Ramesh Kaul’ |

-2 = H
S. Banumathi Conformational Choice at

D. Velmurugan?

R. Balaji Rao® «o,a-Di-n-Propylglycine

P. Balaram’ Residues: Helical or Fully
" Molecular Biophysics Unit,

Indian Institute of Science, EXtended StrUCtu rQS?
Bangalore-560 012, India

2 Department of
Crystallography and
Biophysics,

University of Madras,
Chennai-600 025, India

3 Department of Chemistry,
Banaras Hindu University,
Varanasi-221 005, India

Received 20 November 1998;
accepted 16 July 1999

Abstract: The conformational analysis of peptides containing a single-di-n-propylglycine

(Dpg) residue incorporated into valine-rich sequences has been undertaken in order to delineate the
possible role of sequence effects in stabilizing fully extendgdgidocal helical conformations at

this residue. The three peptides Boc—Val-Dpg—-Val-OB)e Boc—Val-Val-Dpg—Val-OMe4),
Boc-Val-Val-Dpg—-Val-Val-OMe5), have been studied byH-nmr methods in chloroform
(CDCl,) and dimethylsulfoxide (DMSO) solutions. Even in a relatively poorly solvating medium like
CDCl,, all the valine NH groups appear to be solvent-exposed, suggesting an absence of folded
B-turn conformations. However, in both CDCand DMSO the Dpg NH groups in all the three
peptides appear to behave like apparently solvent-inaccessible groups. In fully extegded C
conformations, the proximity of the NH and CO groups of Dpg may preclude effective solvation due
to a combination of stereoelectronic factors. Nuclear Overhauser effects provide support for the
largely extended backbones. The crystal structure of peftiéeeals an extended conformation at

Dpg (2) with¢ = —176°, ¢ = 180°. A correlation between the crystallographically observed
backbone conformation and solution nmr parameters in DMSO has been attempted using available
data. Dpg residues placed in poor helix stabilizing environments may be expected to favor a local
C; conformation. © 2000 John Wiley & Sons, Inc. Biopoly 54: 159-167, 2000
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INTRODUCTION = 39.6°)° The coexistence of both conformations in
the same crystal suggests that the energy differences
The introduction of a second alkyl substituent at the between the two forms are likely to be very small. The
C® carbon atom in € dialkylated glycines results in  possibility that the highet,«- dialkylglycines (Dxg)
a dramatic restriction in the stereochemically allowed may be used to stabilize both helical and fully ex-
conformational space for these residues. The proto- tended conformations is of special importance in the
type residue,a-aminoisobutyric acid (Aib),«,a-di- area ofrational peptide designlt is therefore neces-
methylglycine, has been shown by extensive crystal- sary to define the conditions of sequence and chain
lographic studies to favor left- or right-handed,3  length, which act as a determinant of the specific
/a-helical conformations in a wide variety of peptides conformations of Dxg residues. We have therefore
of differing lengths and sequencek$.Indeed, Aib chosen to examine short synthetic peptides of defined
residues with very few exceptions almost invariably sequence with a view toward stabilizing fully ex-
adopt local conformations that lie in the helical region tended conformations in the Dxg peptides.
of ¢,y space ¢ = = 60°,¢y = + 30°). Extension of This paper describes conformational studies on
the alkyl chains results in the somewhat surprising valine-rich sequences containing a single guest Dpg
observation that fully extended conformatiotsys residue. Oligovaline sequences have high tendency to
180° are preferred in homooligopeptides of the Aib adopt extende@-sheet conformations and have been
homologs &,a-diethylglycine, Deg, anda,a-di-n- widely investigated in the literaturé=?? Nuclear
propylglycine, Dpg)®®Indeed, early crystal structure  magnetic resonance studies on the peptide sequences
determination of Dpg homooligomers yielded the first Boc—Val-Dpg—Val-OMe (3), Boc-Val-Val-Dpg-—
structural characterization of fully extended; €n- Val-OMe (4), and Boc-Val-Val-Dpg-Val-Val—
formations in peptide3 Theoretical calculations sug- OMe (5) support the existence of;@onformations at
gested that for the highet,a dialkylglycines (Dpg Dpg in solution. Crystal structure analysis of the tri-
and a,a-di-n-butylglycine, Dbg), the energy minima  peptide Boc—Val-Dpg—Val-OMe also reveals a fully
in fully extended regions ofp,y space are signifi-  extended conformation at the Dpg residue.
cantly deeper than the minima in the helical regions.
Theoretical analysis also revealed a pronounced bond
angle (NCC’, 7) dependence at the tetrahedrdl C EXPERIMENTAL
carbon atom, with helical conformations being fa-

