
/. Am. Chem. Soc. 1995,117, 11773-11779 11773 

Observation of Water-Mediated Helix-Terminating 
Conformation in a Dehydrophenylalanine Peptide: 
Crystal and Solution Structure of the Octapeptide 
Ac-APhe-Val-APhe-Phe-Ala-Val-APhe-Gly-OMe§ 

K. R. Rajashankar,f S. Ramakumar,1 R. M. Jain,* and V. S. Chauhan*'* 

Contribution from the Department of Physics, Indian Institute of Science, Bangalore 560012, 
India, and International Center for Genetic Engineering and Biotechnology, Nil Campus, 
Aruna AsafAli Marg, New Delhi 110067, India 

Received January 17, 7995® 

Abstract: We have synthesised and determined the solution conformation and X-ray crystal structure of the octapeptide 
Ac-APhe'-Val2-APhe3-Phe4-Ala5-Val6-APhe7-Gly8-OCH3 (APhe = a,/3-dehydrophenylalanine) containing three APhe 
residues as conformation constraining residues. In the solid state, the peptide folds into (i) an N-terminal 3ioR-
helical pentapeptide segment, (ii) a middle non-helical segment, and (iii) a C-terminal incipient 3ioL-helical segment. 
The results of 1H NMR data also suggest that a similar multiple-turn conformation for the peptide is largely maintained 
in solution. Though the C-terminal helix is incipient, the overall conformation of the octapeptide matches well with 
the conformation of the hairpins reported. Comparison of the jr-turn seen in the octapeptide molecule with those 
observed in proteins at the C-terminal end of helixes shows the structural similarity among them. A water molecule 
mediates the 5 — 2 hydrogen bond in the ar-turn region. This is the first example of a water-inserted jr-turn in 
oligopeptides reported so far. Comparison between the present octapeptide and another 3ioR-helical dehydro 
nonapeptide Boc-Val-APhe-Phe-Ala-Phe-APhe-Val-APhe-Gly-OCH3, solved by us recently, demonstrates the possible 
sequence-dependent conformational variations in a,/3-dehydrophenylalanine-containing oligopeptides. 

Introduction 

One of the aims of contemporary protein research is the 
rational design of synthetic peptide mimics for structural motifs 
in proteins.' Incorporation of nonstandard amino acids with 
well-defined stereochemical and functional properties turns out 
to be an attractive approach to impose localized restrictions on 
the polypeptide chain.2 In this direction, incorporation of a,/3-
dehydro residues has given rise to a possible method for 
generating various schemes of secondary structures. The steric 
constraints introduced by incorporating an a,/3-dehydro residue 
in a peptide sequence force the backbone to fold into definite 
conformations.3 Experimental and theoretical conformational 
studies have indicated that APhe strongly favors the formation 
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of /?-turn structures in short peptides.3 In longer peptides 
containing more than one APhe residue, 3io-helical structures 
are mostly observed.3hJ In this regard, conformational charac
teristics of APhe residues are similar to those of a-aminoisobu-
tyric acid (Aib), a well-known helicogenic non-protein amino 
acid residue.10 Recently, we have observed a novel /3-bend 
ribbon structure in a pentapeptide containing two APhe residues3k 

which may represent the versatility of dehydro residues in 
constraining the peptide backbone. But at the same time, it is 
also clear that the conformational consequences of the number 
and positioning of APhe residues in peptide sequence is not 
yet well understood. As a part of our continuing research 
program on building polypeptide structural motifs for the de 
novo design of proteins using cx,/3-dehydro amino acid residues, 
we report here the synthesis and X-ray crystal structure of the 
dehydro octapeptide Ac-APhe'-Val2-APhe3-Phe4-Ala5-Val6-
APhe7-Gly8-0CH3, which exhibits a helix-terminating confor
mation. Solution conformation studies provide the evidence that 
the solid state structure of the octapeptide is mostly maintained 
in solution as well. 

