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Abstract: UV resonance Raman studies of peptide and protein secondary structure demonstrate an extraordinary
sensitivity of the amide 1Il (Am lII) vibration and the &1 bending vibration to the amide backbone
conformation. We demonstrate that this sensitivity results from a Ramachandran dipedrgle dependent
coupling of the amide NH motion to (C)GH motion, which results in @ dependent mixing of the Am 1lI

and the (C)GH bending motions. The vibrations are intimately mixedpat- 12¢°, which is associated with

both thes-sheet conformation and random coil conformations. In contrast, these motions are essentially unmixed
for the a-helix conformation whergy ~ —60°. Theoretical calculations demonstrate a sinusoidal dependence

of this mixing on they angle and a linear dependence on the distance separating-theaNd (C)GH
hydrogens. Our results explain the Am Ill frequency dependence on conformation as well as the resonance
Raman enhancement mechanism for the E)®ending UV Raman band. These results may in the future
help us extract amide angles from measured UV resonance Raman spectra.

Introduction

Advances in the understanding of protein structure and
dynamics require development of more incisive probes. Obvi-

ously, X-ray diffraction is the gold standard of structural
probest=3 Its main use is to determine static structures of

hydrated solid crystals of peptides and proteins. These static

X-ray structures give detailed information on conformation,
bond lengths, and interresidue atomic distaricésProtein

dynamical insight, in general, can only be obtained by extrapo-
lation between protein X-ray static structures. This is because

kinetic X-ray diffraction studies are extremely rare and have
been reported for just a few favorable cases.
Multidimensional NMR measurements also give detailed
information on protein structure in concentrated solutivhs.
Unfortunately, NMR is only able to probe protein dynamics at

utilized to study very short time peptide and protein dynamics
(picosecone-microsecond) in dilute aqueous solutidn?

CD, IR absorption, resonance Raman, and fluorescence
energy transfer can be used statically, as well as dynamically
(in the nanosecond time regime), to detail the first steps in
protein folding and unfolding-1? For example, a recent transient
synchrotron CD measurement probed the dynamics of peptide
o-helix folding and unfolding. Recent fluorescence energy
transfer measurements between chromophores at the end of a
peptide probed the first steps in peptidéelix formation® In
addition, transient aromatic amino acid fluorescence measure-
ments have been used to examine the evolution of the environ-
ment of these residues after a laser induced T-jump, which
induced protein folding and unfoldirfy.

More recently, transient IR absorption spectroscopy examined
the nanosecond time dependence of the amide | (Am I) IR

relatively long _time scales. Other structural m_ethods, such as absorption spectrum, which was used to monitor the first steps
CD, IR absorption, Raman, and fluorescence give less completejn the structural evolution after a T-jumpMost recently, our

information on protein structure, but these methods can be group demonstrated the utility of UV resonance Raman spec-
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UV resonance Raman spectra excited within the amide
ar* transitions have significantly more information content than
that which occurs in CD, IR, and fluoresceriéel® The spectra
show numerous Raman bands from vibrational modes localized
within the amide fragments of the peptide or protein. Each of
these bands shows unique spectral dependencies on conforma-
tion.13 These differential dependencies result from the different
atomic displacement coordinates within each vibration and the
unique responses of each of these displacements to changes in
the amide backbone conformation and hydrogen bontin§.

In the work here, we elucidate the physical origin of the
frequency and the resonance Raman enhancement dependence
of the Am IlIl and the GH bending modes on the peptide
secondary structure. These vibrations are clearly the most
structure sensitive of the amide backbone vibrational modes.

Asher et al.
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We find that the normal mode composition and the mixing
between the Am Il vibration and the (C)8 bending motion

is mainly determined by the amide dihedialangle, as was
proposed almost 25 years ago by LéfdVe demonstrate here
that they angle dependence results frompaangle dependent
coupling between (C)@4 and N-H bending motions. The
importance of this result is that, if we can determine the

frequencies and enhancement patterns of the Am IIl and the

(C)CyH bending vibrations of an amide linkage in a peptide,
then we may be able in the future to determineyitaingle.

