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a b s t r a c t

Phenylalanine analogs were subjected to hydrogen/deuterium exchange (HDX) in both solution and the
gas phase, and gas-phase infrared multiple photon dissociation spectra were obtained for each of the
species. For sodium cation-attached N-acetylphenylalanine, gas-phase HDX took place at only one site.
Comparison of spectra from both undeuterated and singly deuterated sodiated N-acetylphenylalanine
showed band shifts for normal modes that involved mainly vibrations of the O–H group, indicating
that gas-phase exchange occurs at the COOH hydrogen and not at the NH hydrogen. Conversely, HDX
in solution did result in exchange of the NH hydrogen, even for the protected species O-methyl N-
acetylphenylalanine and N-acetylphenylalanine O-methylglycine. Rate coefficients for gas-phase H/D
RMPD
b initio
ydrogen–deuterium exchange
henylalanine

exchange were measured for the single deuteration of sodiated N-acetylphenylalanine and all three
deuterations of protonated N-acetylphenylalanine, and found to be in the range (1.5–3.6) × 10−11 cm3/s.

Density functional theory calculations predicted that the phenylalanine analogs, although of different
size, have relatively similar structural features. These calculations showed that Na+ interacts with the
phenyl ring and all available carbonyl oxygens, thus essentially locking the structures into one basic
conformation. This behavior is quite distinct from other amino acids which are more flexible, and where
gas-phase exchange also occurs at the amine (NH) group.
. Introduction

Hydrogen deuterium exchange (HDX) is a method in which par-
icularly labile hydrogen atoms are substituted with deuterium
toms in a molecule or ion of interest [1–8]. H/D exchange has been
sed in solution-phase studies to obtain structural information
or large biomolecules using both mass spectrometric [5,8,9] and
uclear magnetic resonance (NMR) [10] techniques. H/D exchange
tudies have also been conducted in the gas phase and early
ass spectrometric work from Beauchamp et al. probed the pro-

on affinity and exchange rates of labile hydrogen atoms [11],
hile ion–molecule reactions involving H/D exchange have also

een followed in mass spectrometry experiments [12]. Utilizing

he technique of infrared multiple photon dissociation (IRMPD)
13–18], infrared spectra of gas-phase deuterated ions can be
btained, and these have recently been used to obtain structural
nformation for small ions [19–27] and biologically relevant ions
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[28–30], occasionally observing the spectral shifts that occur in the
infrared spectra due to deuteration [31].

H/D exchange experiments can provide a great deal of structural
information, especially when coupled with mass spectrometric
and/or infrared spectral techniques. Substitution of hydrogen by
deuterium has primarily been used to obtain information on the
tertiary structure of proteins [9], but can also provide primary struc-
tural information for smaller species such as the phenylalanine
analogs studied in this work. In the case of amino acids, exchange
is seen for hydrogen atoms bound to the Lewis base oxygen and
nitrogen atoms [32].

Phenylalanine (Phe), one of the essential amino acids, has
been studied extensively both in solution and in the gas phase
[30,33–39]. Recent work has shown that Phe behaves differently
in each phase, in part due to structural differences of the molecule
in the two phases [40]. The binding of alkali metals to Phe in the
gas phase has been especially well characterized [35–37]. How-

ever, much less is known of the effect that protecting groups or
modifications to the amino acid have on the phenylalanine struc-
ture. Recent work by Dunbar and co-workers [30] showed that
when the backbone is extended, e.g., by forming a dipeptide, an
attached alkali cation has a higher possibility of forming a chelating

dx.doi.org/10.1016/j.ijms.2010.08.019
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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ig. 1. Phenylalanine structure with exchangeable hydrogens indicated by asterisks.

omplex. The sodium cation tends to interact with electronegative
ites on the extended chain, subject to steric hindrance constraints.
or sodiated PheAla and AlaPhe, the most energetically favorable
tructures involve a sodium cation–� interaction with the phenyl
ing. The phenylalanine moiety tends to pucker to allow the alkali
etal to interact with both the phenyl ring and the lone-pair elec-

rons on the oxygen or nitrogen atoms. To further investigate the
ffect that modification of phenylalanine has on the chelating com-
lexes, in the work reported here phenylalanine analogs bound to
sodium cation were studied in the gas phase after either solution-
r gas-phase HDX.

