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Thea-helix is a common secondary structural element in proteins B
and represents the first level of complexity in the folding process.
One approach to studying the folding preferences of such structures
is to remove them from solution and investigate them in vacuo.
Jarrold—* pioneered the study of gas-phase helices using ion
mobility techniques, discovering that one key to forming stable gas-
phase protonated polyalanine helices is to include a lysine cap at
the C-terminus. The Lys serves two functions: first, it provides
hydrogen-bonding sites for three carbonyls that are not otherwise
engaged; second, the ammonium charge stabilizes the macrodipole, N
which is created by alignment of the amide groups. On the basis I o o e LA B o o i o
of their mobility, protonated polyalanines without Lys or with Lys 37520 37560 37600 37640
in other positions seem to be globular, whereas those with the Wavenumber / cm”'
sequence Ac-(Alg)Lys-H* seem to be helical. Several groups have Figure 1. Ultraviolet photofragmentation spectra of (a) Ac-Phe-(4la)
used spectroscopic techniques in supersonic jet expansions to studyyS™H" @nd (b) Ac-Phe-(AlajyLys-H*. The four labeled transitions give

) ) ise to the IR spectra shown in Figure 2.
secondary structural elements of smaller neutral pepticesijth
a particular emphasis on infrared (IR) spectroscopy to provide transitions, which may represent minor conformers or low-frequency
structural information by comparison to calculated vibrational Vibronic activity.
frequencies. Evidence of aghelical hydrogen-bonding structure We record the IR spectrum of the conformation giving rise to a
in neutral capped tripeptides was recently identifié@thers have ~ Particular transition in the UV spectrum by fixing the UV laser on
studied larger protonated peptides at room temperature usingthat transition while introducing an IR laser 100 ns eadfaNhen

(a)

(b)

Relative fragmentation yield

resonant IRMPD spectroscopy to extract structural informafda. the IR is resonant with a vibrational transition of the ion, a fraction
Here we study the IR spectroscopy in the-N stretch (amide of the population will be removed to vibrationally excited states.
A) region of gas-phase Ac-Phe-(Ald)ys-H* and Ac-Phe-(Ala)- UV excitation out of these states appears to be less efficient than

Lys-H* to determine the spectroscopic features associated with tat out of the ground state, resulting in a depletion in the UV
helical structures. On the basis of the work of Jarrold and photofragmentation signal only when the IR and UV lasers are tuned
co-workers™ we anticipate these molecules to be helical in the to trans_ition; of the same cqnformer. By recording the photof_rag-
gas phase. It is noteworthy that these ions are of a length that ismerfltatlon 5|gne_1:_ aTRa func;tlon of IR wavenumber, we obtain a
biologically relevant, given that the average span of a helix in a conformer-specilic 1 spectrum. . .
protein is about 10 residuéé Figures 2a and 2b show the IR spectra in theHNstretch region
Our experimental apparatus has been described elsewhere. of Ac-Phe-(Alaj-Lys-H" recorded with the UV laser fixed on

. : " transitions A and B in Figure 1a. Vibrations of the ammoniumH\
Briefly, we transfer the protonated peptides to the gas phase using, s are red-shifted below 3200 thand broadened but the

nartloelec(;ros:Trayt/tfrr]om gn a(;:dlc SO||U'[I.OI’] |tn me'fn?n(_)l or mfe_tr:anoli seven amide N'H bands all appear in Figure 2a and 2b. They can
water and coflect thém in a hexapol€ ion trap. The 10ns ot INErest 1o o4 ggjfied into two general groups: those abea380 cnr?!

are releaseq from this trap, Se,IECted in a quadrupole m‘?‘s_s filterthat are narrow, weaker, and characteristic of free or weakly
and steered into a cold 22-pole ion trap, where they are collisionally interacting N-H bonds, and those further to the red that are more
cooled to~10 K and interrogated with an ultraviolet (UV) laser. i iense. broad. and typical of strongly hydrogen-bondedHN

