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Abstract: Analysis of vibrational absorption and vibrational circular dichroism (VCD) for synthetic peptides
designed to adopt-hairpin conformations reveals characteristic well-resolved amide | absorption and VCD
bands. Allg-hairpins with a type II5-turn segment yield an intense negative VCD band intié43-1659
cm!region, and a weak positive VCD band-at693 cntl. These spectral features are diagnostijé-bhirpins

and distinct from those observed for other secondary structures. Comparison of the electronic CD spectra of
the 8-hairpin peptides Boc-Leu-Val-VdlPro-Gly-Leu-Val-Val-OMe {) and Boc-Leu-Phe-VdlPro-Gly-Leu-
Phe-Val-OMe 2) reveals that cross-strand aromatic interactions result in anomalous CD spectra in the region
200240 nm for peptid. Similar anomalous electronic CD are observed in the three-straghdeédet peptide
Boc-Leu-Phe-VaPRPro-Gly-Leu-Val-Leu-AlaPPro-Gly-Phe-Val-Leu-OMe3), while the VCD spectrum is
characteristic of-hairpin conformations. The identical VCD spectra obtained for the peptidad2 emphasize

the utility of VCD, as compared to electronic CD, in the conformational analysis of peptides containing aromatic
residues.

Introduction VCD methods for the conformational analysis of peptides and
proteins, it is necessary to unambiguously determine charac-
teristic spectroscopic signatures for various secondary structural
motifs. The availability of structurally well-defined synthetic
peptides permits the assignment of specific spectroscopic bands
to unique conformational features.

The use of centrally positione@Pro-Xxx segments to
nucleates-hairpin conformation in synthetic oligopeptides is
well established&.However, VCD studies gf-hairpin structure
were not reported. In this paper we describe the observation of
diagnostic VCD bands in a series of synthetic peptides with
centrally positioned®Pro-Gly or PPro-Ala segments, whose
B-hairpin structure was confirmed by NMR or X-ray. And these
peptides are restricted to the typé Bturn at thePPro-Xxx

Vibrational circular dichroism (VCD)is a technique that has
been finding increasing application in conformational analysis
of peptide< It can provide important conformational informa-
tion in cases where electronic circular dichroism (CD) is
complicated by overlap of the backbone amide and side chain
aromatic chromophores. This feature is particularly relevant for
studies of peptides containing Phe, Tyr, and Trp residues which
can contribute significantly to electronic absorption in the far-
UV region (196-230 nm), which is generally considered to arise
exclusively from backbone amide contribution. Characteristic
VCD spectra have been reported for peptide hefigesheetc—¢
random coifc—¢ B-turns? double helicegP"etc. In calibrating
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purification. The final peptides were purified by reverse-phase, medium-
pressure liquid chromatography = 40-60 xum) and by high-
performance liquid chromatography (HPLC) on a reverse-phase C
column (5-10um, 7.8 mmx 250 mm) using methanol/water gradients.
The chemical structures of the peptides studied are as follows: Boc-
Leu-Val-ValPro-Gly-Leu-Val-Val-OMe {); Boc-Leu-Phe-VaRPro-
Gly-Leu-Phe-Val-OMe 2); Boc-Leu-Phe-VaRPro-Gly-Leu-Val-Leu-
Ala-PPro-Gly-Phe-Val-Leu-OMeJ); Boc-Leu-Val-ValPPro-Ala-Leu- 4
Val-Val-OMe (4); Boc-Leu-Phe-VaPPro-Ala-Leu-Phe-Val-OMeS5); 2
Boc-Met-Leu-Val-ValPPro-Gly-Leu-Val-Val-Phe-OMeq); Boc-Met- <
Leu-Phe-ValPPro-Ala-Leu-Val-Val-Phe-OMe7); and Boc-Leu-Val- 0
Val-PProPAla-Leu-Val-Val-OMe @). The purified peptides were
analyzed by mass spectrometry on a Kratos PC-Kompact MALDI-TOF
mass spectrometer: MNapspeptidel, 931.7 Mcac 908.6); MNatops
peptide2, 1029.3 Mcac 1005.3); MNatops peptide3, 1578.3 Mcarc
1555.6); MNatops peptided, 946.1 Mcac 922.6); MNat-o,s peptides,
1041.7 Mcae 1019.3); MNatops peptide 6, 1210.9 Mcac 1187.6);
MNa+ops peptide7, 1273.0 Mcac 1249.6); MNat-qps peptide8, 945.8 4
(Mcac 922.6). All peptides were fully characterized by 500 MH#
NMR.
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NMR Spectroscopy.NMR studies were carried out on a Bruker
DRX-500 spectrometer. All 2D experiments were done in the phase- 0
sensitive mode using time proportional phase incrementation. DQF- 0 1690--.  -1663 1693-- ﬁ

