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The collision-induced dissociation (CID) products b2-b4 from Leu-enkephalin are examined with
infrared multiple-photon dissociation (IR-MPD) spectroscopy and gas-phase hydrogen/deute-
rium exchange (HDX). Infrared spectroscopy reveals that b2 exclusively adopts oxazolone
structures, protonated at the N-terminus and at the oxazolone ring N, based on the presence and
absence of diagnostic infrared vibrations. This is correlated with the presence of a single HDX rate.
For the larger b3 and b4, the IR-MPD measurements display diagnostic bands compatible with a
mixture of oxazolone and macrocycle structures. This result is supported by HDX experiments,
which show a bimodal distribution in the HDX spectra and two distinct rates in the HDX kinetic
fitting. The kinetic fitting of the HDX data is employed to derive the relative abundances of
macrocycle and oxazolone structures for b3 and b4, using a procedure recently implemented by our
group for a series of oligoglycine b fragments (Chen et al. J. Am. Chem. Soc. 2009, 131(51),
18272–18282. doi: 10.1021/ja9030837). In analogy to that study, the results suggest that the relative
abundance of the macrocycle structure increases as a function of b fragment size, going from 0%
for b2 to 	6% for b3, and culminating in 31% for b4. Nonetheless, there are also surprising
differences between both studies, both in the exchange kinetics and the propensity in forming
macrocycle structures. This indicates that the chemistry of “head-to-tail” cyclization depends on
subtle differences in the sequence as well as the size of the b fragment. (J Am Soc Mass Spectrom
2010, 21, 1313–1321) © 2010 American Society for Mass Spectrometry

The central theme in proteomics is to identify the
structures and functions of proteins in living
systems. Since the emergence of two soft ioniza-

tion methods, electrospray ionization (ESI) [1, 2] and
matrix-assisted laser desorption/ionization (MALDI)
[3–5], in the late 1980s, mass spectrometry has become a
key technique in the field of proteomics. To obtain
sequence information of peptides and proteins, ions are
most commonly subjected to ion activation and disso-
ciation by collision-induced dissociation (CID). In low-
energy CID, bond breakage mostly occurs at the amide
bonds, as this is typically the lowest-energy dissociation
pathway. This leads to b ions when the charge is
retained by the N-terminal fragment, or y ions when it
is retained by the C-terminal fragment [6, 7].
Many mechanistic studies have been carried out over

the years to get insights into different aspects of the
dissociation chemistry. The role of basic sites in seques-
tering protons, as well as the role of the “mobile” proton

in weakening the amide bond are well-documented
[8–10]. Another mechanistic aspect concerns the
structure of fragments ions, and b ions in particular
[11]. Since the C-terminal carbonyl group in a b ion
must be stabilized, Harrison and coworkers proposed
that a nucleophilic attack takes place from another
backbone carbonyl, resulting in a terminal five-membered
ring oxazolone structure [12]. Nonetheless, peptides
often exhibit a number of nucleophilic sites, includ-
ing side-chain groups and the N-terminal amine group
[10, 13–16]. In terms of sequencing, it is particularly
troublesome if the N-terminus engages in a “head-to-
tail” cyclization, giving rise to a macrocycle structure.
Harrison and Paizs demonstrated this for the example
of the b5 fragment of the pentapeptide YAGFL-NH2
[17]. In the proposed reaction scheme, oxazolone and
macrocycle structures can freely interconvert, leading to
oxazolone structures with permuted sequences, which
then give rise to nondirect sequence ions. Unusual
dissociation processes had been reported by others
previously. Boyd and coworkers reported one of the
first observations of gas-phase rearrangement reactions
in CID [18, 19]. Such rearrangement processes were also
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seen for an a-type fragment in YGGFL by Vachet and
Glish [20].
The first direct evidence for a mixture of oxazolone