In this work a sodium cation was attached to each pheny-
alanine analog in solution, and the resulting charged complexes

ere desolvated during the electrospray ionization process [41–43]
o produce isolated ions. Infrared multiple photon dissociation
pectra of the Phe analogs cationized by sodium then provided
tructural information, when combined with theoretical calcula-
ions. Density functional theory (DFT) [44–46] calculations were
sed to predict the lowest energy structures of each analog.

Neutral Phe has three potential hydrogen atoms which can
ndergo H/D exchange (Fig. 1). Limiting the deuteration sites to
ne or two positions, by the addition of protecting groups, allows
bserved spectral shifts to be clearly defined and simplifies band
ssignment and subsequent structure elucidation. The analogs of
he studied in this work had protecting groups on all but one or two
f the possible exchange sites. The analogs, N-acetylphenylalanine
AcPhe), O-methyl N-acetylphenylalanine (AcPheOMe) and N-
cetylphenylalanine O-methylglycine (AcPheGlyOMe) are shown
n Fig. 2. AcPhe has two exchangeable hydrogen atoms (in the COOH
nd NH groups), AcPheOMe has one, and AcPheGlyOMe has two.

. Materials and methods

.1. Sample preparation

Phe analogs were synthesized from a commercial sample of l-
henylalanine (Sigma–Aldrich Co.) at the Proteomics Division of the

nterdisciplinary Center for Biotechnology Research at the Univer-
ity of Florida. Stock solutions were made by dissolving 0.01 g/mL
f the analogs in an 80:20 CH3OH:H2O mixture.
For solution-phase HDX, a solution of 80:20 CH3OD:D2O was
sed to dilute the stock sample to 1 mM, and an equimolar amount
f NaCl was added. Samples were allowed to undergo solution-
hase HDX for a minimum of 20 min followed by electrospray

onization.
Fig. 2. Phe analogs studied in this work. The portion encircled by dashed lines
represents the N-acetyl adduct in AcPhe, the methyl group in AcPheOMe, and the O-
methylated glycine in AcPheGlyOMe, respectively. Exchangeable hydrogen atoms
are indicated by asterisks.

2.2. Instrumentation

Electrospray ionization was conducted with a Z-spray source
(Micromass/Waters Corporation, Milford, MA) at a solution flow
rate of 20 �L/min, with the flow rates of the nebulizing gas and
the desolvation gas (N2) set to 32 and 150 L/h, respectively, and
the electrospray needle voltage set at 3 kV. A 4.7 T superconduct-
ing magnet (Cryomagnetics Inc., Oak Ridge, TN) was used with
a laboratory-constructed pumping system, ion trap and electron-
ics console. The Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer has been described previously [23]. Precursor
ions were isolated using the stored waveform inverse Fourier trans-
form (SWIFT) [47–51] technique to eject all unwanted ions. Ions
were detected using the broadband detection mode. For the IRMPD
activation, the Free Electron Laser for Infrared eXperiments (FELIX)
[52,53] was used with the wavelength scanned over the range of
5.5–12.5 �m (1800–800 cm−1). Mass-selected precursor ions were
irradiated in the open cylindrical FTICR ion trap for a period of
4 s at each wavelength with an average power of 50–60 mJ per
macropulse and a laser repetition rate of 5 macropulses per sec-
ond. Typically, four individual transients were accumulated at each

wavelength to improve the signal-to-noise ratio. The intensities of
the precursor ion and the product ions produced from it by the
IRMPD process were monitored throughout the experiment. The
IRMPD yield at a given frequency is calculated from the measured
intensities of the precursor and product ions, Iprec and Iprod, respec-



