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Abstract: An isolated 3-sheet model system is investigated in a molecular beam experiment by means of
mass- and isomer-selective IR/R2PI double resonance spectroscopy as well as ab initio and DFT
calculations. As the exclusive intermolecular assembly, a g-sheet motif is formed by spontaneous
dimerization of two isolated peptide molecules. This secondary structure is produced from the tripeptide
model Ac-Val-Tyr(Me)-NHMe without any further environment to form the binding motif which is analyzed
by both the characteristic amide A and | vibrations. The experimental and theoretical investigations yield
the assignment to an antiparallel 5-sheet model. The result of this detailed spectroscopic analysis on an
isolated -sheet model indicates that there are intrinsic properties of a f-sheet structure which can be
formed without a solvent or a peptidic environment.

. Introduction scopy!™ An important improvement has been made by the
. application of infrared resonant two photon spectroscopy (IR/
Secondary structure elements are fundamental features 'nR2P|)5—8 on (unprotected) amino actig! because direct

]Por%tiim ?;ﬁﬁﬁi;gﬁ%:gi%f etirrr;;?ee ;rr]i(::nagfjh fg:nc?tzggln information is obtained for the structure of the electronic ground
9. Imp v, state $via analysis of the vibrational pattern which is sensitive

group arrays, and dictate interactions with extemal binding for different structural motifs. The IR/R2PI method is isomer
partners. Proteins can be classified according to their relative and mass selective, that is, for each isomer of an investigated
conte_nt ofa-helices ands-sheets, and often the_ir biochemical species individual I’R spec’Era can be recorded. With modern
function turns out to b.e closely _related o it. The regulgr nanosecond laser systems (cf. e.g-12), it is possible to cover
arranggment of two pgptlde strands in an extended conformatlon,in the IR analysis the complete region from the fingerprint to
producing an alternating hydrogen bond dormceptpr pattern, the G=0, CH, NH, and OH stretching vibrations (468000
leads to the a_rrangeme_nt offapleated sh_eet, which can be cm™Y), that is, all important peptide vibrations in the amide I,
parallel or antiparallel with respect to thé\¢ and C-termini. Il, and amide A region can be investigated

This arrgn_gement s importgnt for ”.‘OSt p_roteiqs becau_se_ it ,Many IR/UV double resonance investigations have been
creates rigid, regular areas with all amino acid residues pointing carried out on the conformers of isolated neutral amino acids

roughly into the same direction. The investigation of factors .
governing the stability of-sheet structures is hampered by the and peptides (cf. e.g. refs 334), but as far as secondary

fact that solvent effects and the protein environment play a major (1) rizzo, T. R.: Park, Y. D.; Peteanu, L. A.; Levy, D. H. Chem. Phys.

role and can hardly be separated from fheheet’s intrinsic ) %A986_ 84, 285331. 1L Alfano. 3. C.. Loww. D. 1L Mol. S 156
stability. As there are many aspects that have to be taken into ) sz S - il Alfano, J. C.; Levy, D. HL. Mol. Spectroscl992

account, an analysis should be made step by step beginning (3) %\ble R.; Tubergen, M. J.; Levy, D. H. Am. Chem. Socl98§ 110,
with small isolated species in order to examine first the intrinsic  (4) cable, J. R.; Tubergen, M. J.; Levy, D. Raraday Discuss. Chem Soc
properties. Therefore, investigations of molecules in supersonic _ 1988 86,143.

. . . 5) Page, R. H.; Shen, Y. R.; Lee, Y. J. Chem. Phys1988 88, 4621.
beam expansions should be a very good starting point for further (s) Riehn, C.; Lahmann, C.; Wassermann, B.; BrutschyCBem. Phys. Lett.
expe.rlment.s. This has. been done first by Levy and go-workers (7) #g%iblf 7’5.3-1Egb7&ta T.; Fujii, M.; Mikami, KCchem. Phys. Let993 215,
who investigated the jet cooled aromatic amino acids pheny- 347.
lalanine, tryptophan, and tyrosine and some tripeptides by means ggg éﬁéﬂkl%ﬁ%bgﬁsﬁ}g?g .‘;‘f{rf)gﬁ-]er‘ R.T. Simons, GHfem. Phys.
of resonant multiphoton ionization and fluorescence spectro- Lett 200Q 321, 49.

