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Hydrogen bonding enables amino acid residues, the elementary

bricks of proteins, to assemble with one another and to build up a s Ac-Phe-Ala-Ala-NH,
large diversity of secondary structures. Its theoretical treatment is k PE)-1 -
therefore a crucial feature for protein simulation. State-of-the-art c.-..
quantum chemistry methods have recently been used to address ’J\n'k
the issue of competition between several secondary structures ( |
and ﬁ-tl_J_rns, 3¢ and a- helices) of peptide chains, e, the M Ac Ala-Phe-Ala-NH,
competition between the A2C;o, and Gz H-bonds, which are
responsible for their stability (Figure %)%

| B-typelll / B-typel (g+): 3,4 helix

Thus far, however, no experimental gas-phase data directly ,]\r";‘i‘l)\ ,l\'er
comparable to these precise computations are available. The recent fan \.L_i/“
progress in optical spectroscopy of large molecules in the gas phase Ln
has made it possible to record vibrationally resolved spectra 203 o wo M Ac-Ala-Ala-Phe-NH,

(especially in the amide A, | and Il regions) of selected conforma- .- Bypel (g¥)

tions of biomolecule$? The combination of laser-desorption to '

vaporize fragile molecules and a supersonic expansion, in which J{ )YE\')OJ\NJ;‘,Q

an efficient conformational relaxation takes place, populates only | . 2 850 oy

very stable conformers so that th_e informa_uic_)n collected is_directly 3300_ W0 B0 %0 IR waverambers /om

cpmp{:\rable to qua_lntum chemistry optimized geometries and Figure 1. (Left) IR spectrum of the main conformers observed for the

vibrational frequencies. three tripeptides studied in the NH stretch region (amide A), as obtained
Concerningpeptide chainsi.e., capped peptides containing at by IR—UV double resonance experiments. Spectra are obtained by tuning

least threecompleteamide units, gas-phase optical spectroscopy the UV laser to the most intense band of the respective tripeptide. For

has mainly been carried out on dipeptide chains to #dThe comparison, DFT calculated stick spectra of selected conformations are also

. . given. Harmonic frequencies are scaled by a factor of 0.96 to allow for

spontaneous formation gi-turns was reported very recently in anharmonicity (Right) Scheme of the H-bonding network in the corre-

capped dipeptides, thus providing information on the competition sponding conformations. Colors indicate the local NH stretch mode involved

between a g bond and a sequence of twe B-bonds!!*?Capped (two accidental near-degeneracies of local modes cause mode mixings for

tripeptides (exhibiting four amide bonds; Figure 1) are the shortest Ac-Phe-Ala-Ala-NH).

species in which helical structures can be observed. In this case a The UV absorption spectrum of the three peptides in the

competition is anticipatéd-®13 which involves several types of  supersonic expansion, as obtained from one-color resonant two-

H-bonding: (i) sequential £bonds having a two-by-two common  photon ionization (Figure S1), is composed of a limited number of

amide bond (¢-C;—C;, a series of sequentigtturns also referred narrow features (either an isolated band or a short progression),

T
il |

G cwl

to as a z-ribbon), (ii) intertwinedg-turns with Go bonds (Go— which indicates that, despite the large flexibility of these species,
Cy0) and (iii) mixed structures with sequentialdand G bonds. only one main conformer is observed following conformational
The second type of structures may eventually lead to a pseudope-elaxation in the jet. In the double resonance experiment, the most
riodic 3ip-helical structure, depending upon the typefsfurns intense of these features have been used to selectively probe the
involved. A fourth type involving a unique gbond (corresponding corresponding conformer, yielding conformer-selective IR spectra
to the a-helix) is discarded essentially for energetic reasons. (Figure 1) in the amide A region, at a spectral resolution much