1 al of Mass Spectrometry 297 (2010) 162–169

t

I

c
r
i
g
t

v
r
o

2

s
l
t
S
o
o
n
a
o
f
[

g
i
e
e
a
a
o
A
w
[
f
p
c
t
s
B
c
f
f
s
t

3

3

e
I
A
a
f
e
p

strength of electrostatic interaction.
With the scaling factor correction, the RMS differences between

the experimental data and the calculated conformer C O stretch
frequencies are 5 cm−1 for A, 20 cm−1 for B, 29 cm−1 for C

Table 1
Distance between sodium cation and oxygen atoms on the carbonyls of the carboxyl
and on the N-acetyl functional groups for conformers A–D.

AcPhe conformer Carboxyl carbonyl O N-acetyl carbonyl O
64 C.S. Contreras et al. / International Journ

ively, corrected for the frequency dependent laser power P(ω).

RMPD yield = (P(ω))−1 × (
∑

Iprod)

(Iprec +
∑

Iprod)

For gas-phase HDX, ND3 was introduced into the ICR vacuum
hamber at a background pressure of 3 × 10−7 torr, and allowed to
eact with the cationized Phe analogs for 1–5 s after which mass
solation and laser irradiation were applied. For species where no
as-phase exchange was detected, reaction time was increased up
o 35 s to verify that no reaction had taken place.

In order to minimize back exchange, the instrument was passi-
ated with ND3 for at least an hour prior to either monitoring the
esults of solution-phase HDX experiments or following the results
f gas-phase HDX.

.3. Computational

The Hyperchem suite of programs [54] was used to assign trial
tructures to the phenylalanine analogs. Depending on the ana-
og, methyl or acetyl groups were added to a core Phe structure
o produce trial AcPhe, AcPheOMe and AcPheGlyOMe structures.
odium was initially placed near the carboxyl or carbonyl group
f the Phe analogs, and the complex was given an overall charge
f +1. It should be noted that although the sodium was placed
ear the carboxyl or carbonyl group, the mere electrostatic inter-
ction allowed sodium to freely move during the geometry
ptimization. The dihedral angles which were varied in the con-
ormational search were explicitly defined and are shown in Fig. 3
55,56].

Using the usage directed approach [57], 1000 structures were
enerated using the semi-empirical AM1 level of theory embedded
n the Hyperchem software to probe the conformational space of
ach analog. During the conformational search, the algorithm can
liminate duplicate structures, comparing energies, torsion angles,
nd RMS fit residual errors in position between corresponding
toms in the molecular reference frame. The comparison thresh-
ld values were set to 0.05 kcal/mol, 10◦ and 0.25 Å, respectively.
ll conformers within 15 kcal/mol of the lowest energy conformer
ere further refined by geometry optimization using Gaussian03

58] at the B3LYP/6-31G(d) level of theory [59,60]. The B3LYP hybrid
unctional was used since it has been shown to be adequate for
redicting infrared spectra of Phe in earlier studies [30,39]. The
onformations were compared and duplicate conformations having
he same energy (within 0.0001 hartree), and the same vibrational
pectrum as the comparison conformer were discarded. Using the
3LYP/6-311++G(d,p) level of theory [61,62], an average of 45
onformers were further geometry optimized, and a vibrational
requency calculation, at the same level of theory, was performed
or each of these conformations. The calculated frequencies were
caled by 0.965, followed by comparison to experimental spec-
ra.

. Results and discussion

.1. N-acetylphenylalanine

Calculated infrared spectra for the four lowest energy conform-
rs (Fig. 4) of sodiated AcPhe are compared to the experimental
RMPD spectrum obtained for this complex in Fig. 5. Conformer
has a cation–� interaction (Fig. 4) while conformer B does not,
lthough the conformers have virtually equal energies with a dif-
erence of only 0.04 kcal/mol with conformer A being the lowest
nergy structure. The calculated spectrum of conformer B gives a
oorer match to the experimental data relative to that of conformer
Fig. 3. Dihedral angles (shown with arrows) defined for the conformational search
calculations of AcPhe, AcPheOMe and AcPheGlyOMe. The labeling scheme for the
dihedral angles is similar to that of Momany et al. and Dunfield et al. [55,56].