(10) Snoek, L. C.; Kroemer, R. T.; Hockridge, M. R.; Simons, PRs. Chem.
. - - . - Chem. Phys2001, 3, 1819.

T Heinrich-Heine UniversitaDisseldorf, TU Kaiserslautern. (11) Inokuchi, Y.; Kobayashi, Y.; Ito, T.; Ebata, T. Phys. Chem. 2007,
* Universitd Duisburg-Essen. 111, 3209.
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structure binding motifs are addressed, majntyrns1623-25.28-29
B-turns21:23-24.30-31 or helical structured—32 are discussed. One
of the most prominent secondary structures isgrsheet that
can be obtained by the formation of at least a dimer of two
peptide strands. It is a very general question if fheheet
binding motif is formed by itself when two peptide molecules
aggregate or if the formation requires a well-defined environ-
ment.

hydrogen bonds alternately 10 and 14 membered rings, whereas
parallel 5-sheets contain only 12 membered rings (cf. Figure
1).

The smallest model system forfasheet is a dimer of two
N/C-protected amino acids. In order to mimic a small part of a
large protein where the distant polar end groups have less
influence on the overall structure the amino acids are protected
at both termini. In preliminary experiments, we have investigated

To characterize the (secondary) structure of peptides, a setthe model systems (Ac-Phe-OMe&ind (Ac-Phe-NHMe) in

of torsional angles is us€d.The orientation of the backbone is
described by the torsional anglgs(C' —N'—C,—C'*1) andy
(N'—C,—C'*1—Ni*1), Depending on the values gfandy, nine

molecular beam experiments by application of R2PI- and IR/
R2PI-spectroscopd?.?8In combination with ab initio and DFT
calculations, the structures have been assigned. Both molecules

different conformations can be obtained for each residue in the form g-sheet like dimers with two intermolecular hydrogen

so-called Ramachandran-plot. The amide group—-Xi+O
itself, defined by the angle, can have a syn {Qor anti (180)
configuration. Calculations show that the latter is more stable.
Finally the most important angle; to describe the side-chain
has three positions with distinct minima of the potential
energy: gauche-plusg 60°), anti (a, 180), and gauche-minus

bonds. The dimer of Ac-Phe-OMe has a 10 membered ring,
whereas the dimer of Ac-Phe-NHMe has a 14 membered ring.
Due to the aforementioned binding schemes, both are examples
for antiparallels-sheets.

However, a more realistic unit cell of an antiparaftesheet
contains both binding schemes, adrd 14 membered ring. A

(g-, —60°). In -sheets, the strands adopt an extended geometryrea| polypeptide can then be obtained by just adding these unit

(¢ ~ —(110-150), y ~ 110-15C) and are connected via
intermolecular hydrogen bonds between M and CG=0 groups.
In a parallelg-sheet, the same termini (€C and N-N) are
facing each other, whereas in an antiparaffetheet, one
monomer is turned by 180As a consequence of the different
binding schemes, antiparall@isheets form via (intermolecular)

(12) Gerhards, MOpt. Commun2004 241, 493.

(13) Oepts, D.; van der Meer, A. F. G.; van Amersfoort,Iiffrared Phys.
Technol.1995 36, 297.

(14) von Helden, G.; van Heijnsbergen, D.; Meijer,J5Phys. Chem. 2003
107, 1671.

(15) (a) Gerhards, M.; Unterberg, €hys. Chem. Chem. PhyZ002 4, 1760.

(b) Gerhards, M.; Unterberg, C.; Gerlach, Rhys. Chem. Chem. Phys.
2002 4, 5563. (c) Fricke, H.; Gerlach, A.; Gerhards, RPhys. Chem. Chem.
Phys.2006 8, 1660.

(16) Dian, B. C.; Longarte, A.; Mercier, S.; Evans, D. A.; Wales, D. J.; Zwier,
T. S.J. Chem. Phys2002 117, 10688.

(17) Unterberg, C.; Gerlach, A.; Schrader, T.; Gerhards].MChem. Phy2003
118(18), 8296.