Experimental Procedures 

Synthesis. Peptide II was synthesised by standard solution phase 
methods. Amino acid couplings were performed by either mixed 
anhydride or dicyclohexylcarbodiimide—hydroxybenzotriazole proce
dures as described earlier.4 Trifluoroacetic acid (TFA) was used to 
remove the N-terminal Boc group in peptide fragments. The APhe 
residue was introduced using the literature procedure.4 All reactions 
were monitored by TLC on precoated silica plates in at least two 
different solvent systems.4 The peptide intermediates, a tetrapeptide, 
Boc-Val-APhe-Phe-Ala-OH, and a tripeptide, Boc-Val-APhe-Gly-
OCH3, were prepared from Boc-Val-APhe-azlactone.3f The tripeptide 
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was deprotected at its N-lerminal and coupled with the above 
tetrapeptide to yield a heptapeplide, Boc-Val-APhe-Phe-Ala-Val-APhe-
GIy-OCHi. which on deprolection and coupling with acetyldehydro-
phenylalanine gave the target octapeptide as a white solid. Recrys-
talli/ation from ethyl acetate—petroleum ether afforded the oclapeptide 
in pure form. The oclapeptide eluled as a single peak in an HPLC run 
on a Waters Cis column (3.9 x 300 mm). UV detection. 280 nm. 
using a methanol-water gradient (709! methanol to 90% methanol in 
35 min) al a flow rale of 1 mL/min. Yield 62%. Mp = 254 "C. (ah , 2 ' 
= - 5 8 ° (c, 1.05 g/d/.. CH1OH). 1H NMR (500 MHz. CDCIi wilh \<7c 
of (CDj)2SO): O 9.56 ( IH, s, NH APhe1), 9.25 ( IH. s, APhe ' ) . 8.39 
( IH, s, NH APhe7). 7.93 ( I H . br, NH VaI2). 7.66 ( IH. br. NH Phe J). 
7.63 ( IH. br. NH Ala5). 7.60 ( IH. br. NH GIy8). 7 .30 -6 .90 (20H. m. 
aromatic protons of APhe1 . A P h e \ APhe7 . and Phe4). 7.00 ( IH. br. 
NH VaI6). 4.10 ( IH. br. C H Phe4). 4.00 (2H. br. C H VaI* and C"H 
Ala5). 3.80 ( IH. br. C 1 H VaI2). 3.70 (2H. br. C H GIy8). 2.80 (2H. m. 
C H Phe4). 2.10 ( IH. br. C H VaI"). 2.05 (3H, s. C H i C O - ) . 2.00 ( IH, 
br. C H VaI2). 1.21 (3H. d, C H Ala5). 0.80 (6H. dd. C=H, VaI2). 0.60 
(6H. dd. C H 3 VaI6). 

Spectroscopic Studies. 1H N.MR spectra were recorded on a Bruker 
500 MHz FT NMR equiped with Aspect 3(XX) computer at Tata Instilute 
of Fundamental Research. Bombay. All chemical shifts are expressed 
as d (ppm) downfield from internal reference tetramethylsilane. Speclra 
were recorded al concentration of 10 mg/mL. Two-dimensional COSY 
and ROESY speclra were recorded using standard procedures.5 Short 
mixing limes (300—400 ms) were used in lhe ROESY experiments in 
order to minimize spin-diffusion effects. 

X-ray Diffraction. The peptide (C5 JH6;N8Oio-2H>0-CiHB0. MW 
= 983.09) was crystallized by slow evaporation of the peptide solution 
in a 1:1 mixture of methanol—acetone at 4 0 C over a period of 45 
days. A crystal of size 0.2 x 0.15 x 0.6 mm mounted on a glass fiber 
was used for characterization and X-ray diffraction experiments on a 
CAD4 diffractometer. The cell parameters were determined by setting 
lhe angles of 25 accurately measured reflections. The crystal belongs 
to lhe orthorhombic space group P2,2,2, with a = 9.574(2) A, b = 
26.010(3) A. c = 23.230(3) A. V = 5784.364 A \ and Z = A. Three-
dimensional X-ray intensity data were collected using Cu K a radiation 
(X = 1.5418 A) up to a Bragg angle 0„a, = 70° with varying scan 
speeds in the <u—20 scan mode. The negligible variation in lhe iniensily 
of two standard reflections monitored at regular intervals confirmed 
lhe electronic and crystal stability. Thus 5497 unique reflections were 
collected and corrected for Lorentz and polarization factors, and no 
absorption correction was made (fi = 5.74 cm" ' ) . Attempts to solve 
lhe structure b\ direcl methods using SHELXS866 and M i l . T A N were 
not successful. The structure was determined using molecular replace
ment melhods by employing lhe program PATSEE.S Backbone atoms 
of four residues of a 3m-helical search model, constituting a fractional 
power of 0.24. were successfully positioned in the unit cell of peptide 
II by a rotation-translation search. Partial structure expansion followed 
by a couple of weighted difference Fourier maps revealed lhe full 
structure. Least squares refinement was carried out using 4380 
reflections having |F„| > 30(IF0I) with anisotropic lemperalure factors 
for all the non-hydrogen atoms. It was observed that the O atoms of 
the VaI2 residue are disordered between two of the three possible 
rotomcric positions, which leads to full occupancy for one C position 
and half-occupancy for other two C positions. Such disorder of VaI 
side chains have been observed in crystals of Aib peptides.9 The 
disordered C atoms of the VaI residue were refined isotropically. 
During the course of refinement two water molecules and one acetone 
molecule were located in the difference Fourier map. Solvent atoms 
having unusually high temperature factors were refined isotropically. 
All the hydrogen atoms fixed on the basis of stereochemical consid-

Figure 1. Molecular structure of peptide II. Intramolecular hydrogen 
bonds are indicated by doited lines. The molecule consists of a 
N-lerminal 3| l rhelical pentapeptide segment, a .T-turn in lhe middle 
region, and an incipient 3irhelical segment at lhe C-terminus. 

