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Abstract: The peptide Boc-Gly-Dpg-Gly-Gly-Dpg-Gly-NHMe) has been synthesized to examine the conformational
preferences of Dpg residues in the context of a poor helix promoting sequence. Single crystaksrefobtained

in the space group2;/c with a = 13.716(2) Ab = 12.960(2) A,c = 22.266(4) A, ang8 = 98.05(1}; R= 6.3%

for 3660 data with|F,| > 40. The molecular conformation in crystals revealed that the Gly(1)-Dpg(2) segment
adoptsg, ¥ values distorted from those expected for an ideal typg-turn (pciy) = +72.C°, Yy = —166.0;
¢opg2) = —54.C°, Yppg) = —46.0°) with an inserted water molecule between Boc-CO and Gly(3)NH. The Gly-
(3)-Gly(4) segment adopts, ¢ values which lie broadly in theght handedhelical region §ciyzs) = —78.C, Yciy3)

= —9.0°; daiya) = —80.C°, Yaiys) = —18.C°). There is a chiral reversal at Dpg(5) which takesqypy values in

the left handedhelical region. The Dpg(5)-Gly(6) segment closely resembles an ideal typeuln (¢ppgs) =
+56.C¢, Yppgi) = +32.C; daiye) = +85.C, vaye = —3.0°). Molecules of both chiral senses are found in the
centrosymmetric crystal. The C-terminus forms a hydrated Schellman motif, with water insertion into the potential
6 — 1 hydrogen bond between Gly(1)CO and Gly(6)NH. NMR studies in GBGggest substantial retention of
the multiple turn conformation observed in crystals. In solution the observed NOEs slggpbttelical conformation

at the two Dpg residues.

Introduction extendedd ~ v ~ 180) regions ofp, v space’® This situation

was in marked contrast to the prototypget-dialkyl residue Aib,
which appeared an almost obligatory helical resitiieSub-
sequent studies with heteromeric sequences of variable length
revealed several examples of Dpg and its homotog-
dibutylglycine (Dbg) in helical conformatiori-15 A particular
interesting example is the coexistence of both conformations
in single crystals of the tripeptide Boc-Leu-Dpg-Val-Offe.
Theoretical calculations suggest that for higher dialykylglycines
pronounced energy minima exist in both the helical and fully
extended regions of the conformational space. There appears

o,o-Dialkylated amino acids have been widely used to
introduce backbone conformational restraints in synthetic pep-
tides2 The prototype residuae-aminoisobutyric acid (Aib)
stabilizes helical conformations in diverse sequeriedhe
higher dialkyl glycines like diethylglycine (Deg), dipropy-
Iglycine (Dpg), and dir-butylglycine (Dbg) have been less
extensively investigated. Initial interest in the use of higher
o,a-dialkyl residues in peptide design stemmed from the fact
that fully extended ¢ ~ v ~ 180, Cs) conformations were
observed in short homooligopeptide$,an observation ratio-
nalized by theoretical calculations which suggested energy
minima in both helical ¢ = +60°, v = +30°) and fully
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Multiple B-Turn Structure

to be a pronounced dependence on the bond anglg*™N-CO,
7 (with 7 ~ 11 in helices andr ~ 103 in fully extended
structures$.® Available data thus suggests that the conforma-
tions of the higher dialkylglycines may be modulated by subtle
environmental effects. In order to probe systematically the

J. Am. Chem. Soc., Vol. 119, No. 50, 1902049

The ethyl acetate extract was dried over anhydrous sodium sulfate and
evaporatedn vacuoto yield 5.68 g (18 mmol, 78%) of dipeptide acid
2.

Boc-Gly-Dpg-Gly-OBzl (3). 3.16 g (10 mmol) of peptid@ was
dissolved in DMF (5 mL). Glycine benzyl estprtoluene sulfonate

relationship between backbone conformation and sequence(6.74 g, 20 mmol) was added to it followed by DCC (2.0 9,10 mmol)

context, we have chosen to conformationally characterize a wide
range of Deg/Dpg/Dbg containing peptides. In this report, we
describe the conformation in crystals and in solution of the
glycine rich protected hexapeptide Boc-Gly-Dpg-Gly-Gly-Dpg-
Gly-NHMe ().