vored for values of between 110° and 113° and fully The peptides were assembled by conventional solution

extended Confcoeratlons 7b§|ng prefgrred for va!ues of phase procedures using protocols described previgdsly.
7 between 101° and 1059" Theoretical Calcylatlons The Boc group was used for N-terminal protection and the
suggest that the key difference between Aib and the c_terminus was protected as a methyl ester (OMe). Depro-
higher a,a-dialkylglycine is the relative ordering of  tections were performed using 98% formic acid while sa-
energy minima in the helical and the fully extended ponifications were carried out using 4N sodium hydroxide
regions of the¢,y space. In the case of Aib, the solution and methanol. Couplings were mediated by dicy-
minimum in the helical region is more pronounced, clohexylcarbodiimide—1-hydroxybenzotriazole (DCC/HOBY).
whereas the difference between the two conforma- Dpg and H-Dpg—OMeHCI were synthesized as described
tions are smaller in the case of the higher dialkylgly- prel\/iously.23 All intermediate pep_tides were characterized
cines. In the case of Dpg, the majority of available 2Y "H-nmr (80 MHz, 400 MHz), thin layer chromatography
examples correspond to heteromeric sequences in(TLC)’ and used without further purification.

which Dpg adopts helical conformatiofist?Interest-

ingly, even in the homotripeptide Tfa—(pggDBH Synthesis of Peptides

(Tfa: trifluoroacetyl) the three Dpg residues adopt

helical conformations? The only examples of Dpgin ~ Boc-Val-Dpg-OMe ). Boc-Val-OH (4.3g, 20 mmol)

a fully extended conformation are in the sequences of Was dissolved in dichloromethane (DCM; 20 mL). H-Dpg—
Tfa~Dpg~DBH? Tfa~(Dpg)-DBH,? For—Met-Dpg— OMe (5.20 g, 30 mmol) obtained from its ester hydrochlo-

Phe—OMé'® Boc—Leu-Dpg-Val-OM¥ (Mol. A) ride was added, followed by DCC (4.0g, 20mmol). The
and Boc—ély—ng—GIy—OH3 Itis particularly.inte,r- reaction mixture was stirred at room temperature for 2 days.

- hat in th | DCM was removed in vacuo. The residue was taken up in
esting that in the sequence Boc-Leu-Dpg-Val-OMe, ethyl acetate (about 25 mL). The precipitatéd\’-dicyclo-

of the two molecules in the asymmetric unit, one peyylurea (DCU) was filtered. The organic layer was
molecule has the Dpg in a fully extended conforma- \ashed with excess of brine solution, 2N HCIX250 mL),
tion (¢ = 176°,¢ = —180°) while the other one has 1M sodium carbonate solution (2 50 mL) and again with
Dpg in a local helical conformationd( = 62.8°, s brine. The solution was then dried over anhydrous sodium



sulfate and evaporated in vacuo. The dipeptideas ob-
tained as a gum weighing 6.0 g (16 mmol, 80%).

80 MHz 'H-NMR (CDCl 5, & ppm). 0.8—0.93 (12H,
m, Dpg CH,/ Val C*Hs), 1.2 (4H, m, Dpg CH,), 1.5 (H,
s, Boc CH,), 1.6 (1H, m, Val GH), 2.4, 2.3 (4H, m, Dpg
CPH,), 3.70 (3H, s, OCH), 4.1 (1H, m, Val CH), 4.7 (1H,
d, Val NH), 6.8 (1H, s, Dpg NH).