Table 1. Backbone Torsion Angles of Peptide II 

residues 

APhe1 

VaI2 

APhe ' 
Phe4 

Ala5 

VaI6 

APhe7 

GIy8 

<t> ( d e g ) 
- 4 8 . 0 
- 5 6 . 1 
- 5 8 . 7 
- 7 7 . 4 
- 9 2 . 6 

- 1 2 3 . 8 
64,8 
82.0 

V Weg) 

31.2 
-32.2 
-24.6 
-8.8 

-14.0 
18.7 
32.8 

a) (deg) 

178.2 
178.0 

-179.8 
172.2 

-169.9 
179.2 
168.9 

Table 2. Hydrogen Bonds Observed in the Crystal and Molecular 
Structure of Peptide II 

donor (D) 

N3 
N-I 
N 5 
N6 
N -

N8 
OIW 
Nl 
N: 
Cl 
C2G3 
C8A 
02W 
C3S 
02W 

acceptor 
(A) 

Ol 

or 
02 ' 
0 3 ' 
OIW 
0 3 ' 
04 ' 
06' 
07 ' 
06 ' 
07 ' 
0 5 ' 
OIS 
02W 

or 

distance 
D- - - A ( A ) 

2.844 
2.968 
3.026 
3.274 
3.016 
2.947 
2.704" 
2.837 
3.028 
3.329 
3.361 
3.150 
3.182" 
2.923" 
2.865" 

distance 
H- - -A (A) 

1.92 
2.02 
2.07 
2.32 
2.15 
2.(X) 

1.84 
2.09 
2.36 
2.37 
2.13 

angle 
D-H- - -A 

150.4 
155.7 
156.6 
156.2 
143.4 
155.0 

169.2 
153.6 
148.2 
151.5 
156.2 

symmetry 
code 

0 
0 
(I 
0 
(I 
0 
0 
1 
] 

1 
I 

to
 

0 
0 
0 

" Hydrogen atoms of the donor were nol located. Symmetry codes: 
(.v. y. z); 1, (-x + 2, y + 'I1. - Z + V2): 2. (x + I, y, z). 

erations were used only for structure factor calculations. The 
agreement factors are R = 0.0998 and R„ = 0.0968. 

final 
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Results 

Crystal St ructure . Figure 1 illustrates the conformation of 
the peptide II molecule in the solid state. The backbone dihedral 
angles and the hydrogen bonds observed in the solid state are 
listed in Tables 1 and 2. The solid state conformation of the 
peptide II molecule is best explained in terms of three peptide 
segments having definite conformational characteristics: (i) The 
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backbone of the N-terminal pentapeptide segment Ac-APhe1 -
Val2-APhe3-Phe4-Ala5- is in right-handed 3io-helical conforma
tion, (ii) in the middle portion, VaI6 residue assumes non-helical 
backbone dihedral angles causing a significant change in the 
direction of propagation of the peptide backbone, and (iii) the 
C-terminal segment APhe7-Gly8-OCH3 assumes backbone tor
sion angles compatible with a left-handed 3io-helix. Together, 
these three segments provide an example of a helix with a helix-
terminating conformation and thus may serve as the basis for 
design of helix—turn—helix structural motifs. 

From Table 1 and Figure 1 it can be seen that the N-terminus 
pentapeptide segment Ac-APhe,-Val2-APhe3-Phe4-Ala5- of pep
tide II adopts a 3io-helical conformation. The backbone dihedral 
angles of APhe', VaI2, and APhe3 are close to average values 
of 3io-helical conformations as found in proteins and peptides.10 

However the dihedral angles of Phe4 and Ala5 depart from the 
average 3io-helical conformation which is manifested as varying 
donor to acceptor distances in 4 —- 1 hydrogen bonds (Table 
2). Thus, the N-terminal pentapeptide segment is made up of 
three type III /3-turns followed by one type I /3-turn.3a Even 
though the type I /3-turn is considered non-helical, minor 
adjustment of the dihedral, angles would allow it to assume 
helical conformation as has been pointed out by others.1' Also, 
based on the crystal packing of a simple peptide molecule, Boc-
Val-Ser-NHCH3, a model has been proposed recently for the 
interconversion of type I /3-turn to helical structures and vice 
versa in proteins.12 Though Phe4 and Ala5 residues of the 
N-terminal pentapeptide segment have backbone dihedral angles 
(-77.4°, -8.8° and -92.6°, -13.9°) representing a somewhat 
distorted type I /3-turn, helical nature is maintained throughout. 
Thus, the N-terminus pentapeptide segment forms nearly two 
turns of a 3io-helix, which corresponds to the search model 
positioned in the unit cell of peptide II using PATSEE as 
mentioned. 

In peptide II the chain reversal takes place at the VaI residue 
which assumes non-helical dihedral angles <j>= —123.81° and 
V = 18.76°. This effects positioning the NH of the APhe7 

residue away from the C=O of the Phe4 residue, thereby 
breaking the 4 —* 1 hydrogen bond pattern. This signals the 
end of the N-terminal helix. The helix termination and chain 
reversal are facilitated by a water molecule (OWl) which 
invades a helix hydrogen bond by donating a proton to 04' and 
induces the chain reversal by accepting a proton from N7. This 
water-mediated 4 —* 1 hydrogen bond probably leads to a 
stabilizing interaction between 03 ' and N8 which forms a 6 — 
1 hydrogen bond, characteristic of a jr-turn. In addition, this 
water molecule introduces some perturbation in the helicity of 
Phe4 and Ala5 which is manifested in their dihedral angles (Table 
1). It has been observed in proteins and peptides that the water-
invaded helixes exhibit a bend in the helix axis.13 However, in 
the present case, the penetration of the water molecule into the 
helix backbone terminates the helix and dramatically changes 
the backbone direction by facilitating a 7r-turn. The occurrence 
of 7r-turns in linear oligopeptides has been reported earlier,14 

(10) (a) Toniolo, C; Benedetti, E. Trends Biochem. Sci. 1991, 16, 350. 
(b) Benedetti, E.; Di Blasio, B.; Pavone, V.; Pedone, C; Toniolo, C; Crisma, 
M. Biopolymers 1992, 32, 453. 