Materials and Methods

Materials. N-Methylacetamide (CECONHCH;, NMA) was pur-
chased from Aldrich Chemical Co. Alanylalanine (AA), trialaning)(A
tetraalanine (4), and glycine methylamide (NC€H.CONHCH;,
ANMA) were obtained from Bachem Bioscience Ing-Acetyl-p-
alanine (CHCONHCHCHCOOH, AcA), N-acetyl glycine (CH-
CONHCHCOOH, AcG), diglycine (GG), pentaalanine 4)A poly-
glutamic acid (PGA), lysozyme, and myoglobin were purchased from
Sigma Chemical Co. Triglycine pandN-acetyl glutamic acid (AcE)
were purchased from ICN Biomedicals Inc. All commercial purchased
compounds were used without further purification.

The alanine based polypeptide (AP) of compositios{A3RA)A
was synthesized>95% purity) at the Pittsburgh Cancer Institute by
the solid-phase peptide synthesis method. |-Alahyl-alanine (NHC,-
DCH;CONHG,HCH;COOH, AdA) and.-alanyld—L-alanined (NHzCy-
DCH3;CONHGC,DCH;COOH, AdAd) were synthesized in Professor
Max Diem’s laboratory8

Instrumentation. The UV Raman instrumentation is described in
detail elsewherél1214159\ost spectra shown were obtained using 206.5
nm excitation from a Coherent Inc. CW intracavity frequency-doubled
Kr2* laser!® The Raman scattered light was collected in-a35
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Figure 1. 204 nm excited UVRR spectra of polyglutamic acid (PGA),
alanyl based peptide (AP), myoglobin, and lysozyme in their (A)
random coil and (By-helical conformations. Experimental conditions
(A) PGA: pH 7.1. AP: pH 7.0, 70C. Myoglobin: pH 4.0, 91°C.
Lysozyme: pH 2, 78C. (B) AP: pH 7,—5.5°C. PGA: pH 4.31, 0
°C. Myoglobin: pH 4.0, 25C. Lysozyme: pH 2, 28C. The fractional
a-helical and random coil contents indicated in the figure are from
refs 12 and 13. We should note that the pH 7.2COPGA sample is
likely to also contain PPII type conformations (Tiffany, M. S.; Krimm,
S. Biopolymersl1968 6, 1379-1382. Keiderling, T. A.; Silva, R. A,;
Dukor, R. K.Bioorg. Med. Chem1999 7, 133-141. Barron, L. DJ.
Mol. Biol. 200Q 301, 553-563.). We have not as yet characterized
the UV Raman spectrum of the PPIlI conformation but expect the
spectrum to be roughly similar to that of tfiesheet and random coil
conformations because of the similarity in thgiangles. We are further
investigating this issue.

All spectra were normalized to the CJOinternal standard band at
932 cntl The broad 1640 cmt HO Raman bending band was
subtracted using a measured solvent reference spectrum.

The CD spectra were measured by using a Jasco 710 spectropola-
rimeter.

1200

Computation. The theoretical calculations were carried out using
Gaussian 98W, revision A%,on a Dell 700 MHz Pentium Ill PC.
The geometry optimizations and frequency calculations of alanine
methylamide (AMA) were performed at the MP2 level of theory using

backscattering geometry and dispersed by a Spex Triplemate mono-the 6-31G(d) basis set. Variation of tiedihedral angle was carried

chromator. An intensified CCD detector (Princeton Instrument Co.)

out by first obtaining the global minimum energy conformation for

was used for detection. The samples were either measured as a stirre@lanine methylamidey( = 146°). The minimum energy structure was

solution in a quartz cell or in a temperature controlled free-surface
flowing stream.

Excitation at 204 nm was obtained by anti-Stokes Raman shifting
the third harmonic of an Infinity YAG laser (Coherent Inc.) in.H

(13) Chi, Z.; Chen X. G.; Holtz J. S. W.; Asher, S. BRiochemistry
199§ 37, 2854-2864.

(14) Chen, X. G.; Li, P.; Holtz, J. S. W.; Chi, Z.; Pajcini, V.; Asher, S.
A.; Kelly, L. A. J. Am. Chem. S0d.996 118 9705-9715.

(15) Li, P.; Chen, X. G.; Shulin, E.; Asher, S. A&. Am. Chem. Soc.
1997 119 1116-1120.

(16) Chen, X. G.; Asher, S. A.; Schweitzer-Stenner, R.; Mirkin, N. G.;
Krimm, S.J. Am. Chem. S0d.995 117, 2884-2895.