COSYSTOCSY! and ROESY experiments were performed collecting
1 K data points in f2 and 512 data points in f1 using a spectral width ~ 1]
of 5500 Hz. Solvent suppression was achieved using presaturations ™ -
(using a 55 dB pulse in recycle delay of 1.5 s). Data were processed <~ |
on a Silicon Graphics Indy work station using Bruker XWIN NMR 3
software. Typically, a sine-squared window function, phase shifted by oA
ni/2 rad, was applied in both the dimensions. Data in f1 were zero- 2
filled to 1K points. A spin lock mixing time of 300 ms was used in 1
ROESY experiments and a 70 ms mixing time was used for TOCSY <
experiments. The sample concentration was mM and the probe .
temperature was maintained at 300 K. Coupling constants were
measured from resolution-enhanced one-dimensional spectra.

Electronic Circular Dichroism. CD spectra were recorded on a
S s e, e et s calbrted 11 e 1. Viratonat absorpton o) and VCD (op)spcta o
data were acquired in the wavelength scan mode, using 1 nm bandwidh-NairPin peptides in c.hloroform solution: (a) Boc-Leu-Val-Vii#o-

- - ) ; Gly-Leu-Val-Val-OMe; (b) Boc-Leu-Phe-VdlPro-Gly-Leu-Phe-Val-
with a step size of 0.2 nm. Typically, 8 scans were acquired from 260 OMe; (c) Boc-Leu-Phe-ValPro-Gly-Leu-Val-Leu-Al®Pro-Gly-Phe-
to 195 nm using a 50 nm/min scan speed. The resulting data were ’

. - ) Val-Leu-OMe; (d) Boc-Leu-Val-VaRPro-Ala-Leu-Val-Val-OMe; (e)
2]ags/(raTI]|Ee corrected and smoothened. Peptide concentrations-@dre Boc-Leu-Phe-VaPPro-Ala-Leu-Phe-Val-OMe: and (f) Boc-Met-Leu-
L ) i . Val-Val-PPro-Gly-Leu-Val-Val-Phe-OMe.
Vibrational Circular Dichroism. All VCD spectra were recorded y
on a commercial Chiralir spectrometer (BomemBiotools, Canada). The
concentrations were5 mg/mL in chloroform and the temperature was
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helix andg-sheet peptides. In the latter two cases, usually one

20°C. All spectra were collected fd. h at aresolution of 8 cm?, and unresolved absorption band was obtained in the amide | region.

the contribution of solvents has been subtracted. The VCD spectra of right-handed helical peptides show a
bisignate couplet for the amide | band, with a negative

Results and Discussion component at higher frequenéy3The VCD spectra of-sheet

o ) _ _ o ) peptides show offeor two*ed negative amide | bands, but do
Vibrational Circular Dichroism Vibrational absorptionand ot show VCD at 1697 cnt.

VCD spectra of six peptides in the amide KO stretch) region We believe that the absorption and VCD spectra in Figure
are shown in Figure 1._ Similar spectra_l features are observedqg show the characteristic feature of a typesHurn incorpo-
in these spectra. Consider the absorption and VCD spectra ofyateq in ag-sheet structure, leading to&hairpin structure.
peptide1 as an example. The absorption bands (Figure 1a, The strong absorption band at 1659 ¢rand the negative VCD
bottom trace) are observed at 1740, 1697, 1659, and 1636 cm  pang at 1655 it are characteristic of &-sheet structure. The
The VCD spectrum (Figure 1a, top trace) shows a strong neg-eak positive VCD band at 1666 chwas also observed in
ative band at 1655 cm and a weak positive band at 1666 T gome cases fof-sheet structur@ The absorption bands at
and a weak negative couplet is observed at higher frequency1g36 and 1697 crt and the VCD bands at 1697 and 1678
with the negative component at 1678 chmand the positive  cm-1 are assigned t6-turn structure. It was reportéthat when
component at 1697 cm. The absorption and VCD spectra in  projine is contained in the peptide linkage, distinctive absorption
Figure la are clearly distinguishable from those observed for ,5nds were observed in amide | region. In a X-Pro peptide
linkage where a tertiary amine is involved, the=Qx, stretching

(6) Piantini, U.; Sorensen, O. W.; Ernst, R. RAm. Chem. S0d982

104, 6800-6801. frequency was observed around 164®55 cnt?, whereas in
(7) Braunschweiler, L.; Emst, R. R.. Magn. Resan1983 53, 521~ the Pro-X peptide linkage where a secondary amine is involved,
528. the G=Opr0)is observed at 16761685 cntL. So in Figure 1a,