(11) (a) Baker, E. N.; Hubbard, R. E. Prog. Biophys. MoI. Biol. 1984, 
44, 97. (b) Richardson, J. S. Adv. Protein Chem. 1981, 34, 167. 

(12) Perczel, A.; Foxman, B. M.; Fasman, G. D. Proc. Natl. Acad. Sci. 
U.S.A. 1992, 89, 8210. 

(13) (a) Sathyasur Rao, K. A.; Pyzalaska, D.; Drendel, W.; Greaser, M.; 
Sundaralingam, M. / . Biol. Chem. 1988, 263, 1628. (b) Karle, I. L.; Flippen-
Anderson, J. L.; Uma, K.; Balaram, P. Proc. Natl. Acad. Sci. U.SA. 1988, 
85, 299. (c) KArIe, I. L.; Balaram, P. Biochemistry 1990, 29, 6747. 

(14) (a) Karle, I. L.; Flippen-Anderson, J. L.; Uma, K.; Balaram, P. 
Biopolymers 1993, 33, 827. (b) Karle, I. L.; Flippen-Anderson, J. L.; Uma, 
K.; Balaram, P. Int. J. Pept. Protein Res. 1993, 42, 401. 

Predominantly 
aromatic slab 

Figure 2. Crystal packing diagram for peptide II. View down the 
crystallographic a axis. The intermolecular N-H—O hydrogen bonds 
are shown by dotted lines. The predominantly aromatic slab can be 
seen at z = 0.5. 

but this structure provides the first example of a TT-turn 
containing a water molecule. It is noteworthy that ;r-turns have 
been observed frequently at the C-terminal end of helixes in 
proteins.1 la'15 

The segment -APhe7-Gly8-OMe at the C-terminus of peptide 
II has backbone dihedral angles (Table 1) compatible with a 
left-handed 3io-helix. However, no 4 —* 1 hydrogen bonds are 
observed, presumably because of the chain termination at GIy8. 
The carbonyl oxygens 07' and 08' are oriented in a direction 
appropriate to accept 4 —* 1 hydrogen bonds, but the absence 
of hydrogen bond donating (i + 4) amino nitrogens prevent 
them from doing so. For GIy8, though rp is not defined uniquely, 
<p is nearly left-handed 3io-helical. Thus, based on the backbone 
dihedral angles, the -APhe7-Gly8-OCH3 segment can be said to 
form an incipient helical conformation. The above three 
segments in peptide II put together may be seen to represent an 
incipient helix followed by a terminating signal. 

Crystal Packing. Figure 2 shows the packing of peptide II 
molecules in the solid state. The carbonyl oxygens which do 
not participate in helix hydrogen bonding take part in intermo
lecular hydrogen (Table 2) bond formation except 04', which 
accepts a proton from the water molecule OWl. 05 ' forms a 
O — H - C type of strong hydrogen bond with C8A of another 
molecule related by a unit cell translation along the x direction. 
There are many examples of C - H — O interactions seen in 
biomolecules.16 06' and 07' accept hydrogen bonds from amide 
nitrogens Nl and N2 of the molecule related by symmetry (—x 
+ 2, y + V2, — z + 3/2). This results in a zigzag pattern of 
helixes in contrast to the continuous helical rods formed by head 
to tail hydrogen bonds as seen in peptide I3e and in many Aib 

(15) (a) Milner-White, E. J. J. MoI. Biol. 1988,199, 503. (b) Nagarajran, 
H. A.; Sowdhamini, R.; Ramakrishnan, C; Balaram, P. FEBS Un. 1993, 
321, 79. 

(16) Steiner, T.; Saenger, W. J. Am. Chem. Soc. 1992, 114, 10146. 
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Table 3. NMR Parameters for NH Protons in Peptide II 

residues 

APhe1 

VaI2 

APhe3 

Phe4 

Ala5 

VaI6 

APhe7 

GIy8 

CDCl3 

(ppm) 

9.56 
7.93 
9.25 
7.66 
7.63 
7.00 
8.39 
7.60 

(CD3)2SO 
(ppm) 

9.73 
8.13 
9.65 
8.03 
7.95 
8.35 
9.60 
8.25 

A 
(ppm) 

0.17 
0.20 
0.40 
0.57 
0.32 
1.35 
1.21 
0.65 

dd/dT 
(10-3ppm/K) 

3.70 
3.27 
2.30 
2.18 
8.00 
4.30 
5.00 
2.50 

^NHCaH 

(CDCl3) (Hz) 

3.55 

3.55 
5.30 
7.10 

peptides.130 This probably shows the tendency of the peptide 
II molecule to be in a helical terminating conformation. The 
zigzag pattern of helixes seen in the present structure provides 
evidence for the versatility of crystal packing in accommodating 
molecules of irregular shapes such as peptide II in the crystal 
lattice. A predominantly aromatic slab,17 consisting of VaI2, 
APhe3, Phe4, and APhe7 residues, can be observed parallel to 
xy plane at z = 0.5. One acetone molecule and another water 
molecule OW2 are located in this aromatic slab. The acetone 
molecule forms one hydrogen bond with OW2, which in turn 
forms a hydrogen bond with 01' ; 08 ' does not participate in 
any hydrogen bonding. 