(17) Lord, R. C.Appl. Spectrosc1977, 31, 187—194.

(18) Oboodi, M. R.; Alva, C.; Diem, MJ. Phys. Cheni984 88, 501—
505.

(19) Holtz, J. S. W.; Bormett, R. W.; Chi, Z.; Cho, N.; Chen, X. G;
Pajcini, V.; Asher, S. A.; Spinelli, L.; Owen, P.; Arrigoni, MAppl.
Spectrosc1996 50, 1459-1468.

then rotated to the requiregl dihedral angles (180, 120, 60, 30, O,
—60, or—120). This dihedral angle was fixed, the geometry was then
reoptimized, and finally, the vibrational frequencies were calculated.
The atomic displacement eigenvectors for the Am 1l and (E)@odes
were displayed using GaussView 2.1.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
QOchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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Figure 2. UVRR (204 nm) ofa-helical and random coil forms of . . .
polyglutamic acid (PGA) at pH 4.31. (A) Dependence of the fractional Figure 3. UV_Raman spectra of various alanylalanine isotopomers:
a-helix on temperature as calculated from the CD spectrum. (B) (A) @lanylalanine (AA), RO, pD 6.0, pH 1.7, and pH 6.0, 5 mM,=
Temperature dependence of the 204 nm excited UVRR of PGA during 206-5 nm; (B) AA deuterated at the (GJ& position (BNCuDCHs-
its thermal transition from~100% a-helical at low temperature to ~ CONHCGHCH:COOH, AdA), pH 1.0, pH 6.0, 5 mMZ = 218 nm;
almost pure random coil form at 8C. o-Helical content was calculated 219 (C) AA deuterated at the (G)B and (N)GH positions (HNCo-
using the method described in ref 13. DCH;CONHG,DCH,COOH, AdAd), pH 1.0, pH 6.0, 5.”‘W =218
nm. The AdA and AdAd pH 1.0 spectra have a contribution from the
1640 cnt! H,0 bending band. The & bending band at 1403 crh
only appears in the AA spectra.

Results and Discussion

A. Conformational Dependence of Amide Bands of Pep-
tides and Proteins.Figure 1 shows the strong conformational : . )
dependence of the 204 nm UV resonance Reman (OVRR) D10 o0t The cbsnve enercenentof e perice
spectra of a series of peptides and proteins, while Figure 2 shows ;" 9 P y

this conformational dependence for polyglutamic acid. These of pther amld_e atomic motions to the,8 bending vibration.
UVRR were excited within their~200 nm amider — This mechanism explained the enhancement of thélsC

. ) , .
transitions, which gives rise to selective enhancement of the _Sl%rgTﬁ:ﬂngeigde'?]%éﬁgégi\rl'i?h?:rgggyrﬁ;gfm'9?rgg/ilt'?gh
amide vibrations of the peptide backbd§eThe spectra are 3 o - U .
dominated by the Am | band (1630680 cnt?), the Am Il because of the contribution of,€C str_etch_lng. Thls_ require-
band (1550 cmY), the Am Il band (12491300’ cnt?), and ment for enhancement of £C stretching is especially clear
the C,H bending band+1400 cnr). Additionally, the protein in NMA, because the UVRR of methyl-deuterated NMA shows

spectra show a contribution at1600 cnt?! from the aromatic no enhancement of the NIb motion; it is almost a pure ND

: : S : . sb vibration.
ring breathing vibrations of Tyr and Trp residué<omparing - . . .
Figures 1 and 2, we see that a change from a random coil to an To obtain further information on the enhancement mechanism

a-helix conformation results in a small (230 cnT!) downshift of CoH bending vibrations, we in.vestigatgd th.e enhapcement
of the ~1680 cnt? Am | vibration and an even smaller of the two GH groups in a series of dipeptides. Figure 3
downshift of the Am Il band. Much more dramatic changes compares the pH 1.7 and pH 6 sp(_e(_:tra of AA to those of its
occur for the Am Il and the @H bending bands; the Am I derivatives deuterated at the (G)@osition (AdA) and to those
band upshifts from-1240 cn! to a broad band at1300 cnr? deu.terat_ed at both the (G)@nd (N)G, positions (AdAd). The
with a decreased peak intensity, while th¢400 cm* C,H major differences between the low pH and neutral pH AA
bending band disappears in thehelix conformation. The spectra derive from the enhancement of the low pH protonated

