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Proton transfer and protonation are ubiquitous in biological B
systems and are well-known to be a dominant factor in determining W
structure, property, and functidnFor amino acids and small
peptides, based on the proton affinities of various possible sites, ' 50%GGGHO1+50%GGGH02
protonation is generally presumed to occur at the amine nitrogen
of the N-terminus or a nitrogen of a basic side chain. Nevertheless,
there is some continuing speculation that an amide oxygen may
serve as the protonation site as the size of the peptide increases.
Direct experimental evidence to support this conjecture is still T — T
lacking, however. Thus, it is fundamentally very important to
understand the protonation site and the structure of peptides in the N ] | |‘ |
gas phasé. 1200 1400 1600 1800

Here, the protonation sites and structures of protonated GlyG- wavenumber (o)

lyGly and AlaAlaAla have been investigated using infrared multiple  Figure 1. IRMPD spectrum of GlyGlyGlyH and calculated spectra of
photon dissociation (IRMPD) spectroscopy, which is a very the two most stable isomers (GGGHO01, GGGHO02) and a simulated mixture.
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powerful technique to elucidate clearly the structures of gas-phase p

ions in combination with electronic structure calculatiéisxperi- . 9..--'*."

ments have been carried out using the Free Electron Laser (FEL) I 9 ‘L B -

facility, CLIO, in Orsay, France, coupled to an electrospray /"-(' ° 9 / o '{ .‘.\‘ s
ionization-ion trap mass spectrometer (Bruker Esquire3Q80'he @ L T e ¥

IRMPD spectrum of GlyGlyGlyH is shown in Figure 1. The 214 p (-, 1 Y
dominant fragment appears &tz 115 (i.e., a b2 ion), consistent GGGHO1 GGGHO2

with previous observatiorfsBoth y2 (wz 133) and y1 i{Vz 76) Figure 2. The structures of the two most stable isomers of GlyGlyGiyH

ions also appear; however, their intensities are markedly weakerobtained at the B3LYP/6-31G(d,p) level of theory.
than that of the b2 ion. The formation of a y1 ion is due to the
cleavage of the same amide bond as in formation of the b2 ion.
The much stronger b2 peak can be attributed to a proton transfer

thermal equilibrium. According to the lowest threshold energy of BALYPI6-311+G(d,p) M"é‘éﬁ"@@ﬁéﬁi&%ﬁ‘bﬁm”
54.5 kcal mot? to fragment the parent iohat least 11 photons of

Table 1. Relative Calculated Enthalpy and Entropy Changes (298
K) for the Different Isomers of GlyGlyGlyH™

. - ! AAH AAS AAHjgg? AAGgg?
1745 cnr? corresponding to the carbonyl stretching are required (keal méfi) (calmol K  (keal mifffl) (keal mijsfl)
i i h rent ion.
to ds_soc a_tet e parent io GGGHOL o o 0 0
To identify the structure, the calculated spectra of the two most  s5cHo2 33 19 11 05
stable isomers are also included. The corresponding structures are GGGH03 3.7 4.7 2.7 1.3
shown in Figures 2 and S1, and relative energies are summarized GGGHO04 2.9 3.1 3.2 2.3

in Table 1. The calculated spectra have been determined at B3LYP/ 2 7PE and th | ion at 298 K obtained at BILYP/6
_ 8 H P an ermal energy correction a obtained al -

6 31_1+G(d_,p), scaling a factor of 0.995._The calculate_d frequt_ancn?s 311+G(d,p).? AH is from the Single point energy, anBis from B3LYP/

and intensities were convoluted assuming a Lorentzian profile with -311+G(d,p).

a 25 cnt! full-width at half-maximum.

GGGHO,l’ in \.NhiCh the proton is bound to Fhe amide oxygen at of GGGHO?2 is still 0.5 kcal moi* lower than that of GGGHOL1.
the N-terminus, is found to be the most stable isomer at the B3LYP/ However, GGGHO1 has been reported to be 1.2 kcal fmlore

6-311+G(d,p) level of theory. Formation of this structure is . 2b .
promoted by the additional strong hydrogen bond to the second S‘?b'e than GGGHO2 using 33LYP/6-33%G(d,p). The compu
tational results are thus ambiguous, and some doubt remains as to

amide oxygen with a short contact of only 1.42 A. The cyclic S . o .
structure, GGGHO2, in which a proton is bound to the N-terminal which isomer exists and at which site protonation occurs. Another

nitrogen, with formation of two intramolecular hydrogen bonds to isomer, GGGHO3, also involves protonation at the amine terminus,
the adjacent amide oxygen and the carbonyl oxygen of the Putwithout hydrogen bond induced cyclization. However, GGGHO3
C-terminus, is 3.3 kcal mot higher in energy than that of GGGHO1 ~ is 2.7 kcal mof* higher in energy than GGGHO1. Proton transfer
at the B3LYP/6-314G(d,p) level of theory. However, at the MP2-  from the amino group in GGGHO3 to the adjacent amide oxygen
(full)/6-311++G(2d,2p)// B3LYP /6-313G(d,p) level, it is more gives rise to a new isomer, GGGHO04, which is 0.5 kcal Thégss
stable than GGGHO1. With entropy considerations, the free energy stable than GGGHO03.