Solution Conformation. 1H NMR spectra in CDCb were 
not well resolved. However, in CDCI3 containing 1% DMSO-
d%, much better spectra with well-resolved peaks were obtained, 
and therefore, all the NMR experiments were carried out in this 
solvent system. Assignments were made by standard two-
dimensional NMR techniques.5 The position of NH resonances, 
the temperature coefficient [dd/dT in (CD3)2SO measured over 
a range of 300—340 K], and vicinal coupling constant /caHNH 
values are summarized in Table 3. 

It is observed that NH APhe3, NH Phe4, and NH GIy8 have 
low dd/dT (<3 x 10~3 ppm K-1) and are unperturbed with 
change in solvent composition, indicating that these NH's are 
not easily accessible to the solvent and may be involved in 
intramolecular hydrogen bonding.'8 Involvement of NH APhe3 

and NH Phe4 in intramolecular hydrogen bonding may be 
indicative of the presence of two 4 —* 1 /J-tums3f at the 
N-terminus tetrapeptide fragment Ac-APhe'-Val2-APhe3-Phe4. 
But high temperature coefficient values for Ala5, VaI6, and 
APhe7 NHs suggest that 4—1 intramolecular hydrogen bonding 
pattern does not continue until the end of the peptide chain. On 
the other hand, NH GIy8 appears to be involved in intramolecular 
hydrogen bonding,19 for which there are two possibilities: the 
amide hydrogen of GIy8 may be involved in an intramolecular 
hydrogen bond with the carbonyl of Ala5 (4 — 1) or with the 
carbonyl of Phe4 (5 —* 1). 

Spatial proximity of various spin systems in the octapeptide 
was probed by means of two-dimensional ROESY.20 Figure 3 
shows ROESY spectra for peptide II. Along with intra-residue 
NOEs, significant inter-residue NOEs are also observed. Con

tinuous ^NN(M+1) NOE cross peaks are observed in the peptide 
sequence except between NH Phe4 and NH Ala5 (Figure 3a). 
Presence of such continuous dNN(U+l) NOE cross peaks from 
NH APhe1 to NH Phe4 are characteristic of <j> and ip values in 
the helical region5 for N-terminal fragment Ac-APhe'-Val2-
APhe3-Phe4-. This helical backbone is seen to be disrupted on 
going toward the C-terminal. In the ROESY spectra (Figure 
3b), 4XN(U+1) NOES between CaH Phe4 ** NH Ala5 and CaH 
VaI6 ** NH APhe7 are also observed. Such inter-residue NOEs 
are considered diagnostic of xpi value of ~120 ± 30°, which 
result in a C,aH ** N,-+iH distance of <2.5 A.21 Presence of 
these NOEs, together with the fact that dNN(M+l) NOEs were 
not observed for NH Phe4 and NH Ala5, suggests that the helical 
backbone is disrupted in the middle, on going toward the 
C-terminal. At the same time, however, the involvement of 
NH GIy8 in an intramolecular hydrogen bond as revealed by 
solvent titration experiments and the presence of both </ON(J,!+1) 
and ^NN(M+1) connectivities suggest a rigid backbone confor
mation22 at the C-terminal segment, -Phe4-Ala5-Val6-APhe7-
GIy8-. 

Furthermore, medium range cross peaks between CaH VaI2 

— NH Phe4 and CaH Phe4 ** NH VaI6 [ < W M + 2 ) type] are 
also observed in the ROESY spectra (Figure 3b). In addition, 
NOE cross peaks between CaH VaI2 ** NH Ala5 and CaH Phe4 

** NH APhe7 K N ( W + 3 ) type] are observed (Figure 3b). Such 
^ON(M+2) and daN(U+3) NOE cross peaks are diagnostic NOEs 
of 3io-helical conformations wherein consecutive type in /?-turns 
are present.5,23 Since no such medium range cross peaks are 
observed between CaH VaI6 ** NH GIy8 [(d^(i,i+2)] and CaH 
Ala5 ** NH GIy8 [daN(U+3)], it is clear that type III /S-turns 
are not continued until the end of the sequence. At the same 
time the presence of inter-residue dax(i,i+l) and <3JNN(M+1) 
connectivities in the C-terminal segment -Ala5-Val6-APhe7-Gly8 

suggest a turn conformation24 for the C-terminal segment of 
peptide II. However, information regarding the type of turn 
may not be unambiguously inferred from NMR data. 