: boxyl~1700 cnt! carbonyl stretch and the pH 6 enhance-
~1300 cnt! Am Il band shape is broad and appears to show car 1 )
substructure, indicating overlapping vibrational bands. ment of the~1400 crT™ symmetric carboxylate stretéfiThus,

h th . | . h h the Am Ill and the Am Il band frequencies and relative
Both the protein and polypeptide UVRR spectra show that ;e nsities are independent of pH between pH 1.7 and 6, where
the Am Il and GH bending bands are the most conformation-

v d py h b q | lati AA shifts from the cationic to the zwitterionic forms.
‘;y epen (Iaml The o sebrved fspectra structure corr%atlr(])n AdA and AdAd show very similar spectra, while AA displays
etween a large Am IIl band frequency increase and the pqiional features. The AA spectrum shows at least two

disappearance of the 8 bending band hints at coupling  a5onance enhanced Am Il bands at 1270 and 1336 wrhich
between these motions. Further, the breadth of the Am Il band result from a complex mixing of NH ib (in plane bending), CN

distortion does not appear to have any projection along e C

suggests that this band has a complex origin. s, (C)GH b, and GHs sh18.21-27

B. Origin of Resonance Raman Enhancement of the £&H ’ i : . .
Bending Normal Mode. Enhancement of g4 bending vibra- 19:%1) Diem, M.; Oboodi, M. R.; Alva, CBiopolymers1984 23, 1917~
tion upon excitation within the amide — x* transition is (22) Diem, M.; Lee, O.; Roberts, G. M. Phys. Cheml992 96, 548

surprising, because the amide— s* transition excited-state 554,
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Figure 4. (A) 206.5 nm excited UV Raman spectra of different Raman Shift /cm™
N-acylated dipeptides. The Am Il band appeardiacetylp-alanine Figure 5. Upper panel shows the UV Raman spectra of alanylalanine
(CHsCONHCHCHCOOH, AcA), N-acetyl glycine (CHCONHCH.- (5 mM, AA), trialanine (1.5 mM, A), tetraalanine (1 mM, 4, and

COOH, AcG),N-acetyl glutamic acid (ACElex = 244 nm) (pH 1, 5 pentaalanine (0.5 mM, & at pH 1. The lower panel shows spectra of

mM), andN-methylacetamide (pH 7, 5 mM). (B) Comparison between diglycine (5mM, GG) and triglycine (1.5 mM, £pat pH 1. The GH

diglycine (5 mM, pH 1, GG) and C-terminal capped diglycine ¢NH  bending band in the alanine based peptide spectra and.theb@and

CH,CONHCH;, ANMA, 5 mM, pH 7). Only the (C) GH, wagging in the glycine based spectra appeardt400 cnt. The inset, which

band at 1400 crrt is resonant enhanced in the diglycine spectrum.  shows the dependence of the integrated area of this band on the number
of residue, indicates an intercept of one.

The GH band appears at 1403 ¢t The Am Il and Am |
bands occur at 1569 and 1684 ¢inrespectively. These The pH 1 spectra of ANMA and GG show strong, C
assignments are confirmed by AA spectra measured,0,D  methylene hydrogen bending vibrations~at400 cnv?, while
where exchange of NH to N—D results in the disappearance  ANMA shows no evidence of the (N)G#$b band. The relative
of the Am Ill and Am Il bands and the 1336 cfband and in intensity of the G methylene hydrogen bending bands is
the formation of a very intense Am'lband. By comparing the  essentially identical for ANMA and GG, which also indicates
spectra in Figure 3, it is clear that the 1403 ¢rband must be a lack of enhancement of NC methylene hydrogen bending.
due to a (C)GH group vibration, because it is absent in the Al of these results indicate that a lack of enhancement of (N)-
AdA and AdAd spectra. C,H bending vibrations is a general property of peptides.