and HOBt (1.35 g, 10 mmol). The reaction was stirred at room
temperature for 3 days. DCU was filtered, and the work up was similiar
to one described fol. The peptide3 was obtained as a yellowish
solid weighing 3.9 g (8.5 mmol, 85%): 400 MHE NMR (CDCls, 6
ppm) 0.8, 0.95 (6H, t, Dpg ®l3), 1.12, 1.25 (4H, m, Dpg ®,), 1.45
(9H, s, Boc CH), 1.6, 2.45 (4H, m, Dpg @,), 3.75 (2H, d, Gly @H),

Glycine rich sequences have been chosen since glycine is, 1, (2H, d, Gly GH), 5.14 (1H, t, Gly NH), 5.20 (2H, s-CHj), 6.5

the most conformationally flexible residue and has a relatively
low propensity for occurring in helical structur¥s. The
juxtaposition of Gly and the,,a-dialkylated residue Aib in short

(1H, t, Gly NH), 7.18 (1H, s, Dpg NH), 7.35 (5H, m, Phe).
Boc-Gly-Dpg-Gly-OH (4). Peptide 3 (1.85 g, 4 mmol) was
saponified using 15 mL of MeOH @ N NaOH (8 mL). The reaction

sequences has led to interesting stereochemical consequencegas monitored by TLC. After 3 days the reaction was worked up as

in both designe® and natural sequences like trichogin AR/
and synthetic fragment8:21 X-ray diffraction studies establish
that both Dpg residues at position 2 and 5 falawal helical
conformations in crystals. The peptide adopts a novel, hydrated
multiple turn structure. In the apolar solvent CBQIMR data

are consistent with a major population of conformers resembling
that observed in crystals, while in the strongly interacting solvent
(CD3),SO, a mixed population of partially folded and extended
structures is supported by the experimental evidence.

Experimental Section

The peptide was assembled by conventional solution phase procedur
using a racemization free, fragment condensation strategy. The Boc
group was used for N-terminal protection and the C-terminus was
protected as a methyl ester (OMe). Glycine was protected as a benzyl
ester (OBzl). Deprotections were performed using 98% formic acid,
while saponifications were carried out ugid N sodium hydroxide
solution and methanol. Couplings were mediated by dicyclohexylcar-
bodiimide-1-hydroxybenzotriazole (DCC/HOBT). Dpg and Bpg
OMe-HCl were synthesized as described previodshll intermediate
peptides were characterized By NMR (80 MHz, 400 MHz), thin
layer chromatography (TLC) and used without further purification.

Synthesis of Peptides. Boc-Gly-Dpg-OMe (1)Boc-Gly-OH (5.25
g, 30 mmol) was dissolved in dichloromethane (DCM) (25 mL),:NH
Dpg-OMe (5.20 g, 30 mmol) obtained from its ester hydrochloride was
added, followed by DCC (6.0 g, 30 mmol). The reaction mixture was
stirred at room temperature for 2 days. DCM was removed in vacuo.
The residue was taken up in ethyl acetate (about 25 mL). The
precipitated dicyclohexylurea (DCU) was filtered. The organic layer
was washed with an excess of brine solutiarN HCI (2 x 50 mL),

1 M sodium carbonate solution (2 50 mL), and again with brine.
The solution was then dried over anhydrous sodium sulfate and
evaporated in vacuo. The dipeptidewas obtained as light yellow
gum weighing 7.6 g (23 mmol, 76%): 80 MH#H NMR (CDCl, ¢
ppm) 0.8, 0.93 (6H, t, Dpg ®l3), 1.26 (4H, m, Dpg CH,), 1.5 (9H,

s, Boc CH), 2.4, 2.3 (4H, m, Dpg €H,), 3.70 (3H, s, OCH), 3.75
(2H, d, Gly G*H), 5.50 (1H, t, Gly NH), 6.75 (1H, s, Dpg NH).

Boc-Gly-Dpg-OH (2). Peptidel (7.6 g, 23 mmol) was saponified
using MeOH (25 mL) ad 4 N NaOH (10 mL). The reaction mixture
was stirred at room temperature, and its course followed by TLC. After
4 days, MeOH was evaporated, and the residue taken in water. The
agueous solution was washed with etherx(20 mL). The aqueous
layer was neutralized wit2 N HCI and extracted with ethyl acetate.
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described foR to yield 1.3 g (3.5 mmol, 87.5%) of the tripeptide acid
4 as a white solid.