A. When compared to the experimental C O stretching bands (1660
and 1720 cm−1), the calculated C O stretches for conformer B are
red shifted. The interaction between the sodium cation and the car-
bonyl groups is stronger since the cation–� interaction does not
occur in conformer B. The C O stretch frequencies of conform-
ers C and D also do not match the experimental data as well as
those for conformer A. For both conformers C and D, one calculated
C O stretch band is red shifted and one is blue shifted when com-
pared to the experimental spectrum. The calculated structures for
conformers C and D have only one carbonyl interacting with the
sodium cation and the carboxyl carbonyl group does not interact
with either the sodium cation or the phenyl group. Table 1 gives
the calculated distances between the sodium cation and the oxy-
gen atoms of the N-acetyl and carboxyl groups, indicative of the
Calculated distances (Angstroms) between sodium and oxygen atoms
A 2.22 2.35
B 2.26 2.17
C N/A 2.14
D N/A 2.14
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ig. 4. Lowest energy conformers of sodiated AcPhe found from conformational s
heory and are zero-point energy corrected. An alternate view is included for confo

nd 40 cm−1 for D, with frequency values for the experimen-
al spectra taken from the peak maxima of the experimental
ands. All other calculated bands for conformers C and D do not
gree well with experimental data either (except that conformer

shows reasonable agreement with the bands at approxi-
ately 1150 and 1525 cm−1). The observed IRMPD spectral bands

an be assigned using the calculated results for conformer A
Fig. 6) although small contributions to the IRMPD spectrum from
he other conformers are possible, due to the similar relative

nergies of the structures. Bands due to OH and NH bending
otions would be expected to shift upon substitution of the

abile H-atoms by a D-atom and are used extensively in the
iscussion of IRMPD spectra of H/D-exchanged AcPhe analogs
elow.

ig. 5. Comparison of experimental IRMPD spectrum of Na+AcPhe with calculated spectr
–D. Calculated vibrational frequencies are scaled by a factor of 0.965. For calculated spectr

RMPD spectrum the ordinate is the IRMPD yield in arbitrary units scaled so that peak heig
calculations. Relative energies were obtained at the B3LYP/6-31++G(d,p) level of
to show the puckering of the structure.

3.2. Hydrogen/deuterium exchange experiments

3.2.1. AcPhe
For the solution-phase H/D exchange of AcPhe, the mass spec-

trum indicated that, as would be expected, two exchanges had
taken place, one involving the amide hydrogen and one the car-
boxyl hydrogen. The IRMPD spectrum of sodiated AcPhe following
solution-phase HDX is shown in Fig. 7.

In experiments involving gas-phase H/D exchange of sodi-

ated AcPhe, the resultant mass spectra showed only a 1 Da mass
increase, indicating that only one D for H substitution had occurred.
An IRMPD spectrum of the singly deuterated complex ion was
obtained and the calculated spectra for sodiated AcPhe with one
D-substituted for either the amide or carboxyl hydrogen were com-

a (represented as sticks) of the theoretically determined lowest energy conformers
a the ordinate is the single photon infrared intensity in km/mol. For the experimental
hts are comparable to those in the calculated spectra to assist in visual comparison.
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Fig. 8. Comparison of the singly deuterated sodiated AcPhe IRMPD spectrum with
ig. 6. Assignment of spectral bands in the IRMPD spectrum of sodiated AcPhe using
alculated bands for conformer A. Calculated vibrational frequencies are scaled by
factor of 0.965 and the calculated spectrum has been convoluted with a 20 cm−1

aussian profile. Ordinate values are as described for Fig. 5.

ared (Fig. 8). Agreement with the experimental spectrum is much
etter for the spectrum calculated for D exchange with the acidic
ydrogen.