The above conclusion regarding the backbone conformation 
of peptide II is further supported by the vicinal coupling constant 
ĉ01HNH values. 7c

aHNH values for NH Ala5 (5.3 Hz) and NH 
VaI6 (7.1 Hz) are comparatively higher than for NH Phe4 (3.53 
Hz) and NH VaI2 (3.55 Hz). Low vicinal coupling constant 
values for NH VaI2 and NH Phe4 suggest the torsion angle <j> 
for these residues to be ~—60°, indicating the presence of two 
type III /3-turns (incipient 3io-helix) at the N-terminal segment 
Ac-APhe1-Val2-APhe3-Phe4- of II,25 whereas coupling constant 
values for NH Ala5 and NH VaI6 suggest the torsion angle <j> to 
be in the range '—80° to —100°, deviating from torsion angle 
values for 3io-helical backbone conformations or type III 
/3-turns.25 However, these </> values do not correspond to a 
completely extended backbone conformation (4> = 180°) for 
the C-terminal fragment.25,26 In conclusion, the temperature and 
solvent dependence studies along with NOE and coupling 

Table 4. Rms Deviations (A) Observed in a Least-Squares Superposition of the 19 Backbone Atoms within the jr-Turn of Peptide II and 
Some Representative Proteins" 

peptide II 
IROP 
256B 
2MHR 
1R69 
2CRO 
2WRP 
ISBP 

peptide II 
(AF3-C8) 

0.00 

IROP 
(L26-A31) 

0.43 
0.00 

256B 
(L78-K83) 

0.56 
0.32 
0.00 

2MHR 
(M62-Y67) 

0.44 
0.13 
0.38 
0.00 

1R69 
(A21-T26) 

0.49 
0.31 
0.48 
0.33 
0.00 

2CRO 
(A21-V26) 

0.48 
0.26 
0.44 
0.27 
0.19 
0.00 

2WRP 
(A29-L34) 

0.39 
0.23 
0.35 
0.23 
0.26 
0.24 
0.00 

ISBP 
(L145-D151) 

0.16 
0.50 
0.61 
0.51 
0.59 
0.56 
0.45 
0.00 

" Amino acids are indicated by single letter codes and proteins are indicated by their PDB (4) codes. 
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Figure 3. 500 MHz ROESY spectrum of peptide II in CDCb [with few drops of (CDs)2SO] at room temperature. A spin-locking mixing period 
of 400 ms was used. 

constant data suggest that backbone conformation of peptide II 
may be defined by multiple turns. Presence of two consecutive 
type III /3-turns at the N-terminal segment Ac-APhe'-Val2-
APhe3-Phe4- indicates an incipient 3n>-helical conformation, 
which may be followed by helix-terminating turn conformation 
at the C-terminal segment -Ala5-Val6-APhe7-Gly8-OMe of 
peptide II. 

(17) Gorbitz, C. H.; Etter, M. C. Int. J. Pept. Protein Res. 1992, 39, 93. 
(18) Kessler, H. Angew. Chem., Int. Ed. Engl. 1982, 21, 512. 
(19) Smith, J. A.; Pease, L. G. CRC Crit. Rev. Biochem. 1980, 5, 315. 
(20) Bothner-By, A. A.; Stephen, R. L.; Lee, J.; Warren, C. D.; Jeanloz, 

R. W. J. Am. Chem. Soc. 1984, 106, 811. 
(21) Shenderovich, M. D.; Nikiforvich, G. C; Chipens, G. I. J. Magn. 

Reson. 1984, 59, 1. 

Discussion. The crystal structure of the peptide II reveals 
that in the solid state the peptide molecule consists of a 3io-
helix, which is interrupted by a jr-turn stabilized by a water 
molecule, resulting in an apparent chain reversal of the 
backbone. In a relatively nonpolar solvent condition, the overall 
structural features of peptide II are also maintained in solution. 
It may be emphasized here that solution studies were carried 

(22) Rose, G. D.; Gierasch, L. M.; Smith, J. A. Adv. Protein Chem. 1985, 
37, 1. 

(23) Basu, G.; Kuki, A. Biopolymers 1993, 33, 995. 
(24) Wright, P. E.; Dyson, H. J.; Lerner, R. A. Biochemistry 1988, 27, 

7167. 
(25) Pardi, A.; Billeter, M.; Wuthrich, K. J. MoI. Biol. 1984, 180, 741. 
(26) Karplus, M. J. J. Chem. Phys. 1959, 30, 11. 
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Figure 4. Ramachandran map depicting the backbone conformations 
of the residues of peptide II. Only the regions relevant for the 
discussion are shown following Effimov's nomenclature (see ref 31). 
The drift of the backbone torsion angles of the residues 4 and 5 toward 
the Y region can be noticed. 

out only to probe whether the peptide backbone structural 
features seen in solid state are maintained in solution. 

The terminating conformation observed for the peptide II 
matches well with the results obtained by Effimov from an 
analysis on the conformation of a—a hairpins in proteins.27 Even 
though peptide II has 3in-helixes whereas a—a hairpins consist 
of a-helixes. the comparison would be meaningful as a and 
3io-helixes span a contiguous region in conformational space 
(Figure 4) and can be converted into each other with a small 
change in torsion angles. l2-'3c Following Effimov's shorthand 
nomenclature28 for describing the conformation of residues in 
a polypeptide chain, the conformation of peptide II can be 
represented as asyai.2, describing five residues in CIR region 
and one residue in y-region followed by two residues in CXL 
region (Figure 4). This conformation is similar to "perpen
dicular exit" 27 from an a-helix, as seen in a - a hairpins 
characterized by a anyai^3-polypeptide backbone conformation 
(n = no. of residues in the a-region). In peptide II, the a 5 yai . 
conformation is followed by another residue in the near (XL 
conformation instead of a residue having /3-conformation. The 
absence of a residue in the /3-conformation makes the loop short. 
On the whole there is a good agreement between the backbone 
conformational features in the turn region observed in peptide 
II and those found in a - a hairpins in proteins. 