The trap is then emptied, and any UV-induced fragment ions are groups. The similarity of the two spectra in the lower-frequency

selected using a second quadrupole and detected. We record thgegion suggests similar hydrogen-bonding patterns, with differences
photofragmentation signal as a function of UV-laser frequency to gy in the more weakly interacting parts of the molecule.

obtain a UV-excitation spectrum. The peptides were synthesized \ve assigned the vibrations by comparing the experimental
using solid-phase Fmoc chemistry on an Applied Biosystems 433A frequencies to harmonic frequency calculatidra the B3LYP/6-

synthesizer. 31G** level, which were scaled by 0.952. The conformers whose
Figure 1 shows the first 120 crhof the UV photofragmentation  frequencies provide the best match to the experiment,gteeces,
spectra of Ac-Phe-(Alg)Lys-H" and Ac-Phe-(Ala)-Lys-H". with three amide N-H bonds involved in 10-membered hydrogen-
Despite the large size of the ions, the UV spectra still show sharp bonding rings (G, top of Figure 2). Figure 2a and 2b show the
features without significant congestion from Franckondon calculated frequencies as stick spectra. The vibrations are all

activity, a large number conformers, or thermal congestion. Each calculated to be local modes, with the exception of theHN
spectrum is dominated by two intense transitions with several minor vibrations of the fourth and fifth alanines, which are somewhat
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Figure 2. Infrared-ultraviolet double resonance depletion spectra in the
N—H stretch region: (a and b) Ac-Phe-(Ade)ys-H"; (c and d) Ac-Phe-
(Ala)1g-Lys-H". The spectra were recorded with the UV laser fixed on the
transitions labeled correspondingly in Figure 1. The stick spectra in panels
a and b were calculated using B3LYP/6-31G** with a scale factor of 0.952.

The calculated peaks are labeled by the type of interaction and correspond

to the color-coded oscillators and hydrogen-bonding patterns shown
schematically above.

mixed by virtue of being hydrogen-bonded to the same carbonyl.
The conformers associated with the two observed spectra differ
mainly in the orientation of the Phe side chain owing to rotation
about the Phe £-C4 bond. These conformers lie 3 and 7 kJ/mol
above the global minimum, which is a helix with twadand two
C,3rings. However, the minimum-energy structure lacks the intense
IR transition near 3300 cm and thus cannot be responsible for
the experimental spectra. Given the modest level of theory that we
have used, it is not surprising that we do not recover the proper
relative energies of the lowest energy conformers to better than
several kJ/mol.

The power of our IR-UV double resonance technique for even
larger molecules is demonstrated in Figure 2c and 2d, which show
the IR spectra associated with the UV transitions C and D (Figure
1b) of Ac-Phe-(Alaj-Lys-H'. At least 10 of the 12 amide N\H
vibrations are sufficiently resolved to be identified. Comparison

between these spectra and those in Figure 2a and 2b allows us to

assign many of the features. The vibrations bete®380 cm?,
which account for most of the activity in these spectra, are
associated with vibrations ofNH groups in strong hydrogen bonds.

A cluster of intense transitions between 3320 and 3350'cm
appears in Ac-Phe-(AlgyLys-H' but not in Ac-Phe-(Ala)Lys-

H*, which strongly suggests that we assign these transitions to the
internal N—H groups of aru-helix, all of which are in very similar
environments with & hydrogen-bonded rings. As with Ac-Phe-
(Ala)s-Lys-H", there is an intense NH stretch near 3290 cm,
which we again attribute to the second alanine in@a@rangement.
Finally, the amide N-H bonds at the C- and N-termini are weakly
bound or free, giving rise to the vibrational transitions abe@380
cm L,

We have thus identified several characteristics of the IR spectra
of gas-phase helices, in the process demonstrating that high-
resolution spectroscopic techniques are applicable to peptides of
biologically relevant size and result in sharp electronic and
vibrational spectra. Calculations enable us to assign théHN
stretches of Ac-Phe-(AlglLys-H™, providing a foundation to make
inferential assignments for the Ac-Phe-(Alalys-H" IR spectra.