(18) Bakker, J. M.; Aleese, L. M.; Meijer, G.; Helden, G.Rhys. Re. Lett.
2003 91, 203003.

(19) Hinig, I.; Kleinermanns, KPhys. Chem. Chem. Phy2004 6, 2650.

(20) Héer, T.; Seefeld, K.; Kleinermanns, K. Phys. ChemA 2007, 111,
3038.

(21) Chin, W.; Mons, M.; Dognon, J. P.; Piuzzi, F.; Tardivel, B.; Dimicoli, I.
Phys. Chem. Chem. Phy2004 6, 2700.

(22) Fricke, H.; Gerlach, A.; Unterberg, C.; Rzepecki, P.; Schrader, T.; Gerhards,
M. Phys. Chem. Chem. PhyZ004 6, 4636.

(23) Fricke, H.; Schi@r, G.; Schrader, T.; Gerhards, hys. Chem. Chem.
Phys.2007, 9, 4592.

(24) (a) Brenner, V.; Piuzzi, F.; Dimicoli, |.; Tardivel, B.; Mons, Mingew.
Chem., Int. Ed2007, 46, 1. (b) Gluagoen, E.; Pagliarulo, F.; Brenner, V.;
Chin, W.; Piuzzi, F.; Tardivel, B.; Mons, MPhys. Chem. Chem. Phys.
2007, 9, 4491.

(25) Compagnon, |.; Oomens, J.; Bakker, J.; Meijer, G.; von Helde®hgs.
Chem. Chem. Phy2005 7, 13.

(26) Reha, D.; Valdes, H.; Vondrasek, J.; Hobza, P.; Abo-Riziqg, A.; Crews, B.;
de Vries, M. S.Chem—Eur. J.2005 11, 6803.

(27) Abo-Rizig, A.; Bushnell, J. E.; Crews, B.; Callahan, M. P.; Grace, L.; de
Vries, M. S.Int. J. Quant 2005 105, 437.

(28) Gerhards, M.; Unterberg, C.; Gerlach, A.; JanserPilys. Chem. Chem.
Phys.2004 6, 2682.

(29) Compagnon, I.; Oomens, J.; Meijer, G.; von HeldenJ&m. Chem. Soc.
2006 128 3592.

(30) Chin, W.; Dognon, J. P.; Piuzzi, F.; Tardivel, B.; Dimicoli, I.; Mons, M.
J. Am. Chem. SoQ005 127, 707.

(31) Chin, W.; Piuzzi, F.; Dognon, J. P.; Dimicoli, I.; Tardivel, B.; Mons, M.
J. Am. Chem. So@005 127, 11900.

(32) Abo-Rizig, A. G.; Bushnell, J. E.; Crews, B.; Callahan, M. P.; Grace, L.;
de Vries, M. S.Chem. Phys. Let005 431, 227.

(33) Abo-Rizig, A. G.; Crews, B.; Callahan, M. P.; Grace, L.; de Vries, M. S.
Angew. Chem., Int. E®006 45, 5166.

(34) Gerlach, A.; Unterberg, C.; Fricke, H.; Gerhards,Nbl. Phys.2005 103
1521

(35) (a) Ramachandran, G. N.; Sasisekharan, V.; RamakrishnaBip€him.
Biophys. Actal966 112 168. (b) Perczel, A.; Agyan, J. G.; Kajta, M.;
Viviani, W.; Rivalil, J. L.; Marcoccia, J. F.; Csizmadia, |. G.Am. Chem.
Soc.199], 113 6256.

cells. In order to study such a unit cell, one has to investigate
at least the dimer of a tripeptide model. An ideal solution is a
dipeptide carrying an N-acetyl group and a C-terminal N-
methylamide; both protecting groups are genuine peptidic
extensions andh toto represent a third truncated amino acid
(glycine). Each monomer has three amide groups that can
interact in many ways to form different aggregates. As a
consequence, the IR spectroscopy can give a very good hint on
the number and strengths of hydrogen bonds that are red-shifted
and have usually broadened absorption bands with respect to
the non-hydrogen-bonded amide groups.