As mentioned earlier, the .T-turn is one of the modes by which 
the helix termination and chain reversal takes place in 

proteins. Hence it is approrpiate to compare the jr-turn 
observed in peptide II with those found in proteins. We have 

(27) Effimov, A. V. Protein Eng. 1991. 4. 245. 
(28) Effimov, A. V. MoI. Biol. 1986. 20. 329. 
(29) Bernstein, W.; Koetzle. T. F.: Williams. G. J. B.; Meyer, E. F.; 

Brice. M. D.; Rodgers. J. R.; Kennard, O.; Shimanouchi, T.; Tasumi, M. J. 
MoI. Biol. 1977, / / 2 , 5 3 5 . 

(30) Banner, D. W.; Kokkinidis, M.; Tsernoglou. D. J. MoI. Biol. 1987. 
/96. 657. 

(31) Lederer. F.; Glatigny, A.; Bethge, P. H.; Bellamy. H. D.; Mathews. 
F. S. J. MoI. Biol. 1981. 148. 427. 

(32) Sheriff, S.: Hendrickson. W. A.; Smith, J. L. J. MoI. Biol. 1987. 
197, 273. 

ISBP P e p t i d e I I 

Figure 5. Diagram illustrating the least-squares superposition of the 
.T-turn region of peptide II with the corresponding region in protein 
ISBP. Dark lines represent ISBP, and light lines indicate peptide II. 
The water molecule mediating the 5 * 2 hydrogen bond is also shown. 

considered seven examples from the Protein Data Bank (PDB)2'' 
for comparison purposes. It may be mentioned that an exhaus
tive survey of PDB to detect similar T-turns in other proteins 
was not carried out by us. The way in which the bend is derived 
from a straight 3|0-helix in the peptide II is very much similar 
to the development of a bend from an a-helix in the rop 
protein,'0 cytochrome bsffi.31 myohemerythrin,32 phage 434 
repressor protein," phage 434 cro protein,34 trp repressor 
protein,15 and sulphate binding protein.*6 By naming the 
residues within the 7r-turn, in sequences 1—6, the observed 
hydrogen bonding scheme in these proteins can be represented 
as 6 — 1 , 4 — 1, and 5 — 2 (except ISBP, see below) 
characteristic of the so-called "paper clip" conformation.143 The 
conformational features observed in these protein 7r-tums are 
similar to those in peptide H. A least-squares superposition of 
19 atoms within the ring formed by the -T-turn in peptide II 
and the above-mentioned proteins was performed using a Fortran 
program SUPER.FOR developed in our laboratory.37 The 
resulting maximum rms deviation was 0.56 A with 256B and 
the minimum rms deviation was 0.16 A with ISBP, indicating 
the similarity of the ,T-turn observed in peptide II and those 
found in proteins. The jr-turn in protein ISBP needs special 
mention as it displays conformational and hydrogen bonding 
features exactly the same as in peptide II; even the 5 — 2 
hydrogen bond is water mediated, and the water mediating this 
hydrogen bond occupies almost the same relative position (the 
resulting rms deviation for the superposition including the water 
is 0.18 A). Figure 5 shows peptide II with a -T-turn in ISBP 
superposed. The TT-turn observed in peptide II and in ISBP 
shows how water molecules can be inserted in the turn regions 
without significant change in the backbone conformation of the 
residues forming the turn. In peptide II, among the 19 atoms 
superposed, 02 ' , which is hydrogen bonded to a water molecule 
(OWl) exhibits comparatively large deviation. These results 
suggest that the conformation observed in peptide II is not an 
artifact of crystal packing forces but may be representative of 

(33) Mondragon. A.; Wolberger, C; Harrison, S. C. J. MoI. Biol. 1989, 
205. 179. 

(34) Mondragon. A.; Wolberger. C . Harrison. S. C. J. MoI. Biol. 1989. 
205. 189. 

(35) Schevitz, R. W.; Otwinowski. Z.; Joachimiak, A,: Lawson, C. L.; 
Sigler. P. B. Nature 1985. 317. 782. 

(36) Pflugrath, J. W.; Quiocho, F. A. J. MoI. Biol. 1988, 200. 163. 
(37) Neela. H. Y. Ph.D. Thesis. Indian Institute of Science. Bangalore. 

India. 1992. 
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a fundamental mode of helix termination and chain reversal in 
proteins also. 

In proteins, the jr-turns terminating the helixes contain GIy 
or to a lesser extent Asn, a polar residue, in the fifth position 
(i.e., (XL conformation),15b'27'38 and the reason suggested for this 
is the steric hindrance.27 Interestingly, in peptide II, the 
corresponding position in the jr-turn is occupied by an apolar 
and achiral APhe7 residue, thereby exhibiting a way to accom
modate bulky residues in fifth position in the jr-turn. 