(8) (a) Bax, A.; Davis, D. GJ. Magn. Resori985 63, 207-213. (b) . .
Bothner-By, A. A.: Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz, R w. the absorption band at 1636 chis due to the carbonyl group

J. Am. Chem. Sod.984 106, 811—-812. in the ValPPro linkage, whereas the band at 1697 éis due
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to the carbonyl group in thePro-Gly linkage. The weak VCD

couplet observed in Figure 1a in thet695-1670 cn! region
is assigned to that of a typ€ |8-turn conformation. H
To confirm the type Il 3-turn conformationS-turn models

of peptidel were built for different types (type |, type I, type
I, type I', type II', and type Ill) and VCD spectral predictions
were made using coupled oscillator the#tpnly type If shows

the high-frequency negative VCD couplet, corresponding to the
couplet in the~1695-1670 cnt?! region in Figure la. The 5/5 0 %’5/6 0 __4'0

f-hairpin structure model with a typé€ tlurn was also built for
peptidel. The calculated VCD spectrum resembled the experi-
mental VCD spectrum in Figure 1a, except that the positive
VCD in the experimental spectrum at 1666 ¢naid not have 03/3 717
a counterpart in the calculated spectrum. eo
The absorption spectra of the other five peptides shown in
Figure 1 are similar to that of peptide except that, in some
cases, the bands are not as well resolved as they are for peptidg
1. The VCD spectra for the six peptides shown in Figure 1 are
also similar, except that weak negative VCD at 1678 and
positive VCD at 1666 cm', seen clearly for some peptides,
are not as clear, possibly due to their overlap, for other peptides.
The absorption and VCD spectra of peptidland8 are not
shown here. The signals of peptideare weak due to the lack
of adequate amount of sample (1.9 mg). The VCD spectrum of
peptide8, which was determined by NMR to lEhairpin with
a type | g-turn, is somewhat different from those in Figure 1.
Peptide Conformations. The conformational analysis of
peptidel has been previously reported in solution and in the
solid state. NMR studies in chloroform solutions have clearly
established #-hairpin conformation stabilized by four cross-
strand hydrogen bond3P This conformation has also been
observed by X-ray diffraction studies of single crystals grown
from methanol solutiof® NMR studies also establish that
peptide2 adopts a predominantlg-hairpin conformation in
solution. In addition, the peptide module Leu-Phe-YBlo-
Gly-Leu-Phe-Val has been shown to hayg-hairpin conforma-
tion in the crystal structure of a 17-residue peptide, Boc-Val-
Ala-Leu-Aib-Val-Ala-Leu-Gly-Gly-Leu-Phe-VakPro-Gly-Leu-
Phe-Val-OMe (Aib= a-aminoisobutyric acid), containing this
segment! The NH proton chemical shifts in pepti@eare very
similar to that observed in peptide Figure 2 shows the nuclear
Overhauser effects (NOE) between backbone protons. The
observation of strong interresidue*8—N;+;H NOEs and d pem
weaker intraresidue;@—N;H NOEs for residues-3 and 6-8 oom 'R s
along with the absence of sequentiagHN-N;+1H confirms the . . .
strangd conformation for these gegments. The observation of larg Figure 2. Partial 500 MHz ROESY spectra of peptidén CD:OH at

€300 k: (top panel) €H <= NH NOEs and (bottom panel) N+ NH
*Inn-ctn [J (H2): Leu(1) (8.5), Phe(2) (8.8), Val(3) (9.2), LeUu-  NoEs. The residue numbers are used to label the cross-peaks. Long-

(6) (8.9), Phe(7) (7.5), Val(8) (9.4)] for residues 3 ar_‘d 6-8 range NOEs diagnostic @ -hairpin conformations are boxed.
further supports the extended backbone conformation of these

segments. The interstrand NH#H NOEs between residues [-sheet peptid& has been earlier characterized in chloroform
Leu(1)-Val(8) and Val(3)-Leu(6) confirms that A-hairpin and methanol solutions bYH NMR spectroscopy? Peptides
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conformation is predominantly populated for peptidein 5, 6, and7 have also been characterized by 500 MHZNMR
solution. The octapeptides Boc-Leu-Val-\Ripro-Ala-Leu-Val- spectroscopy and the data are fully consistent with a predominant
Val-OMe (4) and Boc-Leu-Val-VaRProPAla-Leu-Val-Val- population of$-hairpins in these peptides (data not shown).
OMe (8) have also been shown to adg@phairpin conformation Comparison of Electronic CD and VCD in Peptides

in methanol solution differing only in the nature of tfieurn, Containing Aromatic Residues.Figure 3 shows the electronic

type II' in 4 and type 1in 8. The -hairpin conformation in CD spectra of peptided and 2 in methanol and 2,2,2-
peptide4 has also been established by X-ray diffraction studies trifluoroethanol (TFE). Peptid& shows a broad negative band
(submitted for publication). The 14-residue three-stranded centered at 218 nm, a feature characteristic fefiairpin
peptide$2.13|In TFE a small blue shift of-2—3 nm is observed