In order to find out binding motifs for &-sheet unit cell, we
present in this paper IR/R2PI investigations on the dimer of
the tripeptide model Ac-Val-Tyr(Me)-NHMe both in the spectral
region of the amide A and amide | transitions. It is a great
advantage of gas-phase spectroscopy on isolated peptides that
structural information cannot only be taken from amide | (and
II) regions but also from the very structure sensitive amide A
region leading to a detailed description of backbone structures.
The monomer has already been investigated by IR/R2PI
spectroscopy in our groud.The aromatic residue tyrosine is
methylated at the OH position of the phenolic side chain to
protect this polar group. This strategy should avoid a binding
scheme like the one in the dimer of Ac-Trp-ORgia the polar
side chains. Thus the dimer of Ac-Val-Tyr(Me)-NHMe can
represent a model for g-sheet binding motif.

Il. Experimental Section

The experimental setup has been described elsewhere (cf. ref 15).
Thus, only a short description is given: The R2PI and IR/R2PI spectra
were measured in a vacuum system consisting of a differentially pumped
linear time-of-flight mass spectrometer and a pulsed valve (General
Valve lota One, 50@m orifice) for skimmed jet expansioixX{D=130).

A frequency-doubled dye laser (Lumonics HD 300), pumped by a Nd:
YAG laser (Lumonics HY 400), was used for excitation to thestate

and for ionization. The IR light in the region of 2.88.08um (3250~

3520 cmt) was generated with a LiNkQOcrystal by difference
frequency mixing of the fundamental (1064 nm) of a seeded Nd:YAG
laser (Spectra-Physics PR0O-230) and the output of a dye laser (Sirah,
Precision Scan) pumped by the second harmonic (532 nm) of the same
Nd:YAG laser. The IR output is amplified by an optical parametric

J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008 4693



ARTICLES Fricke et al.

(I) antiparallel

(I) parallel

(1) parallel/y-turn
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Figure 1. Schematic secondary structure motifs for differgrgheet arrangements of the Ac-Val-Tyr(Me)-NHMe dimer. The dihedral anglesd v,

describing the backbone of an amino acid within a peptide, are depicted in the upper trace (l). The two monomers are indicated by 1 and 2. By considering
the intermolecular hydrogen-bonds (dotted lines) 10 and 14 membered “rings” can be described for structure (1) and 12 membered “rings” ®(l$fructure

and (ll1), see text. The arrows show the direction of the backbone form the N-terminus to the C-terminus.

amplification (in a LiNbQ crystal) of the output of the IR laser (2.84 Ill. Results and Discussion

3.08uum) and the fundamental of the Nd:YAG lasé?. . .
IR light in the region of 6um is generated by a third nonlinear (a)_ S_trUCture of (AC'Val'Tyr(Me)'NHMe)_Z' Theorgtlcal
process215Signal (1.79-1.82um, 5500-5600 cnt?) and idler (2.56- Predictions. In order to support the vibrational assignments
force field, ab initio (Hartree Fock, HF) and DFT (B3LYP

2.63 um, 3800-3900 cnt?) of the OPA process are the input of a i : ) .
difference frequency mixing process in an AgGaSgstal leading to functional) calculations have been performed using the Dis-

the IR light of 1606-1800 cnT™. cover36 Gaussian 0387 and Turbomol& programs. To generate
Since the time delay chosen for the two lasers is not longer than starting geometries for ab initio calculations, a preselection via
100 ns, all lasers have been spatially overlapped. In order to obtain molecular dynamics using the CFF force fféléPhas been done

IR/R2PI spectra, the IR laser is fired 60 ns prior to the UV laser. At

least 20 IR/R2PI spectra are averaged and the depletion resulting from(36) CFF Consistent Force Field and DISCOVER Molecular Simulation
; ; iti ; i Program, Version 2000; Accelrys Inc.: San Diego, CA, 2000.
a vibrational transition must be observed in every single IR/R2PI 37) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian, Inc: Wallingford,

spectrum. Furthermore in each single IR spectrum each data point is CT, 2004.

averaged by 40 laser shots. Substance-{(¥4&l—Tyr(Me)—NHMe) and (38) Qﬁlricfls,tTSSB&lé\/l-;lggr, M.; Haser, M.; Horn, H.; Kémel, C. Chem.
valve are heated to 18C. Helium was used as carrier gas (2000 mbar). (39) M‘,ﬁé ﬁ'_ R awaﬁg M.-J.: Stockfisch. T. P.: Dinur. U.: Waldmann. M.:

The synthesis of Ac-Val-Tyr(Me)-NHMe is described elsewtére. Ewig, C. S.; Hagler, A. TJ. Comput. Chenl994 15, 162.