H2N-Gly-Dpg-Gly-OBzI (5). 3(1.4 g, 3 mmol) was taken in 8 mL
of 98% formic acid, and the reaction mixture tightly stoppered. The
reaction was monitored by TLC. After 8 h, formic acid was evaporated
in vacuo, and the residue was dissolved in water. The solution was
washed with ether (% 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 vacuoto yield 0.72 g (2 mmol, 66%) of free amine tripeptifl@s
a gum.

Boc-Gly-Dpg-Gly-Gly-Dpg-Gly-OBzl (6). 4(0.75 g, 2 mmol) was
dissolved in DMF (4 mL) and to it was added 0.72 g (2 mmolppf
followed by DCC (0.4 g, 2 mmol) and HOBt (0.27 g, 2 mmol). The
reaction was stirred at room temperature for 5 days. DCU was filtered
and the work up was similar to one describedXdo yield 1.14 g (1.6
mmol, 80%) of the hexapeptide esteas a white solid: mp 136138
°C; 400 Mhz'H NMR (CDCls;, 6 ppm) 0.88-0.9 (12H, t, Dpg 2,5
C°Hs), 1.2-1.3 (8H, m, Dpg 2,5 @H,), 1.49 (9H, s, Boc Ch), 1.85
(4H, m, Dpg 2 @H,), 2.05 (4H, m, Dpg 5 ¢Hy), 3.65 (2H, d, Gly 6
CH), 3.85-3.95 (2H, d, Gly 3/Gly 4 €H), 4.10 (2H, d, Gly 1 CH),

5.25 (2H, s, -CH), 5.65 (1H, t, Gly 1 NH), 6.78 (1H, s, Dpg 2 NH),
6.89 (1H, s, Dpg 5 NH), 6.92 (1H, t, Gly 6 NH), 7.45 (5H, m, Phe),
7.41 (1H, t, Gly 3 NH), 7.82 (1H, t, Gly 4 NH).

Boc-Gly-Dpg-Gly-Gly-Dpg-Gly-NHMe (7). Peptide6 (0.5 g, 7
mmol) was dissolved in dry MeOH (10 mL), and methyl amine ¢CH
NH>) gas was passed till saturation (about 2 h). MeOH was evaporated,
and the peptid& was obtained as a yellow solid: yield 0.3 g (0.5
mmol, 71%); mp= 141-143°C.

The crude peptide was purified on a reverse phase MP{s€dlumn
(40—60u) using a gradient of MeOHA®. Homogeneity of the peptide
was susequently demonstrated by analytical HPLC on a reverse phase
(C18, 5u) column. The peptide was characterized by complete
assignment of 400 MH¥#H NMR spectra, by 125 MHZ*C NMR, and
by its FAB mass spectrum: 400 MHE NMR (CDCls, 6 ppm) 0.89-

0.93 (12H, t, Dpg _2/5 ¢Hs), 1.21-1.3 (8H, m, Dpg_2/5€H,), 1.45
(9H, s, Boc CH), 1.85, 1.75 (4H, m, Dpg 2/Ei;), 2.10, 1.83 (4H, m,
Dpg 5 CH,), 2.78 (3H, d, NH 7Me), 3.88-3.86 (2H, d, Gly 3/Gly
4/Gly 6 C*Hs), 3.66 (2H, d, Gly 1 €H), 5.60 (1H, t, Gly 1 NH), 6.68
(1H, s, Dpg 2 NH), 6.96 (1H, s, Dpg 5 NH), 7.13 (1H, t, Gly 6 NH),
7.53 (1H, t, Gly 3 NH), 7.92 (1H, t, Gly 4 NH), 7.24 (NH 7 Me). 125
MHz 13C NMR (CDChk, 6 ppm): 14.06-14.09 (4C, &% Dpg 2/5),
16.45-16.56 (4C, C” Dpg 2/5), 26.06 (1C, NHC}), 28.11 (3C, Boc
CHss), 35.11, 35.71 (4C, & Dpg 2/5), 43.19, 43.84, 44.05, 45.30
(4C, C* Gly 1/3/4/6), 62.60, 63.06 (2C,*CDpg 2/5), 81.15 [1C,
(CHs)sC], 157.3 (1C, Boc €0), 170.22, 170.59, 170.63, 171.37,
173.97, 174.67 (6C,€0); mass spectral data M Na* = 665, Mcacq

= 642.