(9) Baumruk, V.; Keiderling, T. AJ. Am. Chem. So4993 115 6939

6942. (12) Das, C.; Raghothama, S.; BalaramJPAm. Chem. So2998 120,
(10) Gulotta, M.; Goss, D. J.; Diem, MBiopolymersl1989 28, 2047 5812-5813.

2058. (13) (a) Ramirez-Alvarado, M.; Blanco, F. J.; SerranoNature Struct.
(11) Karle, I. L.; Das, C.; Balaram, IProc. Natl. Acad. Sci. U.S.200Q Biol. 1996 3, 604-612. (b) Maynard, A. J.; Sharman, G. J.; Searle, M. S.

97, 3034-3037. J. Am. Chem. S0d.99§ 120, 1996-2007.
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185 200 220 240 255 Wavelengthinm]
Wavelength[nm] Figure 5. Electronic CD spectra of the three strangedheet pep-
Figure 3. Electronic CD spectra of the peptideand2 in the far-UV tide 3 in the far-UV region in methanol (a) and trifluoroethanol (b)
(300 K).

region in methanol (a) and trifluoroethanol (b) (300 K). The inset
(bottom, right) highlights the ring current shifted H2 and H6 protons ghserved in the ROESY spectrumais illustrated in the inset
(*) of Phe 7 in peptide2 in CD;OH (300 K). The inset (top, right) {5 Figure 3. Figure 5 shows the electronic CD spectra of the
'rl]liuitlria:]et.s a ';?rt'gnH of the R?'.ESE Stpe‘:tr“r;ﬁ]hzcmdoghat 300 K\ three-strandefl-sheet peptid@ in methanol and TFE. Distinct
ghiighting the connectivity between Phe 2 an e’ negative bands can be seen at 228 and 212 nm in methanol,
and at 225 and 211 nm in TFE. A low-wavelength positive band
is observed in TFE at 189 nm while in methanol the exact
position of the positive band could not be determined due to
solvent absorption. Clearly, the CD spectra are anomalous and
do not reflect the three-strand@dsheet structure determined
for the peptide by NMR. In contrast, the VCD spectrum shown
in Figure 1c shows the pattern observedfenairpin peptides
1 and2 (Figure 1a,b).

Conclusion

Our results clearly establish a characteristic VCD pattern for
Figure 4. Schematic illustration of thg-hairpin conformation in the amide | band if8-hairpin peptides. The utility of VCD as
peptide2 indicating the close proximity of the two aromatic rings of 5 conformational probe is also illustrated by the application to
Phe 2 and Phe 7. The structure has been generated using idealized, system containing aromatic residues where anomalous elec-
geometries and backbone dihedral angles determined for the segmen{ronic CD is observed. Application of VCD methods will be of
Leu-Phe-ValPPro-Gly-Leu-Phe-Val in the X-ray structure of a 17- . . Lo . o
residue peptide (ref 11). The figure was generated using Motiol. partlcul_ar |mpo_rtan_ce in view of the growing realization that
aromatic contribution to far-UV electronic CD cannot be

i 15
without any significant change in band shape or intensity. In ignored:

contrast, peptid® shows a distinctly anomalous spectrum in Acknowledgment. This work was supported by NSF
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Clearly, the anomalous electronic CD spectra of this peptide
hairpin must arise due to the presence of aromatic residues. The

inset to Figure 3 shows the anomalous chemical shift observedJA000451J

for the H2 and H6 protons of Phe(7). The high-field position 2 2 "R ~Billeter, M.; Wehrich, K. J. Mol. Graphics1996 14

of 6.8 ppm arises due to the shielding effect of Phe(2), with 51-55

two aromatic rings participating in a strong cross-strand o %5) (ba) Srger;lm\% N(.j; M;ﬂ\;lvisng,hM. _C-;yfé)gée% %854112(;1;;29, 3.
H H i H irni H olaenpberg, D. P.; ooay, R. iochemistr 3 .
interaction (Figure 4). The population fhairpin structures is _— FA 20" 2 T Bl ok c1904 23 283262, (c) Chakrabartty,
established by the observation of critical cross-strand NOESs. p: kortemme, T.: Padmanabhan, S.; Baldwin, R Biochemistry1993
The NOE between the %€l protons of Phe(2) and Phe(7) 32 5560-55665.




