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We present the spectroscopy and photofragmentation dynamics of two isomeric protonated
dipeptides, H+AlaTyr and H+TyrAla, in a cold ion trap. By a combination of infrared-ultraviolet
double resonance experiments and density functional theory calculations, we establish the
conformations present at low temperature. Interaction of the charge at the N-terminus with the
carbonyl group and the tyrosine �-cloud seems to be critical in stabilizing the low-energy
conformations. H+AlaTyr has the flexibility to allow a stronger interaction between the charge and
the aromatic ring than in H+TyrAla, and this interaction may be responsible for many of the
differences we observe in the former: a significant redshift in the ultraviolet spectrum, a much larger
photofragmentation yield, fewer stable conformations, and the absence of fragmentation in excited
electronic states. © 2007 American Institute of Physics. �DOI: 10.1063/1.2798111�

I. INTRODUCTION

One of the primary goals of spectroscopic studies of
small, gas-phase peptides is to understand the driving forces
for the conformational preferences in proteins, particularly
the formation of secondary structural features such as � or �
turns, or � sheets, often using the aromatic amino acids as
conformational probes. Beginning with the first electronic
spectrum of jet-cooled tryptophan,1 which contains features
from six different stable conformers, the field has blossomed
as infrared-ultraviolet �IR-UV� double resonance techniques
combined with quantum chemical calculations often lead to
unambiguous assignment of the secondary structure. Most of
these studies are carried out in supersonic expansions using
either sample heating or laser desorption to bring neutral
peptides into the gas phase together with detection schemes
based on fluorescence or ionization.2–6 Most peptides are
closed-shell ions in solution, however, and stabilization of
the charge by interaction with various functional groups pro-
vides one of the driving forces for peptide structure. We have
recently developed a method to investigate the structure of
protonated biomolecules, using electrospray ionization to
transfer them into the gas phase before cooling them in a
low-temperature ion trap and interrogating them by photo-
fragment spectroscopy.7–9 IR-UV double resonance spectros-
copy of the protonated aromatic amino acids tyrosine and
phenylalanine, together with density functional theory calcu-
lations, allowed us to establish the stable conformations of
these species present in the gas phase at low temperature.9

All detected conformations of both molecules exhibit strong
interactions between the ammonium group and both the aro-
matic � cloud and the carbonyl oxygen and can be divided
according to the orientation of the carboxylic acid group with
respect to the ring, either in an anti or gauche arrangement.
In the case of protonated tyrosine, the different classes of

conformations exhibit different photodissociation dynamics.
Here we use the foundation of our previous work7,9 on

TyrH+ to study the spectroscopy and photofragmentation dy-
namics of two isomeric N-terminal-protonated dipeptides,
H+AlaTyr and H+TyrAla. Cohen et al.10 measured ultraviolet
spectra of both dipeptides in their neutral form in a super-
sonic expansion, finding electronic spectra similar to that of
neutral tyrosine. The number of conformers of neutral AlaTyr
and TyrAla and their structures were not established beyond
classification into anti and gauche forms,10 although the gas-
phase structures of other comparable Phe- and Trp-
containing natural and model dipeptides have been more
fully determined.2–4,11–14 Peptide structures are characterized
by the hydrogen bonding interactions among the backbone
amide groups, with the simplest being the C5 interaction—a
weak hydrogen bond between an amide NH and the carbonyl
oxygen on the same amino acid. A stronger interaction oc-
curs when the amide NH hydrogen bonds to the carbonyl
oxygen on the previous amino acid, forming a seven-
membered ring �C7�. The C5 and C7 interactions account for
the structure observed in neutral dipeptides and dipeptide
mimics, including those based on Phe �Ref. 4 and 11–14� and
Trp.2,3 In the protonated dipeptides, charge interactions will
provide additional driving forces that may alter the confor-
mational landscape and the photofragmentation dynamics. To
more fully understand the role of charge, we use a combina-
tion of infrared-ultraviolet double resonance spectroscopy
and density functional theory calculations to investigate the
preferred structural motifs of gas-phase H+AlaTyr and
H+TyrAla.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The experimental apparatus used in these experiments
has been described previously.7,9 Protonated AlaTyr and
TyrAla �Bachem, Inc.� are generated by a nanoelectrospray
source from a typical solution concentration of 2�10−4M ina�Electronic mail: jaime.stearns@epfl.ch
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50:50 methanol:water with 0.2% acetic acid and collected in
a hexapole ion trap. After �41 ms, the ions are released
from the hexapole, passed through a quadrupole mass filter,
and guided into a 22-pole ion trap that is maintained at 6 K,
where they are cooled by collisions with helium. After being
interrogated by the lasers, the cold ions are released from the
trap and passed through a second quadrupole mass filter to
detect photoinduced fragments.