4694 J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008
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by using the same procedure as the one described in ourTable 1. Inter- and Intramolecular Distances of Hydrogen Bonds

publications on the dimer of Ac-Phe-NHNfeand Ac-Val-Tyr- Calculated at the B3LYP/cc-pvDZ Level of Theory

(Me)-NHMe?2 monomer. Briefly, molecular dynamics have been (i)

performed at a temperature of 750 K and with a time step of 1 _ W paraliel
L . (1) antiparallel parallel  y-turn

fs. After 1000 steps, the structure has been minimized. This

structure has been used to continue the dynamics in the sam

Intermolecular distances [pm]
&al-NH%--0°C—Tyr 198 VaFNH%--OC—Acetyl 200 203

manner. The following minimized structure has been compared Tyr—NHz2..-05c—Val 196 Tyr-NH---O5C—Val 204 176
to the first via its relative energy to discriminate between differ- NMe—NH¢---O'C—Acetyl 191 NMe-NHS---O3C—Tyr 195 197
ent minima. With this technique, 30 000 structures have been Intramolecular distances
minimized and compared to each other. The dynamics have beerNMe—NH3-0C—-Val 222
repeated several times to explore the potential energy surface
(PES). Table 2. Experimental and Calculated Vibrations at the B3LYP/
The preselection using the CFF force field shows fhaheet ~ S¢-PVDZ Level of Theory
structures turn out to be by far the most stable conformers. The exp.  (hantiparallel (Inparallel (Ihparallel/y-turn
possibility to form three intermolecular hydrogen-bonds without  NMe—NH3 3488 3486(32) 3480(56) 3376(89)
any tension yields a preference for either an antiparallel or a \T/al—H:: gg?g 3232%232)) 3322%2(23)) 3?;;%%%73))
parallel 5-sheet model as the one described in Figure 1a,b. N{;e_NHG 3357 3341(511)  3390(464) 3355(373)
Nearly all structures up to 2000 Cr3h(239 kJ) relative energy Val—NH# 3376 3387(444) 3374(389) 3369(374)
are either antiparallell) or parallel (1) 5-sheet models, they Tyr—ITIH(f;Ol 3442 13:;125(5;) 3146665353737) fggzz(%l%
differ only with respect to different side-chain conformations C;Ieiyc o 1656 1one ((633) 1660(12(24)) 1675((89))
of the amino acids. The remaining few structures within the Tyr—CO® 1692  1692(492)  1685(492) 1687(316)
first 2000 cnt! of relative stability form parallel structures Acetyl-CO* 1713(176)  1708(156) 1705(89)
including an intramolecular hydrogen-bong-turn) (1) as Val-CO»® 1669  1658(657)  1674(59) 1660(552)

depicted in Figure 1c. Thus, already the simple force field Y~ 1698(96) 1701(67)  1713(132)

calculations indicate that the chosen model system, the Ac-Val-  antensities in km/mol are given in brackets. The frequencies have been
Tyr(Me)-NHMe dimer seems to be an ideal candidate to scaled by factors 0.9648 (NH) and 0.9716<Q). Atoms are numbered
investigate a8-sheet model that can be treated as unit cell of a With respect to Figure 1.

large-sheet. The most stabfesheet structures obtained from

the force field calculations are used as basis for further ab initio with the factord(amideA)= 0.9076 f(amide )= 0.914 obtained

. X . A Aphapel
anthFT cslculat;:)ns. IIn adsen.es (I)f earllerlpulbl|§:atl%§r1§: A from the investigation on Ac-Phe-OM&Ac-Phe-NHMe28 and
we have shown that already simple HF calculations using the a. \/a| phe-OMel” For the DFT calculations, the factors

small 3-21G(d) basis set are appropriate to predict vibrational f(amideA) = 0.9648,f(amide I)= 0.9716 are chosen. These
frequencies of protected amino acids, peptides and aggregates, ;| es result from the comparison of the experimentally