Boc—Val-Dpg—OH (2).Six grams (16 mmol) of peptide

1 was saponified using MeOH (20 mL) and 4N NaOH (18

mL). The reaction mixture was stirred at room temperature
and its course followed by TLC. After 4 days, MeOH was
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stirred at room temperature for 5 days. DCU was filtered
and the work up was similar to one described Idp yield
2.8g (5 mmol, 76 %) of the tetrapeptide esfeas a white
solid.

The crude peptide was purified by MPLC on a reverse
phase Qg column (40-60w) using a gradient of MeOH/
H,O. Homogeneity of the peptide was subsequently dem-
onstrated by analytical HPLC on a reverse phasg,(&w)
column; mp: 101-103°C. The peptide was characterized by
the complete assignment of the 400 MHZ nmr spectrum.

400 MHz *H-NMR (CDClI 5, 8 ppm). 0.8-0.98 (24H,

m, Dpg CH, s/ Val 1/ 2/ 4 CH.s), 1.26 (4H, m, Dpg

evaporated and the residue taken in water. The aqueousC’H2), 1.49 (41, s, Boc CHy), 1.6 (2H, m, Val 4 CH),

solution was washed with ether € 40 mL). The aqueous
layer was neutralized with 2N HCI and extracted with ethyl

2.15, 2.20 (8H, m, Val 1/ 2 €Hs), 2.15, 2.52 (4H, m, Dpg
CPH,), 3.75 (3H, s, OCH), 3.9 (1H, m, Val 1 CH), 4.3

acetate. The ethyl acetate extract was dried over anhydrous(1H, m, Val 2 C'H), 4.52 (1H, m, Val 4 CH), 5.05(1H, d,

sodium sulfate and evaporated in vacuo to yield 5.0 g (14
mmol, 87.5%) of dipeptide acid.

Boc—Val-Dpg—Val-OMe (3) Five grams (14 mmol) of
peptide 2 was dissolved in dimethylformamide (DMF; 5
mL). H-Val-OMe isolated from 4.67 g (28 mmol) of its
hydrochloride was added, followed by DCC (2.8g, 14
mmol) and HOBt (1.9g, 14 mmol). The reaction was stirred
at room temperature for 3 days. DCU was filtered and the
work up was similar to one described fbr The peptide3
was obtained as a yellowish solid weighing 4.7 g (10 mmol,
71%).

The crude peptide was purified by medium pressure
liquid chromatography (MPLC) on a reverse phasg, C
column (40—60Qu) using a gradient of MeOH/40. Homo-

Val 1 NH), 6.3 (1H, d, Val 4 NH), 6.48 (1H, d, Val 2 NH),
7.05 (1H, s, Dpg 3 NH).

Boc—Val-Val-Dpg—Val-OH (4a)Peptide4 (2.8g, 5
mmol) was saponified using 20 mL of MeOH and 4N NaOH
(5 mL). The reaction was monitored by TLC. After 3 days
the reaction was worked up as described for 2 to yield 2.2 g
(4 mmol, 80%) of the tetrapeptide adl@ as a white solid.

Boc—Val-Val-Dpg—Val-Val-OMe (5)The amount of
2.29 (4 mmol) o4awas dissolved in DMF (6 mL). H-Val—
OMe isolated from 2.6 g (8 mmol) of its hydrochloride was
added, followed by DCC (0.8 g, 4 mmol) and HOBt (0.54 g,
4 mmol). The reaction was stirred at room temperature for
5 days. DCU was filtered and the workup was similar to that

geneity of the peptide was subsequently demonstrated by described forl to yield 2.0 g (3 mmol, 75 %) of the

analytical HPLC on a reverse phase G ) column; mp:
102-105°C. The peptide was characterized by complete
assignment of théH-nmr spectrum.