We measure three kinds of spectra in these experiments.
In the first type, we record ultraviolet photofragmentation
excitation spectra by monitoring the fragment at a particular
m /z as a function of the UV laser frequency. This provides
an electronic spectrum of the cold parent molecules that con-
tains features from the stable conformations populated at the
temperature of our cold trap. In a second type of experiment,
we measure fragmentation mass spectra by selecting an ul-
traviolet transition and tuning the second quadrupole across
the fragment mass range, providing information on the
photofragmentation efficiency into various channels. In a
third type of experiment, we record conformation-specific
infrared spectra. In this case, we set the UV laser on a feature
of the electronic spectrum associated with a particular con-
formation and introduce an infrared laser �100 ns earlier.
When the IR laser is resonant with a vibrational transition in
the ion, population is removed from the ground state of that
conformation. If the IR and UV lasers are probing the same
conformation and if the vibrationally excited molecules ab-
sorb the UV less efficiently, the reduced ground state popu-
lation results in a depletion in the UV photofragment signal.
We record the spectrum by monitoring the difference in the
photofragment signal with the IR laser on or off as a function
of the IR frequency. We use the IR spectra as a fingerprint to
associate each peak in the UV spectra with a particular con-
former. All spectra are normalized for parent ion signal and
for laser pulse energy, typical values of which are 5 mJ in the
UV and 10 mJ in the IR.

We assumed the dipeptides to be protonated at the N
terminus and used the conformational search algorithm in
MACROMODEL �Ref. 15� with the AMBER force field16 to find
the low-energy conformations. We then carried out reoptimi-
zation and harmonic frequency analysis on the lowest-energy
structures from this search using density functional theory in
GAUSSIAN 03 �Ref. 17� at the B3LYP/6-31+ +G** level. We
chose a scale factor of 0.954 for all harmonic frequencies,

which gives good agreement with the measured frequencies
in our previous work on the protonated aromatic amino
acids.9 The relative energies we report here for the dipeptides
include zero-point energy corrections based on the unscaled
harmonic frequencies.

III. RESULTS AND DISCUSSION

A. H+TyrAla

Figure 1 shows the ultraviolet photofragmentation spec-
trum of H+TyrAla �m /z 253�, recorded via the two primary
fragmentation channels, m /z 136 �Fig. 1�a�� and m /z 146
�Fig. 1�b��. The fragment with m /z 136 is the protonated
imine NH2

+=CH–CH2–Ph–OH, which results from cleav-
age of the C�–Camide bond, part of a common reaction
mechanism in collision-induced dissociation �CID� of dipep-
tides known as the a1-y1 pathway.18 The fragment at m /z 146
results from loss of the tyrosine side chain radical, a reaction
that we attributed to dissociation on an excited electronic
state in TyrH+.9 The lowest energy transition, which occurs
at 35 174.8 cm−1, has approximately the same intensity in
each spectrum, corresponding to fragmentation of �1% of
the parent ion population. The largest peak in the spectrum of
Fig. 1�a�, which occurs at 35 223.2 cm−1, shows significantly
different behavior, giving rise to a fragmentation signal
nearly 5% of the parent when measured at the m /z 136 sig-
nal, but only 0.2% when measured at m /z 146. The different
fragmentation patterns of these two transitions are confirmed
by their fragmentation mass spectra, shown in Fig. 2. This
strongly suggests that the two transitions are the band origins
of different conformers, which we label A and B. Although
the conformer A origin appears less intense than that of con-
former B in Fig. 1, the total fragmentation yield is similar for
the two conformers once we take into account the different
fragmentation patterns. The difference in energy between
these two band origins is 48 cm−1, which is similar to the
30 cm−1 splitting observed between those of the anti and
gauche conformers of TyrH+.9