.2.2. AcPheOMe
For sodiated AcPheOMe, no gas-phase H/D exchange was

bserved. AcPheOMe does not have a carboxyl hydrogen and
xchange of the amide hydrogen is apparently quite slow in the
as phase (as was seen for sodium cation-attached AcPhe). One H/D
xchange took place in solution-phase experiments, presumably at
he amide hydrogen, as confirmed by the agreement between the
RMPD spectrum of mono-deuterated sodiated AcPheOMe and the
alculated spectrum for the amide-deuterated species (Fig. 9A). The
tructure of this species is shown in Fig. 9C.

.2.3. AcPheGlyOMe

Two exchanges of D for H were observed for AcPheGlyOMe in

olution, and none in gas-phase experiments. This protected dipep-
ide has two amide hydrogens, and DFT calculations predict the

ost stable structure of the sodiated complex as shown in Fig. 9D.
greement between the IRMPD spectrum of this doubly deuter-

ig. 7. IRMPD spectrum of sodiated AcPhe following solution-phase HDX (solid
ine) and calculated spectrum of the doubly deuterated conformer A (dashed line).
-atom substitution occurred at both the NH and COOH hydrogens. Calculated vibra-

ional frequencies are scaled by a factor of 0.965. Ordinate values are as described
or Fig. 5.
that of calculated conformer A if exchange had occurred at (A) the NH hydrogen
or at (B) the COOH hydrogen. The wavelength range for relevant vibrational modes
is indicated above spectrum (A). Calculated vibrational frequencies are scaled by a
factor of 0.965. Ordinate values are as described for Fig. 5.

ated species and the calculated spectrum for the structure in Fig. 9D
with both amide hydrogens exchanged is quite good (Fig. 9B). The
most stable structures calculated for both sodiated AcPheOMe and
AcPheGlyOMe involve interaction of the sodium cation with the
phenyl ring and with the lone pairs on all carbonyl oxygens. Fig. 9C
and D shows that these complexes have a puckered conformation.

Results for H/D exchange experiments involving the Phe analogs
are summarized in Table 2. The results found in this study and
others of phenylalanine indicate that the species behaves quite dif-
ferently when interacting with a chelating metal, which seems to
fix the structure into one conformation. Gas-phase H/D exchange

has been observed for the amide hydrogen on other amino acids
[63]. Direct substitution of the amide hydrogen with deuterium is
slow, and earlier studies [1,64,65] indicate that if a hydroxyl group
is available, the exchange will occur at the hydroxyl hydrogen fol-

Table 2
Summary of results from H/D exchange experiments, where no D for H substitution
was observed for sodiated AcPheOMe and AcPheGlyOMe in the gas phase.

N-acetylphenylalanine species Deuteration medium Deuteration sites

Sodiated (AcPhe) Gas phase 1 – OH
Solution 2 – OH, NH

Sodiated (AcPheOMe) Gas phase None
Solution 1 – NH

Sodiated (AcPheGlyOMe) Gas phase None
Solution 2 – NH
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ig. 9. Experimental IRMPD and calculated spectra for mono-deuterated sodiated
tructures found are shown as (C) and (D), respectively. Calculated vibrational frequ

owed by deuterium migration to the amide position. Formation of
chelated sodium cation complex apparently impedes migration
f deuterium to the amide hydrogen, as seen for sodiated AcPhe,
here exchange occurred at the carboxyl hydrogen but not at the

mide hydrogen. In preliminary gas-phase H/D exchange experi-
ents involving protonated (as opposed to sodiated) AcPhe, three

ydrogen atoms were exchanged. Deuterium migration from the
arboxyl group to the amide nitrogen was not impeded for this
pecies.