The spectra of AdA and AdAd are almost identical; they are  This lack of enhancement of the (N)B bending vibrations
dominated by a single 1338 cthAm IIl band (slightly higher  also occurs in larger peptides, as is evident from the Raman
in AdAd), the 1570 cm® Am Il band, and the 1654 cm Am spectra shown in Figure 5 of AA, AA4 As, GG, and G at
| band. The lack of bands in the1400 cnt! region for the  pH 1. This is clearly evident in the insets to Figure 5, which
deuterated derivatives indicates that the (M)® band in AA show that the intensity of the (C)& b band increases linearly
is not resonance enhanced by the amide- * transition. with the number of alanine residues, but the intercept indicates

The lack of enhancement of the (N)J& bending appearsto  that the penultimate (N)H bending vibration shows no
be quite general; previous studies of NMA demonstrated a lack enhancement in these alanine peptides. A similar lack of
of enhancement for the NCH; sb vibration?® Figure 4 enhancement for the carboxyl terminal (N} methylene
compares the pH 1 UVRR of NMA, acetylalanine (AcA), hydrogen bending band is evident fog.Ghus, we conclude
acetylglutamic acid (AcE), and acetylglycine (AcG), as well as  that (N)GH bending or methylene hydrogen bendiiitgrations
glycylmethylamide (ANMA) and glycylglycine (GG). Acetyl-  of the carboxyl- terminal residues of peptides are not enhanced
ation replaces the (N§CH group with a methyl group which  jn UVRR spectra excited within the amige— 7* transitions.

gives rise to the well-knowr1380 cnt* (C)CHs sb vibration?® The UVRR spectra of peptides are qualitatively different from
The Am Il bands occur at1320 cn?, the Am Il bands occur  spectra observed by other vibrational spectroscdfi#s?” For
at~1565 cnt?, and the Am | bands occur at1640 cntt in example, the UV resonance Raman spectra of AA in the 200

these spectra. These spectra exhibit a strong enhancement of450 cnt! region show only a few bands, while normal
(C)CHs sb but no additional bands which would suggest nonresonance Raman, VCD, and ROA spectroscopies show

enhancement of (N} b or (N)GH: sb. overlapping contributions of numerous bands in this very
(23) Barron, L. D.; Gargaro, A. R.; Wen, Z. Q. Chem. Soc., Chem. congested vibrational frequency region. The UV Raman spectra
Commun199Q 1034-1036. are dominated by the few vibrations which are FranClondon
(24) Hecht, L.; Barron L. DFaraday Discuss1994 99, 35-47. ~ coupled to the amide — z* transition® In the case of AA,
NagizeS,)LF.rzt.ag.mAarrr]]’.chh%r’n(.:g?)rggggzifd %éfou_kégﬁ_M” Paterlini, M. G.: - this is limited mainly to the Am 11l and the in plane ()8 b.
(26) Roberts, G. M.; Lee, O.; Calienni, J.; Diem, M.Am. Chem. Soc. In contrast, the other vibrational spectroscopies not only show
1988 110, 1749-1752. contributions of the bands observed in the UVRR but also out
(27) Weir, A. F.; Lowrey, A. H.; Williams, R. WBiopolymers2001 of plane (C)GH b, as well as in plane and out of plane (N)-

58, 577-591. . .
(28) Wang, Y.; Purello, R.; Jordan, T.; Spiro, T. &.Am. Chem. Soc. ~ CaH bending}#222NH, bending, and the CHimbrella modes.

1991, 113 6359-6368. These other bands are weak or invisible in the UVRR. The
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vibrational displacements as calculated by MP2 6-31G(d). Note that yjprational displacements as calculated by MP2 6-31G(d). Note that

there is strong coupling of NH and GH bending motions for
conformations similar to that of thé-sheet (¢ ~ 120°), but there is
no coupling fora-helix conformationsi ~ 60°).

there is strong coupling of NH and GH bending motions for
conformations similar to that of thé-sheet ¢ ~ 120), but there is
no coupling fora-helix conformationsy ~ 60°). The a-helix shows

difference in spectral contributions between UV Raman and the @most & pure ¢H bending vibration.

normal Raman, VCD, and ROA spectroscopies is most evident

for the DO AA UVRR, where the Am [l band intensity is

the crystalline trie-alaninef-structure shows that the Am Il

10-fold larger than those for all other vibrations. The advantage Pand is associated with a complex motion which involvesN

of UV Raman measurements is that it fortuitously selects for
the Am Il and (C)GH b vibrations, which are especially

bending, CC s, CN s, and,& bending mode&} while the (C)-
C,H bending motion is heavily mixed with-NH bending3° In

sensitive to the peptide backbone conformation, as shown hereincontrast, normal mode calculationschelix polyalanine show

C. Conformational Dependence of the Am Ill and (C)-
CqH Bending Vibrations Derives From Coupling Between
N—H and (C)C4H Bending. A detailed understanding of the

an almost pure (C)@H.3!