Figure 3 shows the NH stretch region of the IR spectra
recorded with the UV laser set to the presumed electronic
band origins of conformers A and B. Each spectrum exhibits
two NH stretch peaks in the region between 3350 and
3400 cm−1, which are assigned to free NH stretches. The two
peaks are split by 22 cm−1 in conformer A and 14 cm−1 in

FIG. 1. �Color online� Ultraviolet photofragmentation
spectra of H+TyrAla recorded by fragmentation into �a�
mass channel 136 and �b� mass channel 146. The tran-
sitions are labeled by conformation, as determined by
infrared-ultraviolet double resonance spectroscopy. The
same transitions are present with different intensities in
both spectra, but are only labeled in one for clarity. The
mass of the parent molecule is 253 amu.
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conformer B, and the set of peaks in conformer B is blue-
shifted from that of conformer A by about 15 cm−1. The
broad peaks in the lower frequency region of
3100–3200 cm−1 are assigned to the ammonium NH
stretches involved in hydrogen bonds,9 and again A and B
show differences in this region. These spectra confirm that A
and B are different conformers.

The lowest-energy calculated structures of H+TyrAla are
all characterized by three hydrogen bonding interactions: an
NH¯� hydrogen bond between the ammonium group and
the aromatic ring and NH¯OvC C5 interactions on both
the ammonium group and the neutral amide NH group �Fig.
4, top row�. We designate these four structures as belonging
to conformer family I. Within this family, there are two pos-
sible rotations about the tyrosinyl C�–C� bond �the �1 dihe-
dral angle� such that the COOH group is anti or gauche to
the ring and two orientations of the phenolic oxygen lone
pair of electrons with respect to the ammonium group �syn or
anti�. The orientation of the phenolic oxygen has little effect
on the conformer energy �0.1 kJ/mol�, while the anti back-
bone conformations are stabilized 4 kJ/mol relative to the
gauche conformers.

The other calculated conformers can be similarly sorted
into families of hydrogen bonding patterns �Fig. 4, families

II–IV�. The ammonium group in family II has the C5 inter-
action and �-hydrogen bond, but the amide NH is free from
any H bonding. The carboxylic acid CvO points into the
tyrosine C� hydrogens, providing a stabilizing interaction in-
dicated by the calculated carbonyl stretch frequency, which
is 40 cm−1 lower than that of a free carbonyl and 10 cm−1

higher than that of a carbonyl in a C5 interaction. The lowest-
energy member of this family is 5.5 kJ/mol above the global
minimum. The next family �III�, 11.7 kJ/mol higher in en-
ergy, is characterized by the absence of an NH3¯� hydro-
gen bond, with an amide NH¯� hydrogen bond in its place.
Finally, there are structures of 18.4 kJ/mol and higher which
do not exhibit extended backbone structures but which form
eight-membered hydrogen bonded rings �family IV�. This C8

ring is formed by the hydrogen bond between the NH group
of one amino acid and the carbonyl of the next amino acid,
whereas the C7 ring observed2,4 in the neutral peptides con-
nects an amide NH with the carbonyl of the previous amino
acid. The C7 ring is thus found in dipeptide mimics that are
capped at both ends or in larger molecules �e.g., tripeptides�,
but not in uncapped dipeptides.

Figure 3 shows the calculated infrared spectra of the
lowest-energy conformer of each family in comparison with
the experimental spectra of conformers A and B. It is clear
that family I accounts best for the experimental spectra. We
can assign conformers A and B more precisely by compari-
son with the calculated spectra of the four conformers in
family I, as shown in Fig. 5. The 15 cm−1 difference between
the free NH stretches of A and B is reflected in the calculated
spectra as the difference between the anti and gauche back-
bone orientations, allowing us to assign conformer A to an
anti structure and conformer B to the slightly higher energy
gauche conformer.