11312 = J. AM. CHEM. SOC. 2007, 129,11312—-11313 10.1021/ja0734492 CCC: $37.00 © 2007 American Chemical Society
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Figure 3. IRMPD spectrum of AlaAlaAlaH and calculated spectra of
the two most stable isomers (AAAHO1 and AAAHO02).

An examination of the experimental IRMPD spectrum leads to
the conclusion that the bands may be best assigned based on
combination of the calculated spectra of GGGHO1 and GGGHO02,
as shown in Figure 1. The bands at 1108 and 1166'@re best
assigned as the bending vibration of the hydrogen-bonded OH of
the amide group and the free OH of the carboxyl group. The broad
band from 1410 to 1480 cnis related to the Ckland NH, rocking
and scissors modes. Each £group has a somewhat different
environment, resulting in the broad band. The amide Il mode
appears at 1589 cry, which matches very well with the calculated
NH bending and CN stretching vibration of 1585 cmfor
GGGHOL1. The band at 1550 cfcannot be assigned to GGGHO1;
however, it corresponds very well with the amide Il mode of
GGGHO02. Compared to this band in GGGHO02, the frequency for
that in GGGHO1 is blue shifted about 40 ch This is also
consistent with the difference of the calculated values due to the
different protonation sites and structures. The amide Il mode of
GGGHO02 is similar to that in protonated GlyGly-1540 cnt?),
in which the protonation site is at the amine nitrogen.

The bands between 1650 and 1850 ¢rare usually due to the
carbonyl stretching vibrations, called the amide | modes, which
are the most important modes to identify the conformation of

T
1200

isomers are shown in Figure S2, and the relative energies are
summarized in Table S1. Only isomersiefrialanine have been
considered here. The energy order for the different isomers of
protonated trialanine is similar to that for protonated triglycine.

As found for GGGH, the experimental IRMPD spectrum of
AAAH ™ may be assigned to a mixture of AAAHO1 and AAAHO02.
Compared with the corresponding bands of GGGHO01, those in
AAAHO1 are red shifted by 1820 cnt?, which is consistent with
the structural variations expected for the substitution of hydrogens
by methyl groups. The strong bands at 1687 and 17986 din
very well with the simulated bands of the amide | modes of
AAAHO1 at 1683 and 1794 cni, with the exception that the
intensity order is reversed. The strongest band at 1742 grin
yery good agreement with the overlap of the three carbonyl
stretching vibrations of AAAHO2. According to the experimental
intensities, it appears that the population of AAAHO2 is somewhat
greater than that of AAAHOL. Although direct deduction of the
relative amounts of species from the experimental intensities is
problematics®1%from the calculated energies, presuming a Boltz-
mann distribution of possible isomers, the amounts of AAAHO1,
AAAHO02, AAAHO03, and AAAHO4 are 37, 61~1, and ~1%,
respectively, as shown in Table S1.

In conclusion, the experimental IRMPD spectra of GGGid
AAAH " indicate clearly that two main isomers coexist under the
experimental conditions. The first is a linear structure, and the other
is cyclic due to hydrogen bonding. For the first time, IR spectra
provide direct evidence that an amide oxygen may serve as the
protonation site for peptides in the gas phase.
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peptides. In the experimental spectrum, the bands at 1703 andBesson, D. Scuderi, J. M. Bakker, and J. M. Ortega.

1803 cntt are due to the two carbonyl stretching vibrations in the
amide and carboxyl groups of GGGHO1, respectively. The band at
1745 cntt cannot be assigned to any band of GGGHO1; however,
it matches very well with the amide | mode of GGGHO02. The three
corresponding calculated modes closely overlap around 1745 cm
According to the calculated structure, the three@bond lengths

are very similar at 1.23 A for the amide carbonyl in the N-terminus
(1730 cnl), 1.22 A for the carboxyl group (1744 c¥), and
1.21 A for the internal amide carbonyl (1764 th However, for
GGGHO1, the two carbonyl groups are markedly different due to
the proton being bound to one of the amide oxygens and the
formation of a linear structure. The corresponding=@ bond

lengths are 1.20 and 1.25 A in the carboxyl and amide groups (1805

and 1704 cm?), respectively. These two bands of GGGHOL1 fit
very well with the corresponding bands in the experimental IRMPD
spectrum.

Both GGGHO03 and GGGHO04 have higher energies than those
of GGGHO1 and GGGHO02 using the two different calculation
methods. In addition, it is clear that the experimental spectrum is
different from their calculated spectra. According to the experi-

mental and computational results, both GGGHO01 and GGGHO02 thus
exist as major species under the experimental conditions. However,

minor amounts of other isomers cannot be completely excluded.
Therefore, the present work constitutes the first experimental
confirmation of the existence of a protonated peptide in which the
proton is bound to the amide oxygen.

The IRMPD spectrum of AlaAlaAlaH is shown in Figure 3,

together with the calculated spectra. The structures of the different

Supporting Information Available: Table S1, Figure S1 and S2,
and the complete refs-3% and 8. This material is available free of
charge via the Internet at http://pubs.acs.org.
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