Of course, these frequencies are scaled but the chosen factorgyqeyeq frequenciswith the frequencies calculated for the

for thg amide A qnd amide | vibrations are the_same for all CO and NH stretching frequencies of Ac-Phe-OMe at the
investigated species. Thus, HF/3-21G(d) calculations have aISOBSLYP/cc-deZ level of theory.

been performed for the dimer of Ac-Val-Tyr(Me)-NHMe, which In order to get a description of (intermolecular) hydrogen

makes it possible to calculate the frequencies of a large numberbonds’ the corresponding bond-lengths are of interest. The bond

of structures predicted from the force field calculations. In order lengths obtained at the B3LYP/cc-pVDZ level for the structures
to achieve a more realistic description of the relative stabilization (1), (1), and (Il ) are listed in Table # It is interesting to

energies and to verify the frequency calculations performed at .\ 1o that in the case of the antiparallel arrangemeéntal
the HF level, DFT calculations using the B3LYP functional and intermolecular bond-lengths @\H--O) are close together and
the cc-pVDZ basis set have been performed, too. Two structuresyojow 200 pm, whereas in the parallel arrangement the Tyr-

with binding motif (Il ) (parallel{-turn) and [) (antiparallel) N—H2-O bond length is higher than the “outer” hydrogen-bonds
turn out to be the most stable arrangements which are close ingnq in the parallef/-turn geometry {1 ) the “inner” Tyr-N—

energy by about 220 cm, whereas the most stable parallel 2. pond-length decreases strongly to 176 pm. These struc-
arrangementl() is less stable by 1130 crh (including zero ;g differences lead to a characteristic vibrational pattern for
point energy and BSgEcorrectlon.s). The stablhzatlon.energles eachs-sheet type. Thus, an unambiguous structural assignment
of structures ), (Il), and (II') with respect to two isolated  yith respect to the type of secondary structure binding motif is

monomers are 47, 36, and 49 kJ/mol, respectively. These ,sssiple if both amide A and amide | vibrations are taken into
structures consisting of monomers (1) and (2) (cf. Figure 1) 5ccount (see Table 2, next section).

The frequencies calculated at the HF/3-21G(d) level are scaled

have the following side-chain orientations: (b) Structure of (Ac-Val-Tyr(Me)-NHMe) »: Spectroscopic
Results. The R2PI spectrum of Ac-Val-Tyr(Me)-NHMe)
(1): Val(@)Tyr(a)/Val(a)Tyr(gH) recorded between 35 300 and 35 800 exhibits a broadened
(I1): Val(g—)Tyr(a)/Val(a)Tyr(gt) unstructured electronic transition with a maximum at 35 644
cm LThis band is assigned to one isomer according to the
and identical IR/R2PI spectra obtained at different positions of the

(40) Boys, S. F.; Bernardi, DMol. Phys, 1970 19, 553.
(41) More structural parameter and a list of all calculated structures can be
(1) Val(@)Tyr(g=)/Val(g—)Tyr(a) received from the authors on request.

J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008 4695
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1656 1692

1669

3357

3279

1600 1650 1700 1750

1 ) 1 ) I 1
3250 3300 3350 3400 3450 3500

wavenumbers of IR-Laser [Cm'1]

Figure 2. IR/R2PI-spectra of (Ac-Val-Tyr(Me)-NHMe)in the range from 1600 to 1760 and 3250 to 3520 Emecorded via the electronic transition at
35 644 cml. In the region of the amide A frequencies, the dotted line indicates a band contour analysis for the overlapping bands at 3357 anéd 3376 cm

derived from a Gaussian fitting procedure.

electronic transition. In Figure 2, the IR/R2PI spectra both in
the region of the NH stretching vibrations (amide A, 3250
3520 cnT?l) as well as in the region of the amide | vibrations
(1600-1760 cnt?) recorded via the electronic transition at
35644 cn! are shown. According to previous spectroscopic
results, usually “free” NH-stretching modes are located above
3400 cnt!, whereas hydrogen-bonded NH groups lead to
vibrational frequencies below 3400 cf The spectrum shown

in Figure 2 clearly indicates the existence of three hydrogen-
bonded vibrational frequencies (at 3279, 3357, and 3376'tm

motifs are very similar, i.e., the shift of NH and=© stretching
modes with respect to different side-chain arrangements leads
to similar vibrational spectra in the amide A and amide | regions.