and macrocycle structures comes from infrared multiple-
photon dissociation (IR-MPD) spectroscopy by Polfer et
al. on b4 generated from YGGFL [21]. Oxazolone and
macrocycle structures are identified based on diagnos-
tic vibrations involving the oxazolone ring C � O
stretch and macrocycle CO-H� bending. A number of
b2 fragments have been characterized to date with this
technique in studies by Wysocki [22], Oomens [23],
Paizs and coworkers [23], all exhibiting oxazolone
structures. Recently, however, a study by Wysocki has
shown that cyclic diketopiperazine b2 structures are
formed for the sequence His-Ala [24]. Studies on larger
b fragments appear to show a higher prevalence for
forming macrocycle structures. Maitre and coworkers
showed that the b5 fragment of GGGGGR exclusively
gives rise to macrocycle structures [25]. Chen et al.
observed that for a series of oligoglycine b fragments,
the smaller b2 and b3 exclusively adopt oxazolone
structures, whereas mid-sized fragments (b4-b7) exhibit
a mixture of oxazolone and macrocycle structures.
For b8, exclusively macrocycle structures were seen,
clearly showing an effect of the fragment size on
oxazolone versus macrocycle formation. While IR-
MPD spectroscopy was crucial in identifying the
structures formed, Chen et al. employed gas-phase
hydrogen/deuterium exchange (HDX) to quantify
the relative amounts of the chemical structures that
were formed. This quantification was based on dif-
ferences in HDX kinetics between oxazolone (“fast”)
and macrocycle (“slow”) structures [26].
In earlier studies, Wysocki and Somogyi had shown

that HDX of b ions often displays bimodal distributions,
which can be rationalized by the presence of two
different chemical structures [27, 28]. Recent HDX stud-
ies by Solouki and coworkers also show similar trends
[29]. HDX presents substantial advantages in that the
technique is easy to implement in trapping mass spec-
trometers, and that the relative amounts of the products
can be quantified based on the kinetic data [26, 29].
Note that such a quantification is also achievable in
principle by ion mobility mass spectrometry, even if full
separation is not always possible, as shown in studies
by Garcia and Gaskell on b5 from YAGFL-NH2 [30, 31],
as well as measurements on a4 and b4 from YGGFL by
Polfer et al. [32]. Despite the ease of implementation of
HDX, the structural interpretation of such studies is
often ambiguous, due to an incomplete understanding
of the HDX mechanism.
The combined approach of IR-MPD spectroscopy

and gas-phase HDX is hence well-suited to this prob-
lem, as recently shown by our group [26]. We apply this
complementary methodology here to study the b2-b4
CID products of Leu-enkephalin. Both techniques are
highly complementary, as they cancel out each others’
weaknesses. While IR-MPD spectroscopy confirms the

chemical structures that are formed, HDX allows their
quantification.

Experimental

Sample Preparation

The pentapeptide Leu-enkephalin (Tyr-Gly-Gly-Phe-
Leu) (Sigma Aldrich, St. Louis, MO, USA) and deuter-
ating reagent CH3OD (Sigma Aldrich) were employed
without further purification. Leu-enkephalin was used
as 20 �M solution in 50:50 water/methanol with 2%
acetic acid to aid protonation.

Mass Spectrometry and Hydrogen/Deuterium
Exchange

The hydrogen/deuterium exchange (HDX) experi-
ments were carried out at the University of Florida
using a commercially available 4.7 Tesla actively
shielded Bruker Bioapex II Fourier transform ion cyclo-
tron resonance (FT-ICR) mass spectrometer equipped
with an Apollo API 100 source (Bruker Daltonics,
Billerica, MA, USA), as reported in our recent publica-
tion [26]. The singly protonated Leu-enkephalin (m/z
556) was ionized by electrospray ionization (ESI). “Nozzle-
skimmer” dissociation was applied in the ESI source
region by adjusting the voltage drop between the metal-
plated glass capillary and the first skimmer to activate
the protonated peptide precursor. The CID product ions
were then accumulated in the hexapole for 3s, before
transfer to the ICR cell. A frequency sweep was per-
formed in the FT-ICR experimental sequence to eject
other ions and to mass-isolate each desired b product
ion (b2-b4). The monoisotopic peak of each species was
then subjected to gas-phase hydrogen/deuterium ex-
change (HDX) with CH3OD in the ICR cell for different
time periods. CH3OD was leaked into the vacuum
chamber using a Varian leak valve (Varian, Mountain
View, CA) to attain a constant pressure of 1 � 10�8

Torr. Note that CH3OD was degassed using several
freeze-thaw cycles before introduction into the mass
spectrometer.
Mass spectra with different HDX times were re-

corded, and the abundances for the undeuterated (d0),
singly deuterated (d1), etc. peaks in the resulting distri-
butions were determined. The data are represented here
by plotting the natural logarithm of the ratio of d0
divided by the sum of all ions, ln[d0/dn], as a function
of the HDX time, as described previously [26]. The
depletion of d0 is also represented as a percentage,
which is plotted on a natural logarithm scale. Because
the exchange reagent is considered to be in great excess
of the analyte, the H/D exchange reaction can be
approximated as a first-order reaction in the analyte
concentration. Linear fits were performed to determine
the reaction kinetics.
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Mass Spectrometry and Infrared Photodissociation
Spectroscopy