Spectroscopic Studies.All NMR studies were carried out on a
Bruker AMX-400 spectrometer. Peptide concentrations were in the
range of #~8 mM and the probe temperature was maintained at 298
K. Resonance assignments were done using two-dimensional ROESY
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Table 1. Crystal and Diffraction Parameters Table 3. Hydrogen Bonds

empirical formula GoHseN7010 N---O(A) H---O(A)
color, hqbit colorless, very fragile wafers type donor  acceptor OO (A) H:--O(A)
crystal size (nm) 0.0% 0.40x 1.3 lateral, intermol N1 o 3.147 2.43
crystal system monoclinic head-to-tail N2 OB 2.893 2.00
space group P2i/c N3 w1 2.854 2.01
unit cell dimensions a=13.716(2) A 4—1 N4 o1 3' 091 2‘ 30

b=12.960(2) A ' -

— 22266 A 4—1 N5 02 3.345 2.5

c= 95.050(10 NG w2 2.886 2.10

p = 98.050(10) 4—1 N7 O4 2.954 2.08
volume 3918.2(11) A W1 00 5850 501
Z . 4 wi 0@ 2.809 1.96
formula weight 677.8 W2 o1 2756 167
density (calc) 1.149 Mg/fn . :
absorption coeff 0.713 mm w2 o 2865 216
F(000) 1472 a Symmetry equivalent at-2x, 0.5+y, 1.5-z ® Symmetry equivalent

Table 2. Torsional Angle3 (deg) for Peptidel

residue ¢ " w xt 1

Boc 175

Gly(l) +72 -166 —171

Dpg(2) -54 —46 —173 177463 178,-170
Giy(3) -78 -9 172

Gly(4) -80 —18 —179

Dpg(5) +56 +32 179 17956 ~179, 177
Giy(6) +85 -3 —179

a2The torsional angles

for rotation about bonds of the peptide

backbone ¢,y,w) and about the bonds in the Dpg side chajris %)
are described in IUPAC-IUB commission on Biochemical Nomen-

clature3p

atx, 0.5-y, —0.5+z °Long values for hydrogen bond§Symmetry

equivalent at 2x, —0.5+y, 1.5~z

spectr&® 2D data were collected in phase sensitive mode using the
time proportional phase incrementation method. Data points numbering
512 with 64 transients were collected. Spectral widths were in the Figure 1. Conformation of the hexapeptidein the crystal. Dashed
range of 4500 Hz with a spin lock time of 300 m's. Zero filling was lines indicate intramolecular hydrogen bonds. W1 and W2 are the water
done to yield data sets of 1Kk 1K using square sine bell window. molecules inserted into the molecule.

X-ray Studies. Single crystals of peptidd were grown from
methanot-water solution by slow evaporation. The crystal and = —12C; ¢i+2 = —80°, Yi+2 = 0°). Gly(3)-Gly(4) adoptsp,
diffraction parameters are listed in Table 1. X-ray data were collected 1 values which lie broadly in theght handedhelical region.

on a Siemens automated diffractometer with Cu radiation irotaé
mode, constant scan speed of 10 deg/m, scan width 8f12) (o, —
a2), 20max = 116 (resolution 0.9 A) for a total of 5363 unique

There is a chiral reversal at Dpg(5) which now adoptsy
values in theleft handedhelical region. The Dpg(5)-Gly(6)
segment closely resembles an ideal tyg&turn (¢i+1 = +60°,

reflections and 3360 reflections with intensities greater thaf)$ The

structure was solved by direct phase determination. Full-matrix wigl ~ +:?)00;d¢')i+2 :tt+90°' Yit t:t(r)] )t' thInSDpeCtlzonGcl)f t3heGI
anisotropic least-squares refinement was performed on the parametergIy rogen bonding pattern suggests that the Dpg(2)-Gly(3)-Gly-