As further discussed above already, the vibrations calculated
at the quite low HF/3-21G(d) level are useful to predict
vibrational spectra of peptides and peptide aggregates. In Figures
3 and 4, the vibrational frequencies obtained at the HF/
3-21G(d) level for an antiparallel, parallel, and parajlelirn
structure are given, too. It is obvious that the agreement with
an antiparallep-sheet arrangemeni)(is very good, especially

and three free NH stretching modes at 3442, 3455, and 3488for the amide A vibrations, confirming the results obtained at

cm L. This result ideally fits to a formation of #-sheet

arrangement as predicted by the ab initio and DFT calculations.

the DFT level.
It is the topic of this paper to find out if a dimer of peptides

The experimental spectra and the spectra calculated at theformed in the gas phase is able to forns-sheet arrangement

B3LYP/cc-pVDZ level of theory for the most stable antiparallel
(1), parallel (I') and parallely-turn (Il ) structures are shown
in Figures 3 and 4. It is evident that the antiparafietheet

and it can clearly be concluded that the answer is positive.
Experimental evidence has been produced for the fact, that a
peptide with sterically demanding amino acid residues can

arrangement yields a very good agreement between the experispontaneously form #-sheet arrangement in the gas phase,
mental and calculated vibrational frequencies. The predicted confirming the intrinsic stability of this fundamental secondary
vibrations correlate with respect to their frequencies and their structure in the gas phase. Even in the absence of solvent or

relative intensities to the experimentally observed transitions.
This holds both for the amide A (NH stretching) region (Figure
3) and for the amide | (mainly €0 stretching) region (Figure
4). The detailed assignment of all vibrations to the different
amide (NH and €0) vibrations is given in Table 2. In contrast
to the assignments obtained for the antiparallel arrangerhent (
no strong red-shifted vibration is expected for the parallel
arrangementl() in the NH stretching region. Furthermore, only
one intense vibration in the region of the amide | vibrations
(around 1660 cmt) should be observed for structurig)( In

the case of the combined paraljeturn (11') structure, four

any other chemical environment, that is, under conditions that
rely solely on hydrogen bonds, tifiesheet is formed. Further-
more for the investigatied species no other isomer is observed.
A second classical tacit assumption is the superior intrinsic
stability of an antiparalleB-sheet arrangement over the related
parallel orientatiort? Our experiment, which strips the peptide
cluster off all solvent molecules and reduces the peptide size
to a trimer model, is an example which supports this consid-
eration. Nevertheless, more data are required to answer this
fundamental question. Most likely, the nonlinearity and in-
creased length of all involved hydrogen bonds in the parallel

hydrogen-bonded NH stretching modes (below or nearly at 3400 c45e are responsible for its inferior stability. Interestingly, the

cm™1) are expected. This is not observed and additionally the

antiparallel arrangement is also by far the most abundant species

amide | vibrations are located at slightly higher frequencies as tgnd in Nature.

the ones observed experimentally. As mentioned above, only
the vibrations of the most stable structures with respect to

antiparallel, parallel and combined paralletiirn binding motifs

are shown in Figures 3 and 4, but it can be pointed out generally, 2
that the spectra observed for other structures of these binding
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Since the relative red-shift of the hydrogen-bonded NH
stretching vibrations (NI, 3279 cm?, NHyme: 3357 cmi?,

) Kobayashi, K.; Granja, J. R.; Ghadiri, R. Mingew. Chem., Int. Ed Engl
1995 34, 95-98.
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3279 3279 3279

3250 3300 3350 3400 3450 3500 3250 3300 3350 3400 3450 3500 3250 3300 3350 3400 3450 3500
a) ,, ‘ | T | 1 | 1 L
3250 © 3300 3350 3400 3450 3500 3250 3300 3350 3400 3450 3500 3250 3300 3350 3400 3450 3500
*
b) J , T , (| | h
3950 3300 3350 3400 3450 3500 3250 3300 3350 3400 3450 3500 3250 3300 3350 3400 3450 3500
(I) antiparallel (1) parallel () parallel/y—turn

Figure 3. Experimental and theoretical results in the region of amide A vibrations. The calculated stick spectra represent the most stable typesedf antiparall
(1), parallel (II), and paralle}/-turn (111) conformers at the (a) B3LYP/cc-pVDZ and (b) HF/3-21G(d) level of theory. The asterix in trace (b) of the parallel
structure (I1) at 3350 cm indicates two overlapping bands.