80 MHz *H-NMR (CDCl 5, 8 ppm). 0.8—0.9 (18H, m,
Dpg C°H./ Val C*Hs), 1.26 (4H, m, Dpg @H.), 1.5 (9,
s,Boc CH,), 1.6 (2H, m, Val 1/ 3 €H), 2.4, 2.3 (4H, m,
Dpg C°H.), 3.70 (3H, s, OCH), 4.0, 4.5 (2H, m, Val 1/ 3
C*H), 4.8 (1H, d, Val 1 NH), 6.52 (1H, d, Val 3 NH), 7.03
(1H, s, Dpg NH).

H-Val-Dpg—Val-OMe (3a).The amount of 4.7 g (10
mmol) of 3 was taken in 15 mL of 98% formic acid and the
reaction mixture tightly stoppered. The reaction was mon-
itored by TLC. After 8 h, formic acid was evaporated in
vacuo and the residue was dissolved in water. The solution
was washed with diethyl ether (2 30 mL). The aqueous
layer was neutralized with sodium carbonate solution and
extracted with ethyl acetate. The organic extract was dried

over anhydrous sodium sulfate and evaporated in vacuo, to

yield 2.4 g (6.5 mmol, 65%) of the tripeptide free b@seas
a gum.

Boc-Val-Val-Dpg—Val-OMe (4)The amountof 1.4 g
(6.5 mmol) of Boc—Val-OH was dissolved in DMF (4 mL).
2.4 g (6.5 mmol) oBawas added, followed by DCC (1.3g,
6.5 mmol) and HOBt (0.81g, 6.5 mmol). The reaction was

pentapeptide estéras a white solid.

The crude peptide was purified by MPLC on a reverse
phase Qg column (40-60w) using a gradient of MeOH/
H,O. Homogeneity of the peptide was subsequently dem-
onstrated by analytical HPLC on a reverse phase (Cit8, 5
column; mp: 115-117°C. The peptide was characterized by
complete assignment of the 400 MHH-nmr spectrum.

400 MHz *H-NMR (CDCl 5, 8 ppm). The amount of
0.8-1.0 (30H, m, Dpg T, s/ Val 1/ 2/ 4/ 5 CH,s), 1.24
(4H, m, Dpg CH,), 1.50 (4, s,Boc CH,), 1.6, 2.20 (4H,

m, Dpg C°H,), 2.15 (1H, m, Val 1 €H), 2.21-2.26 (2H, m,
Val 4/ 5 CPH), 2.23 (1H, m, Val 2 &H) 3.70 (3H, s,
OCH,), 3.88 (1H, m, Val 1 CH), 4.2 (1H, m, Val 2 CH),
4.35 (1H, m, Val 4 CH), 4.5 (1H, m, Val 5 CH), 5.05(1H,
d, Val 1 NH), 6.52 (2H, d, Val 2/ 4 NH), 6.82 (1H, d, Val
5 NH), 7.08 (1H, s, Dpg 3 NH).

Spectroscopic Studies

All nmr studies were carried out on a Bruker AMX-400
spectrometer. Peptide concentrations were in the range of
7—8 m* and the probe temperature was maintained at 298
K. Resonance assignments were done using two- dimen-
sional (2D) rotating frame nuclear Overhauser effect
(ROESY) spectrd! The 2D data was collected in phase
sensitive mode using the time proportional phase incremen-
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Table | Torsion Angles (°) for Boc-Val-Dpg-Val-OMé

Residue ) P ® X X

val* —-69.4 —-24.4 177.8 153.1* —62.3*
66.8 —-62.3

Dpg -176.0 —180.0 -177.3 63.3,—-179.0 —55.0,—-166.1

Val® —94.0 145.0 -176.2 1711 —62.0

aThe torsional angles for rotation about bonds of the peptide backldgnig () and about the bonds in the Dpg side chaig’s §°) are
defined following the IUPAC-IUB Commission on Biochemical NomenclatBmchemistry1970, 9, 3471-3479. Estimated standard

deviations~1.0°.

b This value corresponds to the atom with occupancy 0.6 while the other value corresponds to the atom with occupancy 0.4.

tation method. Five hundred twelve data points with 64
transients were collected. Spectral widths were in the range
of 4500 Hz with a spin—lock time of 300 ms. Zero filling
was done to yield data sets of 1K 1K using a square
sine-bell window.