for the C, N, and O atoms. The positions of the four H atoms on w1 (4) segment forms one turn of ac3helix stabilized by two
and W2 were found in a difference map and refined isotropically. The intramolecular 4— 1 hydrogen bonds[Gly(1)C®Gly(4)NH,
remaining 55 H atoms were placed in idealized positions and allowed N+++O 3.09 A; Dpg(2)C@-Dpg(5)NH, N--O 3.34 A]. The
to ride with C or N atom to which each was bonded. The fiRal Dpg(5)-Gly(6) segment forms a typeA-turn stabilized by a 4
values wereR = 6.33% for 3360 data anByw = 6.40%. — 1 hydrogen bond between Gly(4)G@NHMe, N---O 2.95
A. Atthe N-terminus, a water molecule (W1) is inserted into
the Gly(1)-Dpg(2) type lI3-turn resulting in the absence of a
Crystal Structure of 1. Figure 1 shows a view of the 4 — 1 intramolecular hydrogen bond [Boc C&Gly(3)NH,
molecular conformation determined in crystals. The backbone N--*O 4.30 A]. Water insertion intos-turn structures is
conformational parameters are summarized in Table 2. While commonly observed in peptidés. The observed distortion in
the hydrogen bond parameters are listed in Table 3. Sincebackbone dihedral angles from the idealized values expected
peptidel is achiral it crystallizes in a centrosymmetric space in type IlI/IlI" p-turns is clearly a consequence of the water
group and contains molecules of both hands (chiral senses). Onlyinsertion into the backbone. Interestingly, a potentiat-6L
one signof the dihedral angles is listed in Table 2, and only hydrogen bond between Gly(1)C&Gly(6)NH is disrupted by
one hand is shown in Figure 1. insertion of a water molecule (W2) resulting in arr-f0
Inspection of the torsional angles reveals that the Gly(1)- distance of 4.60 A. The Dpg(2)-Gly(3)-Gly(4)-Dpg(5) segment
Dpg(2) segment adopts, 1 values somewhat distorted from — forms anorororow motif (ar-residue inright handedhelical
those expected for an ideal typé B-turn (pi+1 = +60°, pit1 conformation andyx_-residue inleft handedhelical conforma-
tion). Such conformational features have been termed as
Schellman motifand are frequently found at the C-terminus
end of a-helical structures in proteirf8-32 In synthetic

Results and Discussion
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Table 4. Observed Dpg Backbone Conformations in Peptide Crystal Structures

torsional angles

peptides P " . ref
Tfa-Dpg-DBH mol. A 176.0 175.9 101.1 6
mol. B 177.0 174.8 101.1
Tfa-(Dpg)-DBH 179.5 169.4 103.0 6
172.5 —179.4 102.3
For-Met-Dpg-Phe-OMe 173.1 179.0 105.4 37
Tfa-(Dpg)s-DBH +54.8 +39.4 108.0 11
+59.9 +10.2 116.0
+48.3 +32.9 111.0
Boc LeuDpg-Val-OMe mol. A 176.0 —180.0 102.0 16
mol. B 62.8 39.6 111.0
Boc-Ala-Dpg-Ala-OMe 66.2 19.3 113.4 40
Boc-Ala-Dpg-Ala-NHMe —50.6 —14.2 113.4 40
Boc-LeuDpg-Leu-Ala-Leu-Aib-OMe mol. & —55.0 —43.0 107.0 12
mol. B° —53.0 —43.0 105.0
mol. A° —43.0 —37.0 113.0
Boc-Aib-Ala-Leu-Ala-Leubpg-Leu-Ala-Leu-Aib-OMe —56.0 —47.0 109.0 12
Boc-Gly-Dpg-Ala-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe —46.0 —35.0 112.7 13
Boc-Gly-Dpg-Leu-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe -51.0 —47.0 110.6 13
Boc-Gly-Dpg-Pro-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe —52.0 —51.0 109.9 13
Boc-Gly-Dpg-Gly-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe —-53.0 —50.0 109.1 14
Boc-Gly-Dpg-Gly-OH 178.0 171.0 104.1 39
Boc-Val-Val-Ala-Leu-GlyDpg-Gly-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe —-52.0 —44.0 107.2 39
Boc-Gly-Dpg-Gly-Gly-Dpg-Gly-NHMe —54.0 —46.0 109.9 this study
56.0 32.0 110.8

aNomenclature follows ref 3k is the bond angle NC*—C'. P Triclinic. ¢ Orthorhombic.

peptides, the presence of an achiral residue at the C-terminus
of a helix frequently results in chiral reversal ¢f y values
resulting in the formation ofy, terminated helice®3% In the
present structure, the use of achiral residues results in a reversal
of screw sense at the C-terminus. Formally this structure may
be viewed as a case where a right handed helical twist is
immediately followed by a left handed helical segment. Indeed,
such ambidextrous helical molecules have recently been char-
acterized in crystals of a 14 residue peptide helix containing
two contiguous helical segments of opposite chirafity.