.3. Exchange kinetics

The rates of gas-phase H/D exchange were measured for both
odiated and protonated AcPhe ions reacting with ND3. Ion peak
eight versus time curves for the various undeuterated, singly
euterated, doubly deuterated and triply deuterated (the latter two
or the protonated species only) ions were fit using the Kinetica
rogram2 and the pseudo-first order rate coefficients obtained from

t were divided by the measured ND3 pressure, corrected for ion-
zation gauge sensitivity [66], to give the rates for each step of the
DX process.

For the single H/D exchange observed with sodiated AcPhe, a
ate of 1.53 × 10−11 cm3/s was found. This is somewhat less than
he slowest H/D exchange rates reported previously [11] for ND3
eacting with protonated glycine oligomers and comparable to the
lower rates seen [67] for CD3OD and D2O reacting with several pro-
onated amino acids and O-methylated amino acids. The ionization
auge used in this work was not calibrated versus a capacitance

anometer, and was located some distance from the FTICR ana-

yzer cell. Thus the true pressure in the cell might well have differed
onsiderably from that read on the gauge, in part explaining the dis-
repancy between our rate for ND3 exchange and those reported

2 D.E. Richardson, personal communication, University of Florida, 2009.
eOMe (A) and doubly deuterated sodiated AcPheGlyOMe (B). The lowest energy
s are scaled by a factor of 0.965. Ordinate values are as described for Fig. 5.

previously [11]. It is also possible that the puckered conformation
of the sodiated AcPhe and the presence of a sodium ion rather than
a proton could slow the rate of H/D exchange.

In the HDX experiments involving protonated AcPhe, continu-
ous ejection of the singly deuterated ion did not totally eliminate
production of doubly and triply deuterated species. Therefore some
collisions of ND3 with protonated AcPhe result in exchange of two
deuterium atoms, as reported previously [11] for ND3 reacting with
protonated glycine oligomers. The mechanism used in the Kinet-
ica program to fit the ion peak height versus time curves included
not only single deuteration reactions, but this double deuteration
reaction as well. Rates for double deuteration of the singly deuter-
ated ion and triple deuteration of the undeuterated ion were quite
slow and were not included in the mechanism used to fit the data.
The rate coefficients obtained for the four reactions used to fit
the data (again using an ionization gauge sensitivity corrected for
ammonia) were k0→1 = 3.6 × 10−11 cm3/s, k1→2 = 3.5 × 10−11 cm3/s,
k2→3 = 2.0 × 10−11 cm3/s, and k0→2 = 2.0 × 10−11 cm3/s, where the
subscripts on the rate coefficients indicate the number of deuterium
atoms in the ion. No experiments were undertaken to assess the
rates of back exchange, which would make the rates of gas-phase
HDX reported here less than the true rates. Thus the rate coeffi-
cients given above should be considered lower limits to the true
values for gas-phase HDX.

4. Conclusions

Shifts of vibrational spectral bands upon H/D exchange with
sodiated phenylalanine analogs have been predicted theoretically
and compared to those observed in gas-phase infrared multiple

photon dissociation spectra. The H/D exchange experiments not
only provided band assignment confirmation, but simultaneously
helped identify structural features of the Phe analogs. Structural
characteristics common to all phenylalanine analogs in this study
include:
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The calculated lowest energy structures for all three analogs
include cation–� interactions.
Torsion of carbonyls toward the phenyl ring, in order to interact
with the sodium cation, causes the conformation to stay relatively
rigid and in a puckered state.
Amide group hydrogens are found to be non-labile for H/D
exchange in the sodium-chelated phenylalanine analogs studied
in this work.

It is apparent that for the systems discussed here the amide
ydrogen is not labile to gas-phase HDX, in contrast to results seen

or many protonated peptides in the gas phase, where HDX can
e observed for amide hydrogens [1,67]. This is most likely due to
he fact that for the sodiated species studied here sodium binding
ompetes with H-bonding; and H-bonding is essential in any H/D
xchange reaction mechanism (relay or others).
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