X-Ray Studies

Crystals of peptide3 were grown from an ethyl acetate/
hexane/ethanol (2:1:3) mixture by slow evaporation at room
temperature. Peptid8 (C,,H,N30g) crystallized in the
orthorhombic space group B22,a (R) = 12.324(2) b (A)

= 20.835(4).c (A) = 11.253(2),V (A3 = 2889.4 (9) with
Z=4,M,, = 471.6,p= 1.08, F(000) = 1032, observed
reflections [ > 20 (1)] = 1950,R[l > 20 (I)] = 0.063,R,,

= 0.28. The x-ray intensity measurements were made at
room temperature on an Enraf-Nonius CAD4 diffractometer
equipped with a graphite monochromator, using Guid-
diation in w/26 scan mode. Accurate unit cell parameters
were obtained by a least squares fit of thevalues for
several high angle reflections in the range= 15°-22°.
Intensity data were collected up t®,2,, = 140°. Three
standard reflections were monitored for every 100 reflec-
tions and ensured no significant variation of intensities
during data collection. Intensity data were corrected for
Lorentz, polarization, and absorption effects.

The structure was solved using the direct methods pack-
age SHELXS-86° and refined isotropically and anisotropi-
cally using the program package SHELXL-3During
refinement the side chain atonyCof valine(1) showed
positional disorder, suggestive of its presence in two alter-
native positions with equal occupancy. Refinement of the
positional and isotropic thermal parameters for these alter-
native sites of ¢* with occupancies fixed at 0.5 yielded

reasonable thermal parameters. At this stage, the thermaIT e
parameters were kept fixed and occupancies were refined.

The refinement indicated that their relative occupancy fac-
tors were more close to the ratio 0.6:0.4. Further refinement
was therefore carried out with fixed occupancy factors 0.6
and 0.4 respectively for two alternative sites ¢f*CFull
matrix anisotropic least-squares refinement was done on all
the nonhydrogen atoms (except the disordered atoms). All
the hydrogens except for the disordered atoms were geo-
metrically fixed and included as riding atoms with fixed

isotropic displacement parameters in the structure factor
calculations. The function minimized wai¥w (|F,J2

— |FJ®2 The final R factor is 0.063. Tables of atomic
coordinates, bond lengths, bond angles, anisotropic temper-
ature factors, and H-atom coordinates for pept8lare
available from the authors on request. Coordinates are also
being deposited in the Cambridge Crystallographic Data
File. The torsional angles and hydrogen bonds are listed in
Tables | and Il, respectively.

RESULTS AND DISCUSSION

NMR Analysis of Peptide Conformations

The three peptides Boc-Val-Dpg—Val-OM&),(
Boc—Val-Val-Dpg—Val-OMe 4), and Boc-Val-
Val-Dpg-Val-Val-OMe %) were investigated in
CDCl; and DMSO solutions. Resonance assignments
in CDCl; were accomplished in a routine manner
using ROESY spectf4 and the known upfield posi-
tion of the urethane NH in this solvent. The resonance
assignments in DMSO were obtained from solvent
titration experiment$” 28 Figure 1 shows the effect
of addition of increasing concentrations of the
strongly hydrogen-bonding cosolvent DMSO to the
CDCl; solutions. In all the three cases, it is observed

Table Il Hydrogen Bonds in the Crystal of Boc—Val—
Dpg—Val-OMe
A) A )