Dpg Residue Conformations. Table 4 summarizes observed
Dpg backbone conformations in crystals and also lists the bond
angle at the € atom (). Theoretical calculations suggest a
strong bond angle dependence of the backlgonevalues with
7 < 105 resulting in extended conformations and> 105
yielding helical conformation3® While the majority of
examples listed in the table follow this correlatianyalues
~105 appear to accomodate both types of local conformations.
The number of examples of Dpg in helical structures is clearly
growing in diverse sequence environments suggesting that Dpg
and related residues may be largely helix stabilizers, with fully
extended forms requiring specific “local factors” for stabiliza-

tion. . ) . Figure 2. Packing of the distorted helices into sheets. Projection down
Crystal Packing. The molecules ot contain multiple tumns  the a axis. Dashed lines show the head-to-tai+d% hydrogen bonds

of varying conformational types, resulting in a structure that is and the lateral NAN4 hydrogen bonds between helices. The water

more compact than a helix of comparable length. Nevertheless,molecules W1 and W2 also participate in forming lateral bridges of

the peptide CO and NH groups which are internally hydrogen hydrogen bonds between helices (not shown).

bonded are the same as those that would have participated inassemble into columns by head-to-tail hydrogen bonding

such interactions in a;go-helical structures. The molecules  petween N2 and O5, a motif adopted by almost a§ &nd

a-helices (Figure 2j. The columns pack into layers with

(31) Nagarajaram, H. A.; Sowdhamini, R.; Ramakrishnan, C.; Balaram,

P.FEBS Lett 1993 321, 79-83. antiparallel columns and lateral hydrogen bonds between N1
(32) Aurora, R.; Srinivasan, R.; Rose, G. Stiencel994 264, 1126 and O4. Water molecules W1 and W2, in addition to forming
1130. bridges between O0 and N3 as well as O1 and N6 in individual

Peﬁﬂ;ﬁ;ﬂ?ﬁ Eé&gggpfzn'ﬁ‘gffﬁ%”' J. L; Uma, K.; Balaram IR J. helices, also connect neighboring helices by lateral hydrogen

(34) Rajashankar, K. R.; Ramakumar, S.; Mal, T. K.; Jain, R. M.; bonds with O6 and O3, respectively. There are no hydrogen
Chauhan, V. SAngew Chem., Int. Ed. Engl1996 35, 765-768. bonds between layers, that is, in the direction perpendicular to
(35) Banerjee, A.; Datta, S.; Pramanik, A.; Shamala, N.; Balaram, P. the view in Figure 2.

Am. Chem. Socl996 118 9477-9483. . o . .
(36) Banerjee, A.; Raghothama, S.; Karle, I. L.; BalaranBiBpolymers NMR Studies. Sequence specific assignments were easily

1996 39, 279-285. achieved using sequential interresidue nuclear Overhauser effects
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NH(7)Me
M X(5)
s om (] x@ o) 3
TEMPO (10™ M)
MJL N )
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w @ NHDLCE) x(5) | x(2) 6
T T T T T T i 0.0
ppm 7.9 7.0 6.5 6.0 5.5

Figure 3. Partial 400 MHZz*H NMR spectra in CDGlshowing the effect of TEMPO on the line width of NH resonance in peptidResonance
assignments are indicated. TEMPO concentrations (M) are marked on the spectra. Peptide concentration was 104 Byhg].[X

Table 5. NMR Parameters for Peptide

NH

residue CDG (CDs),SO Ao (ppm) —do/dt® (ppb/K) G o
Gly (1) 5.60 7.15 0.89 8.2 ot | 0 Lo
Dpg(2) 6.68 7.73 1.15 4.9 V2 o\
Gly(3) 7.53 8.22 0.51 6.1
Gly(4) 7.92 8.03 0.20 4.4 R 60
Dpg(5) 6.96 7.73 0.30 3.8
Gly(6) 7.13 8.03 0.31 6.1 ‘
NH(7)Me  7.24 7.49 0.12 3.7 : . L6.5

23

aA¢ is the chemical shift difference for NH protons in CR@hd x@ . 0

21.05% (CR),SO/CDCE. ® dd/dt (ppb/K) values in (CE).SO.
Xs)— _10s,, d Po=y 7.0
. 06,4 6,7 !