Based on the calculations and our previous experience
with TyrH+,9 we expect to find two additional conformers

FIG. 2. Fragmentation mass spectra of H+TyrAla recorded at �a�
35 174.8 cm−1 and �b� 35 223.2 cm−1, with the major fragment peaks la-
beled. The parent mass is 253 amu.

FIG. 3. �Color online� Infrared spectra of the NH stretch region of
H+TyrAla, recorded with the UV laser set to 35 174.8 and 35 223.2 cm−1,
together with calculated spectra of four conformational families.

FIG. 4. �Color online� Structures and zero-point-corrected energies in kJ/
mol of H+TyrAla calculated at the B3LYP/6-31+ +G** level of theory. The
four lowest energy structures �family I� are all characterized by a C5 inter-
action and a �-hydrogen bond of the ammonium group and a C5 interaction
of the amide NH. The structures are named according to the orientation of
the COOH with respect to the ring �anti or gauche� and the location of the
phenol oxygen lone pair with respect to the ammonium group �anti or syn�.
Three representative structures of higher energy families �II–IV� are also
shown.

154322-3 IR and UV spectra of protonated dipeptides J. Chem. Phys. 127, 154322 �2007�
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with the same structures as A and B but the opposite phenol
OH orientation. We found the band origin of a third con-
former �C�, which is the largest peak in Fig. 1�b�, at
35 277.2 cm−1, or 102 cm−1 above the band origin of con-
former A. The IR spectrum of C �Fig. 5� differs from that of
A primarily in the free ammonium NH stretch, which ap-
pears reproducibly one wave number lower in A than in C.
The calculations predict a slightly larger splitting in the free
NH peaks for the anti/anti conformer �22 cm−1� as compared
to the anti/syn conformer �21 cm−1�, but this difference is too
small to allow a definitive assignment. The origin of the
fourth conformer �D� is located at 35 317.1 cm−1, 94 cm−1

above the B origin. Again the IR spectra of these two con-
formers differ in the free NH stretch region, with a 14 cm−1

splitting for B and a 10 cm−1 splitting for D. The splittings
are calculated to be 12 cm−1 in the gauche/syn conformer
and 10 cm−1 in the gauche/anti conformer.

One NH stretch does not appear in Fig. 5—that of the
ammonium NH which is in a C5 arrangement with the amide
carbonyl. In TyrH+ this vibration is coupled to the
�-hydrogen-bonded NH stretch, appearing as symmetric and
antisymmetric combinations of the two vibrations.9 In
H+TyrAla, however, the C5 interaction is much stronger, evi-
denced by the decoupling of the NH¯OvC and NH¯�
stretches. Our calculations predict the local mode
�-hydrogen-bonded NH stretch to be between 3100 and
3200 cm−1 and the C5 NH stretch to be around 2950 cm−1 in
the anti conformers and 2800 cm−1 in the gauche conform-
ers. The physical origin of the stronger C5 interaction is the
better alignment of the NH and CvO groups as measured
by the dihedral angle between them, which is calculated to
be 10° in TyrH+ but just 3° �7°� in the gauche �anti� con-
formers of H+TyrAla. We scanned the region below

3000 cm−1 using all four band origins but saw no depletion.
We speculate that these vibrational bands are broadened con-
siderably, making them difficult to detect.

The conformers we observe in H+TyrAla are analogous
to those observed9 in TyrH+ and both systems exhibit
excited-state fragmentation involving loss of the side chain
radical. The excited-state dissociation was much more
prominent in TyrH+, where it accounted for nearly all the
products observed, although more so in the anti conformers
than in the gauche. In the H+TyrAla anti conformers,
excited-state dissociation accounts for one-third of the pho-
tofragments, while in the gauche conformers it is at most
2%. The mechanism of excited-state fragmentation is not
clear, even in TyrH+, but it likely originates from the cou-
pling between the bright ��* state and a dark ��* state that
is repulsive along the ammonium N–H stretch coordinates
and can lead to loss of hydrogen or the transfer of a proton or
hydrogen atom within the molecule.19,20 Fission of the
C�–C� bond may occur subsequent to this initial excited-
state dissociation or transfer event. Our fragmentation data
suggest that the anti conformers possess stronger coupling
between the ��* and ��* states and/or lower barriers to the
excited-state dissociation processes.