The N—H stretches appear as primarily local-mode oscillators,
meaning that even for molecules of this size, IR spectroscopy can
provide structural information at the level of a single bond. With
this powerful combination of theory and intuition to interpret
spectra, we anticipate extending these techniques to even larger
systems incorporating multiple elements such as the helix-turn-
helix and other functionally important motifs.

Acknowledgment. We are grateful to Catherine Servis and the
University of Lausanne Protein and Peptide Chemistry Facility for
synthesis of the peptides. Funding was provided by tiel&E
Polytechnique Fagrale de Lausanne and the Fonds National Suisse
through Grant No. 200020-112071.

Supporting Information Available: Computational methods,
calculated geometries, and complete ref 18. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) Hudgins, R. R.; Ratner, M. A.; Jarrold, M. B. Am. Chem. Sod.998
120, 12974-12975.

(2) Hudgins, R. R.; Jarrold, M. B. Am. Chem. Sod999 121, 3494-3501.

(3) Kohtani, M.; Jarrold, M. FJ. Am. Chem. So@004 126, 8454-8458.

(4) Jarrold, M. F.Phys. Chem. Chem. Phy2007, 9, 1659-1671.

(5) Gerhards, M. IfPrinciples of Mass Spectrometry Applied to Biomolecules
Laskin, J., Lifshitz, C., Eds.; John Wiley & Sons, Inc: Hoboken, NJ,
2006, p 3-61.

(6) Chin, W.; Piuzzi, F.; Dimicoli, |.;
2006 8, 1033-1048.

(7) Chin, W.; Piuzzi, F.; Dognon, J. P.; Dimicoli, |.; Tardivel, B.; Mons, M.
J. Am. Chem. So005 127, 11900-11901.

(8) de Vries, M. S.; Hobza, PAnnu. Re. Phys. Chem2007, 58, 585-612.

(9) Brenner, V.; Piuzzi, F.; Dimicoli, I.; Tardivel, B.; Mons, M. Phys. Chem.

A 2007, 111, 7347-7354.

(10) Gregowe G.; Gaigeot, M. P.; Marinica, D. C.; Lemaire, J.; Schermann,

P.; Desfrancms @hys. Chem. Chem. Ph)&)O? 9, 3082-3097.

(11) Bakker J. M.; Plutzer, C.; Hunig, I.; Haber, T.; Compagnon, |.;
Helden, G, Meijer, G.; Kleinermanns, IChemphyschel?OO5 6, 120—
128.

(12) Oomens, J.; Polfer, N.; Moore, D. T.; van der Meer, L.; Marshall, A. G.;
Eyler, J. R.; Meijer, G.; von Helden, ®hys. Chem. Chem. Phy2005
7, 1345-1348.

(13) Polfer, N. C.; Oomens, J.; Suhai, S.; PaizsJBAm. Chem. So007,
129 5887-5897.

(14) Branden, C.; Tooze, lhtroduction to Protein Structure2nd ed.; Garland
Publishing, Inc.: New York, 1999.

(15) Boyarkin, O. V.; Mercier, S. R.; Kamariotis, A.; Rizzo, T.RAm. Chem.
Soc.2006 128 2816-2817.

(16) Page, R. H.; Shen, Y. R.; Lee, Y. J. Chem. Phys1988 88, 5362~
5376.

(17) Stearns, J. A.; Mercier, S.; Guidi, M.; Seaiby, C.; Boyarkin, O.; Rizzo,
T. R.J. Am. Chem. So@007, 129 11814-11820.

(18) Gaussian 03revision D.01; Gaussian, Inc.: Pittsburgh, PA, 2004.

JA076507S

Mons, MPhys. Chem. Chem. Phys.

von

J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007 13821