measured using 2D ROESY methddsThe Gly, Dpg, and ~ “WOMe—— 0 | . &
methylamide NH protons can be readily differentiated on the e }e,__w N L
basis of their multiplet patterns. In both solvents, the methy- 0. .3_2 ‘
lamide NH proton was unambiguously assigned to the only

i
quartet resonance, while the Gly(1)NH was easily identified by ) ﬁf 44,3 Celis L
virtue of its high field position in both solvents. The chemical a’ i 1 eom
shifts of the backbone NH protons are summarized in Table 5. pom 75 70 65 60 )
The number of intramolecularly hydrogen bonded NH groups Figure 4. Partial 400 MHz ROESY spectrum of peptidén CDCly
were delineated using radical induced line broadettifftand showing NH<*Ni::H NOEs. [X = Dpg].
solvent induced perturbation of chemical sHfftsn CDCls-
(CD3)2SO mixtures’ Figure 3 shows the effect of the free  Observation of sequentiahn connectivities thus provides a
radical TEMPO on the line widths of the various NH resonances. strong constraint on the structure. Together with the fact that
Itis clear that while Gly(1), Dpg(2), and Gly(3) NH groups are the four C-terminus NH groups are hydrogen bonded, the NOE
exposed to the solvent, the remaining four NH groups are results could, in principle, be interpreted in terms of a continuous
inaccessible. All NH groups show downfield shifts on addition a-helical conformation over the entire peptide segment as the
of small amounts of the hydrogen bonding solvent 50 predominant structure in CDg&kolution. This conclusion is
to CDCk solutions. The magnitude of chemical shift changes however at variance with the observed crystal structure. Close
(A6) on going from CDC{ to 21.05% (CBR),SO-CDCl; are examination of the solid state conformation suggests that
again diagnostic of peptide NH accessibility. From the data residues Dpg(2), Gly(3), Gly(4), Dpg(5), and Gly(6) do indeed
summarized in Table 5, it is evident that the first three NH haveg, y values lying in the g/a-helical regions of confor-
groups also have largekd values confirming their solvent  mational space (Table 2) with the two C-terminal residues
accessible nature. It is thus clear that the peptide favors a foldedforming a chiral reversal resulting in a change of the helix

conformation involving the NH groups of residues-@l and handedness. Thus sequentlg), connectivities over the-26
the terminal NHMe in intramolecular hydrogen bonding. Figure segment are in fact consistent with this conformation. Indeed
4 shows the NH-NH region of the ROESY spectrumZloiin the only “nonhelical” residue in the crystal state structure is

CDCls, while Figure 5 illustrates observed@ <> NH NOEs. Gly(1) with a Gly(NH}--Dpg(2)NH distance of 4.6 A. (All
Sequential NH < Ni+1H (dwn) NOEs are observed over the other NH<N;;1H distances lie between 2.4 and 2.9 A.) The
entire length of the peptide strongly indicating a continuous observation of ayy NOE of moderate intensity between Gly-
stretch of backbonep, v values in the helical regions of (1) and Dpg(2) could be indicative of conformational averaging
conformational space. It may be noted that in short peptides between Type Il/lland Type IlI/III' conformation at the Gly-
NOEs are usually observed only up to distances<8f5 A. (1)-Dpg(2) segment. Such a process requires a flip of the
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Figure 5. Partial 400 MHz ROESY spectrum of peptiden CDCl; show

peptide bond between the residues 1 and 2, which can be
achieved by correlated rotation abau{Glyl) and¢ (Dpg 2).

It should also be noted that if the water invasion of the peptide
backbone is ignored, then intramolecular hydrogen bonds of
the 4— 1/6 — 1 type will result in solvent shielding of all but
the two N-terminal NH groups. Indeed in the crystal the
potential type Il/Il S-turn at the Gly(1)-Dpg(2) segment is
distorted by hydration, as is the Schellman n¥étif2 at the
C-terminus.