Of the two water molecules observed in the unit cell, only 
one (OWl) forms an integral part of the peptide II molecule 
while the other (OW2) is essentially used to fill the voids in 
crystal packing. The folding—unfolding, structure—function, 
and stability of polypeptide chain is highly influenced by the 
presence of water molecules.39 Molecular dynamics simulation 
results also provide sufficient evidence for the suggestion that 
the water insertion into the helix hydrogen bond is a frequent 
feature of helix unfolding.40 These results and the hydrogen 
bonding pattern, observed for the internal water molecule OWl 
in peptide II, are suggestive of a critical role to OWl in 
providing the peptide II molecule helix termination and turn 
formation. As observed in proteins,39b the water molecule OWl 
in peptide II, anchors between the carbonyl oxygen 04' and 
the amide nitrogen N7 by prying open the 4 — 1 helix hydrogen 
bond and probably encourages the formation of a 7r-turn. The 
present peptide provides the first example of a ;r-turn invaded 
by a water molecule, in linear oligopeptides, and suggests a 
role of the water molecule in turn formation. 

Comparison with the Nonapeptide Boc-Val^APhe^Phe3-
Ala4-Phe5-APhe6-Val7-APhe8-Gly9-OMe. As mentioned be
fore, sequence comparison of peptide II with peptide I3e reveals 
the presence of the Val-APhe-Phe-Ala- tetrad sequence in both 
the peptides, while comparison of their three-dimensional 
structures shows the conservation of the conformation in the 
regions of homologous sequence (in fact, this was the search 
model used with good reason for molecular replacement 
methods). Figure 6 shows the main chain atoms of peptide I 
and peptide II with the conserved tetrad sequence superposed. 
This reveals the similarity of three-dimensional structures for 
the conserved sequence, thereby proving the reproducibility of 
the de novo peptide design using dehydro residues. A least-
squares superposition performed using the program SUPER. 
FOR37 for the 16 backbone atoms of the conserved sequence 
resulted in an rms deviation of 0.297 A which confirms the 
structure conservation. In peptide I, the conserved tetrad 
sequence is followed by a bulky residue Phe, the side chain of 
which probably forces the backbone to bend away from it, due 
to steric reasons, thereby maintaining the 3io-helical nature, 
whereas in peptide II, the same conserved tetrad is followed by 
a less bulky VaI residue which presumably allows the backbone 
to adopt a conformation that is not accessible for peptide I. These 

(38) Richardson, J. S.; Richardson, D. C. Trends Biochem. Sci. 1989, 
14, 304. 

(39) (a) Finney, J. L. Philos. Trans. R. Soc. London B WIl, 278, 3. (b) 
Sundaralingam, M,; Sekharudu, Y. C. Science 1989, 44, 1333. (c) 
Parthasarathy, R.; Chaturvedi, S.; Go, K. Proc. Natl. Acad. Sci. U.SA. 1990, 
87, 871. (d) Meyer, E. Protein Sci. 1992, 1, 1543. (e) Sreenivasan, U.; 
Axelsen, P. H. Biochemistry 1992, 31, 12785. 

(40) (a) Soman, K. V.; Karimi, A.; Case, D. A. Biopolymers 1991, 31, 
1351. 
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Peptide I: Boc-Val1-APhe2-Phe3-Ata4-PheS-4Phe'-Val7-4Phe8-Gly'-OCH, 

Peptide H: Ac-APhe1-Val2-APhe3-Phe4-AU5-V»l'-APhe7-Gly8-OCH 

Figure 6. Stereo diagram showing the backbone superposition of the 
conserved sequence in peptide I and peptide II. The rms deviation for 
the 16 backbone atoms of the conserved sequence superposed is 0.297 
A. Departure from helicity at the middle portion of peptide II can be 
seen clearly. 

results demonstrate the possibility of introducing sequence-
dependent conformational variations in dehydro oligopeptides, 
which may be used as effective tools in de novo design of 
protein structural features, in particular helix termination and 
chain reversal. 

Conclusion. In the present report, we show the utility of 
the APhe residue in designing a helix termination and chain 
reversal motif by X-ray structure determination of peptide II. 
We found that the backbone conformation observed in the solid 
state for peptide II is largely maintained in relatively nonpolar 
solvent conditions. A comparison of structural features of 
peptide II and peptide I highlights the structural variability that 
may be obtained by a suitable placement of APhe residues in 
peptide sequences. The comparison of the octapeptide with 
a—a hairpins observed in proteins shows that in peptide II there 
is a definitive chain reversal after the first helix and a helical 
tendency after the chain reversal. To our knowledge, the present 
crystal structure is the first example of a jr-turn stabilized by a 
water molecule in linear oligopeptides and provides possibility 
for the design of helix-terminating signals utilizing APhe 
residues. Even though APhe is a noncoded amino acid, the 
type of jr-turn found in the octapeptide is similar to those seen 
in some proteins, indicating the compatibility of conformation 
that may be obtained by using APhe residues. However more 
studies will have to be undertaken to fully explore the potential 
of dehydro residues in the de novo design of protein structural 
elements. 
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