B. H+AlaTyr

Figure 6 shows the ultraviolet photofragmentation spec-
trum of H+AlaTyr. The electronic band origin, which appears
at 34 525.2 cm−1, is shifted 650 cm−1 to the red of the lowest
energy band origin of H+TyrAla, indicating a relative stabi-
lization of the excited state. One source of stabilization is the
stronger interaction between the NH3

+ and the � system of
the phenol side chain in H+AlaTyr. Because the charge is

FIG. 5. �Color online� Infrared spectra of the four band origins of H+TyrAla, located at 35 174.8 cm−1 �A�, 35 223.2 cm−1 �B�, 35 277.2 cm−1 �C�, and
35 317.1 cm−1 �D�. The calculated stick spectra are shown for the four conformers of family I, showing conformers A and C to be anti conformers and B and
D to be gauche conformers. The right panel shows the free NH stretch region expanded. Conformer D is distinguished from conformer B by the smaller
splitting of the free NH stretches, while the free ammonium NH stretch of conformer A is slightly but reproducibly lower in frequency than that of conformer
C. The dashed lines are through the center of the peaks of conformers A and B to highlight the differences. The assignment of the absolute orientation of the
phenolic OH group is uncertain, given the small differences in the spectra.
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now separated from the aromatic ring by six bonds �as op-
posed to three in H+TyrAla�, it can get much closer to the �
cloud and thus interact more strongly.

The fragmentation yield in Fig. 6 is nearly 20%, consid-
erably higher than that observed for H+TyrAla or the proto-
nated aromatic amino acids, which was only a few percent.9

One reason for this apparently higher yield is the fragmenta-
tion pattern of H+AlaTyr, shown in Fig. 7. Most of the frag-
mentation occurs into a single mass channel, m /z 182, which
corresponds to the mass of protonated tyrosine. This frag-
ment results from the a1-y1 dissociation pathway, which is
commonly observed in the CID of dipeptides.18 The first
three vibronic bands in the UV spectrum all exhibit the same
fragmentation mass spectrum as the origin. Unlike H+TyrAla
and the protonated aromatic amino acids,9 there is no indica-
tion of excited-state fragmentation of H+AlaTyr, which
would be evidenced by breakage of the tyrosinyl C�–C�

bond to give fragments at m /z 107 and/or 146. The proxim-
ity of the ammonium group to the aromatic ring in H+AlaTyr
may alter the relationship between the ��* and ��* states
such that internal conversion dominates.

Our density functional theory calculations predict the ex-
istence of several low-energy families of conformations that
give rise to unique infrared spectra. The global minimum
�Fig. 8, family I� has a strong interaction between the ammo-
nium group and the phenol � cloud in addition to the C5

interactions of the ammonium and amide NH bonds with the
carbonyls. In H+TyrAla the corresponding conformer was
accompanied by a gauche structure of similar energy, but in
H+AlaTyr the gauche structure has the ammonium group po-
sitioned remotely from the ring with the loss of the favorable
hydrogen bonding interaction �Fig. 8, family III�. Surpris-

ingly, family III is only 1.7 kJ/mol higher in energy than
family I, whereas the energy difference for the seemingly
more similar anti and gauche structures of H+TyrAla is
4 kJ/mol �Fig. 4�. Families II–IV are similar in that they all
lack the NH3¯� interaction but have an amide NH¯�
interaction instead, much like family III of H+TyrAla. Fami-
lies II and IV of H+AlaTyr have the same hydrogen bonding
structure, but the COOH group is gauche to the ring in fam-
ily II and anti in family IV. Because this gives rise to a
difference in the IR spectrum, both structures are considered
separately here. Finally, family V exhibits an eight-member
hydrogen-bonded ring between the N terminus and C termi-
nus of the dipeptide and is much higher in energy
�11.5 kJ/mol�, although not as high as the corresponding
family IV of H+TyrAla. The calculated IR spectrum of each
of these conformer families is shown in Fig. 9 along with the
experimental spectrum recorded with the UV excitation at
the H+AlaTyr origin.