To shed further light on the angle dependence of the amide
normal modes, we utilized Gaussian 98 to perform ab initio

peptide and protein UVRR conformational dependence requirescalculations at the MP2-631g(d) level of theory for AMA (i.e.,
a clear picture of which atomic motions give rise to the observed NH,—CHCH;—CONH—CHz) in a vacuum. Energy minimiza-

Raman bands and of how different secondary structure confor-

tion yields a structure with a dihedral angle= 146°. This is

mations determine the vibrational normal modes and their RR close to the geometry of th€Z* conformation obtained for

enhancement mechanisms. A cursory examination of the con-

isolated AAMA by Han et af? We then used Gaussian 98 to

formational dependence of the UVRR suggests a coupling find the minimum energy structure of conformations constrained

between the Am Ill and the (C)El sb vibrations. An examina-
tion of the amide geometry difference between thdaelix
conformation, wherey = —60°, and the most likely random
coil conformatiory angle indicates a very large change in the
interactions between (C)El sb motion and the NH bending
motion associated with the Am III vibration (Figure 6).

As evident from the Ramachandran pldthe random coil
conformations will be dominated by angles associated with
p-sheet-like structuresy ~ 120°. Wheny ~ 120, the (C)-
CqH is in van der Waals contact with the-NH; any in plane
Am [l N —H motion must couple to (C)} motion. In contrast,
for the a-helix, the (C)GH is trans to the N-H, and no coupling
should occur.

This hypothesis is consistent with previous normal mode
calculations of peptides. For example, vibrational analysis of

(29) Creighton, T. EProteins. Structure and molecular properti@nd
edition; W. E. Freeman and Company: New York, 1993; p 183.

to have the set of-values: y = —120¢°, —60° (a-helical), O,
30°, 60, 120 (B-sheet), and 180 We then performed normal
coordinate calculations for each of these geometries.

Figure 6 shows the minimized geometries and vibrational
displacements of the Am Il modes for the differemdihedral
angles, while Figure 7 shows the minimized geometries and
vibrational displacements for the (GQ)B bending modes. In
agreement with our hypothesis, the Am Il mode of fhisheet
conformation ¢y = 120°) shows a very strong contribution from
(C)CyH bending; the (C)gH bending occurs in phase with
N—H bending. Thes-sheet Am Il band is resonance enhanced
by its large contribution of C(G)N stretchingt®

(30) Qian, W.; Bandekar, J.; Krimm, Biopolymers1991, 31, 193-
210.

(31) Lee, S.-H.; Krimm, SBiopolymers1998 46, 283-317.