Intramolecular

N2:--0O, 2.552 2.068 113
Intermolecular

N3---0, 2.877 2.020 159

N1---04° 3.265 2.388 165

2Equivalent positionsx — 1/2, -y + 3/2, —z + 1.
bx +1/2, -y + 3/2, -z
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FIGURE 1 Plots of NH chemical shifts of peptide3
(top), 4 (middle), and5 (lower), showing their dependence
on DMSO concentration. (% Dpg.).
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3, 4, and5 are much less affected by the addition of
DMSO (6DMSO-8CDCl; , As = 0.40-0.43 ppm),
suggesting that these NH groups are significantly less
accessible to the solvent. The solvent shielded nature
of Dpg NH groups cannot be explained by invoking
B-turn conformations in which Dpg occupies a corner
(i + 1/ + 2) position since the NH group of these
positions is exposed. In principle, in peptideand5,
B-turns involving the Val(1)-Val(2) segment can be
invoked with the Dpg at thé + 3 position, with the
NH group involved in a 4= 1 hydrogen bond. This

is unlikely since the Val-Val segment has a very low
B-turn propensity. Furthermore, this possibility is ex-
cluded in peptid&, where Dpg is placed at position 2.
A possible explanation for the reduced tendency of
the Dpg NH to interact with DMSO in these three
peptides is the occurrence of Conformations at this
residue. In a fully extendedd( ~ ¢ ~ 180°) G
conformation, the NH and CO groups of the Dpg
residue are proximal, with the bond vectors almost
perfectly parallel (Figure 2). In such a conformation,
close approach of the sulfoxide moiety of DMSO is
likely to be inhibited due to stereoelectronic effects.
An alternative explanation that the Dpg NH is
shielded due to the formation of & Cy-turn) confor-
mation at the preceding valine residue in pepBde
B-turn conformation formed by the Val-Val segments
preceding Dpg in peptided and 5 was discarded,
since there is no specific reason to have an appreciable
population of folded ¢ conformations at these valine
residues. Confirmation for the occurrence of valine
residues in largely extended structures was obtained
from ROESY spectra, which showed weak or unob-
servable interresidue;N <> N;, ;H (dyy connectivi-
ties) and strong interresidugkC< N, ,H [d,\ Nu-
clear Overhauser effects (NOESs)] for valine residues
in peptides4 and 5. Figure 3 illustrates the partial

? |
)J\N "~
Lo 8

)=

!
l

|
\H
] o)
VN *g
VRN

FIGURE 2 Schematic view of modes of solvation of
exposed NH groups by DMSO in the;@eft) and helical

that all the Val NH resonances show appreciable (right) conformation. Note that in the {Cconformation

downfield shifts DMSO-6CDCl; , A = 0.9-2.0

stereoelectronic factors will disfavor approach of the sul-

ppm). In contrast, the Dpg NH resonances in peptides foxide group.
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FIGURE 3 Partial 400 MHz*H-"H ROESY spectra of peptidg in CDCl,;, showing NH <
N, ,H connectivities (top panel) and,® < N;_,H connectivities (lower panel). (X Dpg.)

ROESY spectrum for the pentapeptileclearly dem- groups in peptides. In structures like helices and
onstrating thatl , NOEs are extremely intense, while  B-turns, nonhydrogen-bonded NH groups are also al-
dyn NOEs are very weak. An important conclusion to ways accessible to solvation. In contrast, in fully
emerge from the above results is that solvent pertur- extended conformations the local environment of NH
bation of chemical shifts must be used with caution in groups acts as a deterrent to the approach of hydro-
delineating intramolecularly hydrogen bonded NH gen-bond accepting solvents like DMSO.
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angler Dpg(2) is 103.4°. Extended conformations at
Dpg usually accommodate values of 101°-105°,
while helical conformation are characterized hy
values of 110°-1132.It should be noted in a related
peptide Boc-Leu-Dpg—Val-OMe, two molecules
were present in the asymmetric unit, one of which
adopted a local helical conformation while the other
was fully extended at the Dpg residtReHydrogen-
bond parameters for thegGnteraction at Dpg are
listed in Table II.