The NMR data in CD solution is thus broadly consistent
with a significant population of the multiple turn conformation
seen in crystals. Further support for this conclusion is obtained
from the medium range NOEs Gly(4)NHGIy(6)NH (w)
(Figure 4), Gly(1)CH<Gly(3)NH (w), and Gly(1)CH<Gly-
(4NH (w) (Figure 5). The corresponding distances in the
crystal structure are 4.21, 3.77, and 4.21 A, respectively. An
unusual, strong NOE is also observed between the Bog CH
resonance (1.48) and the cluster of @ resonance of Gly(3),
Gly(4), and Gly(6) centred at (3.863.88)) (data not shown).
Interestingly, the crystal structure places one of the Bog CH
groups relatively close to the Gly(4y8, group. (The shortest
Boc CHs:+Gly(4)C®H distance is 2.52 A))

The temperature coefficients of NH chemical shifts in gD
SO solution are summarized in Table 5. While Gly(1), Dpg-
(2), and Gly(3) have highdldt values ¢4.5 ppb/K), a very
high value of 6.1 ppb/K is also observed for Gly(6)NH. this
clearly suggests that in a strongly solvating medium, solvent
invasion destabilizes intramolecularly hydrogen bonded back-
bone conformations. Theddtt values observed for Gly(4)-
NH, Dpg(5)NH, and NHMe groups lie between 3.Z.4 ppb/

K, which are suggestive of only moderately solvent shielded
protons. Figure 6 shows the NH-NH region of the ROESY
spectrum ofl in (CD3),SO. Although all sequentiatiyy
connectivities can be identified, the NOE magnitudes appear
to be significantly smaller than in CD€I This is particularly
true for the ROESY cross peaks for the segment residués 2
Together with the temperature coefficients, the NOE data
suggest a diminished population of folded compact conforma-
tions and support unfolding by solvation. These conclusions

ing GH<N;+1H NOEs. [X= Dpg].

Gl4) 6(6) G(3) X(5) X(2) NH(IMe  G(1)NH

G (1) NH———

NH (7) Me

X(2) NHL
X (S)NH J

G(3) NH—
G(6) NH

G(I.)NH—/—

pom

—
7.0

—
7.5

pom

Figure 6. Partial 400 MHz ROESY spectrum of peptitién (CDs)2-
SO showing NH<>Ni+;H NOEs. [X = Dpg].

backbone NH groups in peptidgFigure 7). The NMR results
thus favour a largely multiple turn conformation in CR@lhich
is unfolded and solvated in (GRSO. In CDC} both Dpg
residues adopt conformations lying in the helical regiong,of
1 space.

Conclusions

A novel multiple turn conformation is established in single
crystals for the peptide Boc-Gly-Dpg-Gly-gly-Dpg-Gly-NHMe.
The observed structure provides examples of hydrated Typell/
[I" turns, Type lll turns, and a chiral reversal to establish-a 6
1 hydrogen bondeg-turn, in a hydrated Schellman motif. While
five out of six residues lie in right or left handed helical regions
of ¢, 3 space, the molecule as a whole forms a relatively
compact folded structure. NMR studies support substantial
retention of the crystal state conformation in the apolar solvent
CDCl; with key NOEs and solvent delineation of shielded NH

are reinforced by the observation of very strong exchange crossgroups favoring the multiple turn structure. A particularly

peaks between residual water protons in ¢80 and all the

interesting feature of the crystal structure is the adoption of
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Figure 7. Partial 400 MHz ROESY spectrum of peptideshowing GH<>Ni+1H connectivities. Strong exchange cross peaks between residual
water protons in (CBE).SO and all the backbone NH groups are indicated=X0pg].

helical ¢, 1 values for the two Dpg residues even in the context which fully extended conformations can be preferentially
of a very poor helix promoting segments containing as many stabilized remain to be firmly established. A clear understanding
as four Gly residues, including two central contiguous glycines. of the factors that determine conformational state of the higher
Folded conformations at higher dialkylglycine residues must dialkylglycines will be of great value in the control of backbone
be considered in interpreting structa&ctivity relationships for stereochemistry in peptide desitfi

biologically active peptides. Indeed, studies of chemotactic
tripeptide analogs have shown high biological activity when the
central Leu residue is replaced by dialkylglycine containing both
cyclic and acyclic side chairfé:38 In the case of 1-aminocy-
cloalkane-1-carboxylic acids, helical conformations have been
exclusively reported, whereas for linear dialkyl residues both
helical and extended conformations have been crystallographi-
cally characterize@: The present results suggest that ltweal
helical conformations are likely to be significantly more Supporting Information Available: Tables of atomic
important even for the higher dialkylglycines. Indeed, the coordinates, bond lengths, bond angles, anisotropic temperature
segment Gly-Dpg-Gly has been crystallographically character- factors, and H atom coordinates tb(7 pages). See any current
ized in 3, 6, 10, and 14 residues peptides, with the sole examplemasthead page for ordering and Internet access information.
of an extended conformation being observed for the Dpg residue
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