(32) Han, W. G.; Jalkanen, K. J.; Elstner, M.; SuhaiJSPhys. Chem.
B 199§ 102 2587+2602.
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In contrast, the Am Il mode of the-helix conformation ¢ 1340
= —60°) shows little (C)GH bending but contains a large 1330 7 A
component of N-H bending (Figure 6). The-helix conforma- TE }gfg J
tion Am Ill band is resonance enhanced because it contains a £ 1300
significant contribution of an asymmetric, EC(O)—N stretch- T 1290 -
ing vibration. This motion gives rise to resonance Raman < 1280 3 |
enhancement in a similar manner as in NNfA. 1260 -
Similarly, the (C)GH bending mode of th@-sheet confor- : : ' : .
mation (Figure 7 = 12C°) shows strong mixing of NH 1410 B
bending with (C)GH bending, while thex-helix (y = —60°) 1400
conformer has essentially a purgiCbending vibration (except T 1890 7
for a small contribution of @C(O) stretching). Thes-sheet S 1380
conformation shows an out of phase coupling effland (C)- :'-:a 1370
C,H bending. This (C)gH bending band is enhanced, because © 1360 { .
it contains a significant contribution of an asymmetrig-C 1350 . ! ' ! :
C(O)—N stretching motion. C
The elements of the Hessian matrices were calculated for < 357
AMA for v dihedral angles fixed at 120and —60°. The EETE
diagonal elements, which are the force constants in internal @ ’
coordinates for NH bending, were found to be 0.260 120 25 4 >
hartree/radifor = 120° and 0.247 665 hartree/ratbr ¢ =
—60°. Fory = 12, close to thes-sheet conformation, the 20 T T I T T
off-diagonal force constant between (G)Y&H bending and 180 20 -60 0 60 120 180
N—H bending is 0.010 074 hartree/fadin contrast, fory = v Dihedral Angle/deg.
—60°, close to the-a-helix conformation, the off-diagonal is
10-fold smaller £0.001 225 hartree/rdd These results show 1340
that strong vibrational coupling exists between theHNbending 1330 o D
and (C)G—H bending for they = 120° conformation and that E g’fg ] R2= 0.9695
N—H/C,—H coupling is significantly reduced fap = —60°. S 1300 -
We should note that, while our paper was under review, Weir g 1290
et al?” also noticed that a conformation of dialanine, where << 1280 7
= 130, shows a strong coupling ofN\H in plane bending with ggg i
(C)CyH bending. L 1 !
Figure 8A,B shows the calculatedangle frequency depen- 1410 E
dence of the Am Ill vibration and the (C)& bending vibration. - 1400
The Am Il vibration shows an approximate= v, + A siny 1390 4
dependence, whee~ 61 cnTl. Thus, we calculate a 61 crh Eﬁ 1380 —
decreased frequency for the Am IIl band in the random coil © 1370
and -sheet conformations compared to that of tedelix 1360
conformation, which is close to that observed in Figures 1 and 1350 T T T
2. In fact, it is very close to the observed Am Il frequency 20 2.5 3.0 3.5 4.0
difference between AA and AdA (66.5 crh Figure 3); Riy/A

replacement of (C)gH with (C)C,D would remove any (C)-
CoH bending contribution to the Am 11l vibration. According ~ Figure 8. v dihedral angle dependence of the (A) Am Il frequency;
to our hypothesis, this would have the identical impact as g?dcé:: bﬁ;g:gge‘ggr;‘:'on;Sangal(g:u)lét‘eeddt'i/ta&clfzbgt‘g’fg” (tdh)el—l(\lD)
) = - .
?rgirsm%g}ﬁ%;ﬁ:g|§u§2ntf2?:ntgt?o(ncw and NH groups are Dependence o_f the_ Am Il frequency dth. (E) Dependence of the
’ . . . ’ . C,H bending vibrational frequency dRyy.

The (C)GH bending vibration shows a maximal frequency
aty = 120° and a minimum for they = —60°, in the a-helix N-Acetyl-N'-methyl+-alaninamide (AAMAF? also shows simi-
conformation. If the band were slightly enhanced by its lar normal Raman spectra in chloroform and water. Although
component of g—C(O) stretching in thex-helix structure, it AAMA shows a significant ROA solvent dependence for the
would probably begin to overlap the high-frequency side of the Am | and Am Il bands, little ROA dependence occurs for the
Am Il band. Am Il band 33

Our calculations have not yet examined the solvent depen- D. Characterization of Vibrational Coupling. As shown
dence of the amide vibrational modes. While these studies arein Figure 8D, the Am Il band frequency varies linearly with
important, we expect to find little Am Il solvent dependence, the distance between the-M and the (C)GH hydrogens, even
independent of the amide conformational alterations which at distances more than twice the hydrogen atom van der Waals
impact they angle. While the amide geometry could be solvent radius (2.4 A). This dependence probably originates from the
dependent2-36 we observe only modest UV resonance Raman ¥ angle dependence of the mutual projections of these bending
spectral changes for AA between water and a solution of 75% motions. Figure 8E shows the dependence of the (B)C
a.ce.tonitrile/25% water (data not shown). In fact, NMA shows (34) Markham, L. M. Hudson, B. Si. Phys. Chenl996 100, 2731
similar Am Il bands in water and pure acetonitrife36 2737.
(35) Mayne, L. C.; Ziegler, L. D.; Hudson, B. Phys. Cheni 985 89,