Correlation Between Solid State and
Solution Conformations

Table Ill summarizes backbone torsion angles for
Dpg residues in diverse peptides determined by x-ray
diffraction in crystals. Nuclear magnetic resonance
parameters in DMSO, NH chemical shifts, and tem-
perature coefficientsdf/dt) are also listed. The Dpg
residues fall into two distinct conformational classes,
FIGURE 4 Molecular conformation of Boc-Val-Dpg—  One being the fully extendeds@onformation ¢ ~ s
Val-OMe, 3, in crystals. The dotted line indicates thg C ~ ~ 180°), while the other is characterized by helical
N-H - - - O interaction. ¢, values ¢ = +50° ¢y = +50°). All the four
decapeptides in the series Boc—Gly—Dpg—Xxx—Val—
Ala—Leu-Aib—Val-Ala—Leu—OMe (Xxx= Gly, Ala,

In DMSO, the temperature coefficients of NH Pro, and Leu) adopt largely helical conformation in
groups in peptides3-5 reveals that all the valine crystals with Dpg(2) havingp,y values consistent
resonances hawdd/dt values in the range of 3.3-5.3  with a right-handed helical structut&!! In these
ppb/K, characteristic of solvent-exposed NH groups. cases Dpg residues are at the N-terminus of a peptide
In contrast, the Dpg residues in all the three peptides helix, thus leaving the Dpg NH accessible to the
exhibits low dé/dt values characteristic of solvent- solvent. The NH chemical shift in all the helical Dpg
inaccessible NH groups{dé/dt (ppb/K) = 1.02 @),

1.3 @), and 1.3 §)]. The low temperature coefficients
for the Dpg NH groups may once again be interpreted
as indicative of the absence of close approach by
DMSO molecules.

Crystal Structure of Peptide

While attempts were made to crystallize all the three
peptides, only peptid8 readily yielded crystals suit-
able for x-ray diffraction. Two intermolecular hydro-
gen bonds, Val(3) N—H- - O=C Val(1) and Val(1)
N—H - - - O4 ester group, between symmetry-related
molecules stabilize the crystal. Of these, the former
interaction appears significantly stronger than the lat-
ter, as evidenced by the appeared shorter-N O
distance (Table II). The molecular conformation3of

in crystals and the packing arrangement are shown in
Figures 4 and 5, respectively. The backbone torsion o, rE 5 Packing of peptid@ viewed down the a axis.
angles are listed in Table I. From the torsion angles at groken lines indicate the intermolecular hydrogen bond
the Dpg residue, it is clear that the conformation is petween Val(3) N-H and Val(1) €0 groups. The second
fully extended, while Val(1) adopts a local helical intermolecular hydrogen bond (Table I1) is not shown since
conformation and Val(3) is semiextended. The bond it lies in a direction perpendicular to the projected view.
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Table 1l Comparison of Conformational Angles in the Crystal State with NMR Parameters of Dpg Residues

Conformational Angles (°)

NMR Parameters

—dé/dt
(ppb/°K)°
Peptides ) i (Ref.) 8 (ppm} (Ref.)
Tfa—(Dpg),—OtBu/DBH 179.5 169.4 (3) 8.01, 6.88 1.6, 19A5)
172.5 —179.4
8.04, 7.40 1.5,1.0 (5)
Tfa—(Dpg);—OtBu — — 6.85 11
1.5,0.8, (5),
8.05, 7.42 0.9,
Tfa—(Dpg),—OtBu — — 7.34,6.84 0.9
Tfa—(Dpg);—DBH +54.8 +39.4 — —(14)
+59.9 +10.2 — —
+48.3 +32.9 — —
Boc-Leu-Bpg-Val-OMe Mol. A 176.0 —180.0 — —(16)
Mol. B 62.8 39.6 — —
For—Met-Dpg-Phe-OMe 173.1 179.0 (13) 7.38 1.0 (15)
Boc-Ala-Dpg-Ala—OMe 66.2 19.3 (27) 7.50 1.8 (29)
Boc-Gly-Dpg-Ala—Val-Ala—Leu—-Aib—

Val-Ala—Leu—-OMe —46.0 —35.0(8) 7.94 42
Boc-Gly-Dpg-Leu-Val-Ala—Leu—Aib—

Val-Ala—-Leu—OMe -51.0 —47.0 (8) 8.05 45
Boc—-Gly-Dpg—Pro—Val-Ala-Leu—Aib—

Val-Ala—Leu-OMe -52.0 —51.0 (8) 8.69 6.8
Boc-Gly-Dpg-Gly—Val-Ala—Leu—Aib—

Val-Ala—Leu—-OMe -53.0 —50.0 (9) 7.87 40
Boc-Gly-Dpg-Gly—OH 178.0 171.0 (11) 7.50 £5
Boc-Gly-bDpg-Gly—-Gly-Dpg-Gly— —-54.0 —46.0 (10)