The aim of the present communication is to document the better than that of usual condensed phase data. The setup and
spontaneous formation of helical structures in the gas phase, i.e.,procedure are similar to those reported previolsk Four or five
in the absence of a solvent, by selectively characterizing the IR bands are observed in our spectra, all corresponding to NH
H-bonding of each conformer by infrared (IR) spectroscopy. The stretch oscillators of each probed conformer.
three chemically protected peptides studied here are all based on Tentative assignments can be proposed on the basis of classic
the same Ac-(Ala}NH,, (Ac = acetyl, Ala= alanine) tripeptide, principles of IR spectroscopy, in conjunction with recent IR gas-
in which one Ala residue is substituted by the aromatic phenyla- phase data on shorter peptidé&s® Free amide NH'’s are usually
lanine (Phe) residue. Such an ultraviolet (UV) chromophore makes found to be in the 346063490 cnt! region. Bearing in mind that
it possible to perform IRUV double resonance experimeffsThe the IR source did not operate in this range, one can conclude that
present study on a series of tripeptides also provides insight into conformers that exhibit only four vibrational bands in their IR
interactions between the peptide backbone and the aromatic sidespectrum actually possess one free NH. Significantly red-shifted
chain (SC). bands (typically at wavenumbers 3410 cnt') correspond to
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H-bonded NH’s. Weaker interactions, such asscldse contact thus far tos-turn structure$!*?indicates a fairly weak H-bond. There-
between CO and NH of the same residue (ifi,ag-strand-like fore, the presence of two rather weakly red-shifted bands in the con-
conformation) or a NH-aromatic interaction, are in the 343050 former, exhibiting large intensities but narrower bandwidths com-
cm! range. In addition, because the vibrational coupling which pared to those of the other species, suggestsaG pattern. Ex-
leads to symmetric and antisymmetric normal modes dfea perimental data have been compared to calculated of intertwined
-CONH, C-terminus amide is still active when one of the NH's is  S-turns of different types, starting from a helicalo3orm (type
engaged in an H-bond, a frequency correlation still exists between Il —type 1ll), as well as a variant of it (type'Htype I), differing
the normal modes in the presence of an H-bond: both frequenciesby the orientation of the N-terminus amide group (see Figure S2).
decrease and their splitting increases as the H-bond strengthCalculations (Tables S1 and S2) show that only a helical form can
increases (see Appendix S1). The highest frequency band of theaccount for the apparent blue-shift of the Nihtisymmetric stretch
spectrum, which correlates to the Blntisymmetric stretch for band, which seems to be a specific signature of it. The correspond-
weak H-bonds and to the free NH stretch local mode for the limiting ing Cy0 bond is quite weak, significantly weaker than the othgy C
case of strong H-bonds, provides therefore a clear signature of thebond of the molecule. This can be ascribed to a distortion of the
eventual involvement of the NHyroup in the H-bonding. Moreover  helical 3, form into a type II-type | form (Figure S2, Table S1),
the doublet splitting enables us to evaluate the H-bond strength.which seems to be a robust characteristic of these helices as
Such an assignment strategy has already been successfully applieduggested by other theoretical studi€sesent calculations (Table
to provide evidence for the formation gfturns10-13 S1) show that the other;gbond is in general also rather weak in
Using these basic rules, we conclude that the H-bonding patternsthe helix, with a frequency in the 3395 chrange. The slight red-
of the three conformers observed differ by the strength and the shift observed here for the lowest frequency (3374 ¥9ris ascribed
type of the H-bonds: two medium strength H-bonds for Ac-Phe- to an effect of the NH-r interaction (also responsible for the 3429
Ala-Ala-NH; , one strong and one weak for Ac-Ala-Ala-Phe-NH  c¢cm™1 band), made possible by tigauche- Phe orientation, which
and one medium and one very weak for Ac-Ala-Phe-Ala;Nh significantly distorts the ¢ bond and energetically stabilizes the
all cases, the C-terminus Nl involved in the H-bonding. Amore  conformation. Such an effect is reproduced by calculation, which
precise assignment can be proposed, based on a comparison witkhows a slight increase of the red-shift of the lowest-frequency band
the spectroscopy of shorter peptides and DFT (B3LYP/-G(d) for this orientation of the Phe SC (Table S2).
level) geometry optimization of selected conformations and har-  The present work illustrates the intrinsic ability of short peptide
monic frequencies computations (Figure S2, Tables S1 and S2).chains to form helical structures in the gas phase. It also emphasizes
Ac-Phe-Ala-Ala-NH,. The two medium-strength H-bonds, remi-  that 3helix formation does compete with other archetypal
niscent of the @bonds of successiveturns (—y form, G;—Cy) H-bonding patterns, such as-@bbon or mixed structures, whose
in Ac-Ala-Phe-NH? together with the occurrence of a vibrational —energetics can be greatly influenced by a modest interaction such
progression in the UV spectrum, similar to that of tife as an NH-aromatia H-bond. This work finally demonstrates that
conformation of Ac-Phe-NK° suggest that this conformer should gas-phase IRUV double resonance experiments on lased-desorbed,
be assigned to g, —y—y form (Cs—C;—C; pattern). A fair jet-cooled species provides very precise information on the H-
agreement is observed between IR data and computation (Figurebonding pattern, which turns out to be a stringent test for accurate
1, top, Table S2), in particular two doublets are predicted, even if quantum chemistry approaches. It also opens up the route for a
the splitting within each doublet is not reproduced: the near better understanding of the cooperative effects driving th&x3
degeneracy found theoretically for these modes (which leads to ahelix transition in larger peptides.
significant mixing of the corresponding local NH stretch modes)  acknowledgment. We thank Dr. K. Raffael for his constructive
is not observed experimentally. One should note that neither the remarks on the manuscript.
IR spectral features gf—y forms nor those of NH interactions
have been satisfactorily reproduced by calculation thus far in shorter
peptidesi:12The observation of this conformer, which is topologi-
cally very close to one of the patterns anticipated«{C;—C,
Figure S2), is actually due to the occurrence ofsac@formation
of the Phe residue, induced by a stabilizing Nfdinteraction when
the Phe side chain adopts anti (a) orientation (Table S1).
Ac-Ala-Ala-Phe-NH,. The position of the highest-frequency
band (3524 cmt) together with a rather small Ntdloublet splitting
(Figure 1, bottom) is characteristic of @&turn bandi1? This,

Supporting Information Available: Figures S1 and S2, Tables
S1 and S2, Appendix S1. This material is available free of charge via
the Internet at http://pubs.acs.org.
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