1669 1669 1669
1656 1692 1656 1692 1656 1692

1600 1650 1700 1750 1600 1650 1700 1750 1600 1650 1700 1750

I B

I | 2l
1600 1650 1700 1750 1600 1650 1700 1750 1600 1650 1700 1750

| 1 1 an
b) 1600 1650 1700 1750 1600 1650 1700 1750 1600 1650 1700 1750

() antiparallel (1) parallel (II1) parallel/y-turn

Figure 4. Experimental and theoretical results in the region of amide | vibrations from 1600 to 1760 Ehe calculated stick spectra represent the most
stable types of antiparallel (1), parallel (I1), and parajtetiirn (Ill) conformers at the (a) B3LYP/cc-pVDZ and (b) HF/3-21G(d) level of theory.

NHya: 3376 cnt?) with respect to the free NH stretching modes NH-O due to the red-shifts of 163, 131, and 79 @m
(NHryr: 3442 cml, NHnme: 3488 cnm?, NHya: 3455 cnt?) respectively (cf. Table 2).

corresponds to the hydrogen bond-strength, the following order It is of further interest to note that vibrational frequencies of
of stabilities is obtained: Tyr-NHO > NMe—NH-O > Val- subunits have nearly the same value independent of the size of
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the system as far as they belong to the same structural(other peptides or solvent molecules) in the same way, it should
environment, e.g., the NH stretching frequency jf\ arrange- become possible to understand in a deductive way the driving
ment of the backbone is around 3448460 cnT?. In the case forces for the development @Fsheets.
of the NH-NMe protecting group the NH stretching frequency
increases to 34603490 cnt®. NH groups involved inB-turns
have frequencies about 3400 chor slightly below?:23-24.30-31 The dimer of Ac-Val-Tyr(Me)-NHMe is an ideal model of
If a y-turn arrangement is formed the frequency decreasesan isolated peptide that forms an antiparalebheet; its
significantly below 3400 cmt usually in the range from 3250  exclusive formation in the gas phase without any directing
to 3380 cnml.1623-2528-29 A5 shown above a similar or even influence of solvent or peptidic environment provides experi-
stronger red-shift is also observed for the NH stretching mental evidence for the fundamental importance and intrinsic
frequencies of the intermolecular hydrogen-bonded groups stability of this relatively complicated secondary structure motif.
depending on the strength of the H-bond. The investigated cluster is one of the largest aggregates
These results obtained for the amide A vibrations are very investigated up to now with the mass and isomer selective IR/
valuable hints for analyzing larger systems, that is, the strategy R2P1 method. This method applied both for the structure
to analyze larger model systems is not only based on calculationsSensitive amide andamide A vibrations yields in combination
(which become very expensive for large systems due to the with ab initio and DFT calculations a detailed analysis on the
enormous number of isomers which have to be taken into Structure of the peptide backbones. The investigated peptide is
account) but also on the experience obtained for the smaller@ kind of 5-sheet unit cell, since a successive application of
building blocks. In this context, it is interesting to note that all this binding motif leads to the formation of a complgtsheet.
intense vibrations in the amide | region are above 1650cm It is the strategy to find out the driving force to forfhsheet
For protein measurements, it is often pointed out thaheet formations as a function of different amino acids and aggregation
structures yield amide | vibrations around 1630¢#? although partners. Thus larger systems will be investigated and with a
there are also other investigations predicting higher values aboveSuccessive aggregation of water molecules an environment will
1650 cnTL.43-45 The experimentally observed frequency is also P€ introduced indicating if and how a peptide conformer changes
a function of the environment. Our experimental results clearly due to a hydration shell.

indicate that a simple classification offasheet structure with Acknowledgment. We thank the Deutsche Forschungsge-
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in an isolated model system. By increasing the size of the model
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