NHMe 56.0 32.0 7.73,7.73 4.9,3.8(12)
Boc—Val-Dpg-Val-OMé& -176.0 —180.0 7.43 1.02
Boc—Val-Val-bpg-Val-OMe& — — 7.45 1.30
Boc-Val-Val-bpg-Val-Val-OM¢€& — — 7.50 1.40

NH chemical shift values in DMSO.

b ds/dt measured in DMSO.

¢ Crystallographic studies on Tfa—(DpgPBH.
9Values for Boc—Gly—Dpg—Gly—OBzI (unpublished).
€ This study.

f Submitted for publication.

residues is rather lowx7.8 6) anddé/dt values are all K). The substituent shifts of Dpg NH groups, when
rather large= 4.0 ppb/K. In the peptide Boc—-Gly— the residue is protected with a Tfa group, are abnor-
Dpg—Gly—Gly—Dpg—-Gly—NHMe, both Dpg residues mally low (~ 8.05), suggesting an overriding sub-
adopt helical conformations of opposite chirality in stituent effect. Inspection of the chemical shifts of
crystal$? while Dpg(2)NH does not participate in  peptides3, 4, and 5, and d&/dt values measured in
any intramolecular hydrogen bond; the potential hy- DMSO suggest that the sequences examined in the
drogen bond involving Dpg(5)NH is disrupted by present studies indeed stabilize Dpg conformations
solvent invasion. Interestingly, both NH groups in that are fully extended. The observation of a fully
DMSO have & value of 7.7 ppm and have relatively extended conformation at Dpg in the crystal structure
high dé/dt values (3.8 and 4.9 ppb/K). The data in of 3 provides support for the observed correlation
Table Il clearly indicates that in the case of extended between conformational parameters determined in
conformations the Dpg NH resonances appear at sig- crystals and nmr parameters determined in solution.
nificantly higher field in DMSOé = 7.5 and have The growing body of evidence on the conforma-
very low temperature coefficientslddt = 1.8 ppb/ tion of Dpg-containing peptides provides some clues



as to the factors that stabilize either helical or fully 5.
extended conformations. In sequences where the
flanking residues have a strong tendency to adopt
extended structures,s@€onformations at Dpg may in
fact be predominant. This feature is apparent in the
present studies in which Dpg has been inserted into
valine-rich sequences. In helix-promoting situations,
Dpg can be comfortably accommodated into a helical
conformation. In the case of the tripeptide Boc-Ala— g
Dpg—Ala—OMe, the results summarized in Table IlI
suggests that while the crystal structure reveals a 9.
helical Dpg residue, in DMSO solution an extended
conformation is favored. Interestingly, in the tripep-
tide For—-Met—-Dpg—Phe—OMe, an extended structure

10.

is characterized in crystals while in the tripeptide 11.

Boc-Leu-Dpg—Val-OMe the single crystal accom-

modated both helical and extended Dpg conforma-
tions. In the present study, the closely related peptide
Boc—Val-Dpg—Val-OMe has been shown to have an
extended Dpg conformation. Clearly, the extended ;
and helical conformations of Dpg correspond to min-
ima of comparable energy. Recent molecular dynam-
ics simulations using “flat bottom” harmonic poten-

tials have emphasized the relationship betweén C
bond angles and backbone conformations, and

pointed to limitations in the use of rigid geometry 16.

approaches in energy calculatidhBrecise conforma-
tional preferences at Dpg residues are determined by

subtle sequence and environmental factors. The 17-

present study suggests that in contexts that strongly
promote extended conformations, it may indeed be
possible to stabilize Cstructures at Dpg even in
heteromeric sequences.
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