the CO group).™™ The validity of the
comparison, however, requires the conservation of the
main conformational features in both the solid and solu-
tion states. The follow’nc data indicate that possibie
distortions occurring in cyclo(Asp-Pto) have nlwvely
small effects: the values of “Jye.ups and }..,-...,p in
proline fead to a unique value of x,'. in perfect
agreement with the X-ny data; the 6. value (Asp resi-
due) determined by both Jm onyne and Jx, oy fits well
with the crystallographic data.

It is concluded that the cyclopeptide assumes about
eqnnleonfommumso!m:ndathewhdsmew
that Jclff’ﬂ”‘{l and Jc,.c,v‘2.9]‘|! describe
approximately the value of ¢ ~150° and #"'~ 170
respectively which are derived from the X-ray data.”
This accuracy is largely sufficient for the present purpose
as the trends rather than a rigorous correspondence are
sought. From these results it becomes clear that the
conformation of the pyrrolidine ring of cyclo (Asp-Pro)
in solution is mainly of Co-C, endo type (x;' ~ — 30" and
x*~ - 10" as it is encountered in cyclo(Lew-Pro). From a
general point of view it appears that the couplings

Table 5. Comparison of cyclo(Lew-Pro) X-ray data and cyclo{Asp-Pro) NMR data
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,Jc.'_qﬂ and ’Jc,'.qv m useful information about the
puckering. It can be stated that only when
ch.c{ - ch.o,v is the l'iu planar.

CONCLOSON
The preseat work demonstrates that '’C-"'C coupling
coastaats are well adapted for an approach to peptide
conformation, especially when side chains are involved.
This applics clearly to aspartic acid and also to proline in
the simple compound cyclo (Asp-Pro) but will be of
special interest i peptides having more complicated 'H
NMR spectra, notably whea suitable relationships for the
anguler dependence of '"C-'"C couplings will be
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