(33) Deng, Z.; Polavarapu, P. L.; Ford, S. J.; Hecht, L.; Barron, L. D.; 3395-3398.
Ewig, C. S.; Jalkanen, KJ. Phys. Cheml996 100, 2025-2034. (36) Mayne, L. C.; Hudson, BJ. Phys. Chem1991, 95, 2962-2967.
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bending vibrational frequency on the distance between thelN  The work here may lead to the realization of early studies by
and the (C)GH. There appears to be a calculated decrease in Peticolas et a8 who, following Lord’s"” suggestion, attempted

the frequency of the (C)H bending vibration as th&yy to calculate the distribution of angles in proteins from the
distance increases. measured Am lll Raman band frequencies and bandwidths. Our
The 66.5 cm?! upshift of Am 1l of AA upon (C)GH Figure 8 results may in the future allow us to determinesthe

deuteration is another strong indicator that the origin of the angle from the observed Am Ill and (G)B bending frequen-
conformational dependence of the Am Il and (gHb bands cies.

derives from coupling of (C)gH and N-H bending. We can To reach this goal, we will require information on theangle
utilize a simple coupled oscillator model to describe the and the side chain dependences of the Am Ill frequency. It may
interactions between the two almost degenerate modes. Weeven be possible to determine individual amide bgnahgles.
begin by assuming for simplicity that, in the absence of coupling, This is because the amide vibrations of peptides are often
Am 11l can be described as a vibration that contains mainly CC uncoupled, and the Raman spectra are a summation of inde-
s, CN s, and NH ib, while the (C)E b is an isolated mode. In  pendent contributions from each peptide béhdie can

the presence of the coupling potentid) these two modes mix,  straightforwardly determine both the Am Il frequency and the
and their frequencies can be obtained by diagonalizing the (C)CyH bending spectrum of each amide linkage by selectively

Hamiltonian3’ deuterating the (C)@1 moiety (Figure 3); the UV resonance
Raman difference spectrum will display the required informa-
o = (VCN,NH \4 ) 1) tion.
¢\ VeH We also must point out that in this work we have glossed

) over the complexity of the Am Il Raman band shape and the
wherevennw andvey are the unperturbed frequencies of the  detailed assignment of this (these) vibration(s). This issue will
Am Il and the (C)QH bending motion. If the interaction be discussed in detail in a separate reﬂbrt_
potentialV is expressed in units of reciprocal centimeters, eq 1 )
can be solved to yield the frequency differente due to the Conclusions

interaction potentiaV: UV resonance Raman studies of peptide and protein second-
ary structure demonstrate an extraordinary sensitivity of the Am
Av = +/AV? + AVOZ 2) [l vibration and the (C)GH bending vibration to the amide

backbone conformation. We demonstrate that this sensitivity
where Avg is the frequency difference from the unperturbed results from a Ramachandran dihedral angle dependent
states. The spectra in Figure 3A,B show that elimination of the coupling of amide N-H motion to (C)GH motion, which
(C)CyH b contribution shifts the Am Il frequency by about results in ap dependent mixing of the Am Il and the (&)B
half the original frequency difference between the undeuterated bending vibration. The vibrations are intimately mixed/at-
Am Il band and the (C)gH b vibration. This indicates that 120, associated with both thsheet conformation and random
Avg ~ 0. Equation 2 estimates a coupling energyof 66.5 coil conformations, but are essentially unmixedyat- —60°
cm L. Thus, we expect that the splitting between the vibrations for the a-helix conformation. Theoretical calculations demon-
will increase asV increases. This is demonstrated by the strate a sinusoidal dependence of this mixing/oifhese results
calculations of Figure 8, which show that as the distances explain both the Am Il frequency dependence on conformation
between the ¢H and N-H hydrogens increase the band as well as the resonance Raman enhancement mechanism for
frequencies move toward one another. We expect that thethe (C)GH bending vibration. These results may in the future
interaction potential will increase as thgk€and N—-H motions allow us to extract amidg angles from measured UV resonance
approach each other. Raman spectra.

The linear distance dependence of N(€C)C,H coupling is
surprising, as is the fact that this dependence continues even.
after the hydrogens are well out of van der Waals contact. The
origin of this apparent linear dependence may simply be becaus
the projection of the NH and (C)G—H bending motion on
one another approximately follows a (sjr)-like dependence.
Alternatively, the origin may be highly complex with different
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contributions occurring at differenp angles. JA0039738
Thus, our study here strongly supports Lord’s early hypothesis  (38) Peticolas, W. L.; Cutrera, T.; Rodgers, GFRoc. Int. Symp. Biomol.
that the Am Il frequency depends on the dihedral angl¥ Struct. 1981, 2, 45-58.
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