The stick spectrum of family I is the only reasonable
match to the experimental spectrum, predicting two bands in

FIG. 6. Ultraviolet photofragmentation spectrum of H+AlaTyr, recorded us-
ing the fragment at m /z 182.

FIG. 7. Fragmentation mass spectrum of H+AlaTyr, recorded at the elec-
tronic origin at 34 525.2 cm−1. The parent ion mass is 253 amu.

FIG. 8. �Color online� Families of H+AlaTyr structures calculated using
B3LYP/6-31+ +G**. Energies are given in kJ/mol and are zero-point
corrected.

FIG. 9. �Color online� Infrared-ultraviolet depletion spectrum of H+AlaTyr
recorded at the electronic origin at 34 525.2 cm−1, with the peaks assigned
by comparison to the calculated spectra of five conformer families.
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the 3300–3400 cm−1 region arising from the free ammonium
NH and amide NH stretches and two strong bands below
3100 cm−1 from the symmetric and antisymmetric combina-
tions of the �-hydrogen-bonded and C5 ammonium NH
stretches. This calculated spectrum is not unique, however,
as there are three conformers in family I in addition to that
shown in Fig. 8, which differ in the orientation of the phe-
nolic OH or COOH groups but have indistinguishable spec-
tra. These rotational isomers are unlikely to exist in our ex-
periment because they are all calculated to be more than
6 kJ/mol higher in energy than the conformer shown in Fig.
8. This energy difference, which is only 0.1 kJ/mol in the
corresponding conformers of H+TyrAla, arises from the fact
that the ammonium group resides on one side of the aromatic
ring, so a more favorable interaction is achieved when the
phenolic lone pair points to that same side.

We used the IR-UV double resonance techniques to
search for other conformers, but the IR spectra associated
with all the UV peaks we examined were the same. We also
performed the complementary hole-burning experiments in
which the IR wave number was fixed on a particular transi-
tion while the UV frequency was scanned and found that IR
transitions at 3095, 3349, and 3418 cm−1 deplete every UV
peak, indicating that they are associated with a single con-
former or with conformers that have the same IR spectrum.
The evidence from the IR spectra, together with the relative
energetics of the conformers of family I, suggests that there
is only a single conformer responsible for the UV spectrum
of Fig. 6. The concentration of the population into a single
conformer is consistent with the large fragmentation yield
relative to the aromatic amino acids and H+TyrAla, in which
the population is spread over several conformers. This high
yield is thus a consequence of a single conformer that frag-
ments into a single significant mass channel, in addition to
the possibility of an inherently stronger absorption. The pres-
ence of a single conformation is somewhat surprising given
the low energies of families II–IV, but this is likely a conse-
quence of the level of theory used, and perhaps an overesti-
mation of the energy of family I.

IV. CONCLUSIONS

IR-UV double resonance spectra of the cold, protonated
dipeptides H+TyrAla and H+AlaTyr reveal hydrogen bond-
ing patterns that allow us to distinguish between calculated
families of low-energy structures. The conformations of both
dipeptides exhibit an extended backbone motif similar to that
observed in the protonated aromatic amino acids,9 with C5

and �-hydrogen-bonding interactions stabilizing the charge
on the ammonium group. This interaction is weaker in
H+TyrAla because of the smaller number of bonds from the
charged ammonium to the phenol ring, allowing the possi-
bility to adopt four stable conformers of the same general
family. In H+AlaTyr, the increased number of bonds between
the charge and the aromatic ring allows for a closer contact
and hence stronger interaction, seemingly stabilizing a single
conformer compared to other possibilities.

These results verify the importance of the charged group
in driving the conformational preferences in small peptides.

When placed in solution, the interaction between the ammo-
nium and other groups on the molecule will compete with
solvation of the charge by water, and the subtle interplay
between these forces will determine the solution-phase con-
formation. This competition can equally be probed in the gas
phase by performing spectroscopic studies of hydrated clus-
ters of protonated biomolecules.8,21 Finally, the strong inter-
action between the charged N terminus and the aromatic ring
facilitated by the flexibility in H+AlaTyr may play an impor-
tant role in the photodissociation dynamics, as it is likely to
shift the relative positions of ��* and ��* states.20
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