The infrared photodissociation experiments were per-
formed at the FOM Institute for Plasma Physics Rijn-
huizen using the free electron laser FELIX [33]. A
laboratory-built FT-ICR mass spectrometer described in
detail previously [34, 35] was employed for the mass
spectrometry measurements. The fragment ions (b2, b3)
were generated by “nozzle-skimmer” dissociation. The
infrared spectrum for b4 is taken from a previously
published study [21]. The fragment ion was accumu-
lated in the hexapole, and then transferred to the ICR
cell. The ion of interest was mass-selected and irradi-
ated with the tunable output from the free electron
laser. FELIX produces macropulses (5 �s) at a repetition
rate of 5 Hz. The macropulses consist of a train of
micropulses separated by 1 ns. The pulse energy per
macropulse is dependent on wavelength, reaching max-
imum values of 60 mJ at 12 �m, depending on the
electron beam energy. Typically, 20–30 macropulses
were employed to induce efficient photodissociation.
The IR photodissociation spectrum was recorded by

monitoring the infrared multiple-photon dissociation
(IR-MPD) yield as a function of the wavelength (here
1300–1975 cm�1). This yield is represented as yield �
�ln[1 � (photofragments/all_ions)]. The yield is
further normalized linearly with FELIX laser power at
each wavelength step. The main photodissociation
product of b3 (m/z 278) was found to be m/z 221 (b2), as
well as a minor fragment at m/z 193 (a2). For b2 (m/z
221), the m/z 193 (a2) photofragment was most abun-
dant. The theory of the IR-MPD mechanism will not be
discussed here, as there have been a number of recent
review articles on the fundamental and practical aspects
of IR-MPD spectroscopy [36–43].

Computations

Calculations were carried out at the High-Performance
Computing (HPC) Center at the University of Florida
using the AMBER force field [44] and the Gaussian03
package [45].
Candidate structures for b2 fragments were gener-

ated using an in-house developed method, involving
conformational searching by molecular mechanics and
frequency calculations by density functional theory
(DFT). The chemical structures (oxazolone and dike-
topiperazine) were initially built and optimized using
semi-empirical methods (AM1) in HyperChem (Hyper-
cube Inc., Gainesville, FL, USA). For oxazolones, two
proton attachment sites were considered at the N-
terminus and oxazolone ring nitrogen. For the dike-
topiperazine structure, merely the backbone carbonyl
oxygen was considered.
The chemical input structures for the molecular

mechanics calculations required a parameterization
procedure. The AM1 structures were optimized using
DFT (B3LYP/6-31G*), followed by an electrostatic po-

tential fitting with ab initio methods (HF/6-31 g*) to
derive the atomic point charges. The geometry and
ESP-derived charges were imported into the AMBER
suite of programs, where a restrained electrostatic po-
tential (RESP) fitting was performed [46]. Each chemical
structure was parameterized separately in AMBER,
followed by a conformational search using simulated
annealing cycles. Two separate runs with starting tem-
peratures at 300 and 500 K were carried out, resulting in
200 candidate structures per dynamics simulation.
All output structures from AMBER were then opti-

mized again at the DFT level, initially using B3LYP/3-
21G. Further optimization was performed at the B3LYP/
6-31G(d). Merely the 20 unique lowest-energy conformers
were then optimized at B3LYP/6-31G�(d,p), followed by
a single-point MP2/6-31G�(d,p) calculation. The MP2
electronic energy for each conformer was corrected for the
zero-point energy (ZPE) from B3LYP/6-31G�(d,p) of the-
ory to yield the final ZPE-corrected energies. Note that
MP2 energies were considered to account for the disper-
sion interaction involving the tyrosine side-chain. All
energies presented here are relative to the lowest-
energy conformer (for Hartrees see Table S2, Support-
ing Information file, which can be found in the elec-
tronic version of this article). The frequency spectra of
the lowest-energy structures at the B3LYP/6-31G�(d,p)
level were scaled by 0.965; this scaling factor was found
to be useful in previous IR-MPD spectroscopy studies
of peptide fragments [21]. Stick spectra were convo-
luted using a 20 cm�1 full width at half-maximum
(FWHM) Gaussian profile to allow easier comparison
with the recorded IR photodissociation spectra.

Results and Discussion

Infrared Spectroscopy Results

The b2 fragment (m/z 221), generated by “nozzle-skimmer”
CID from protonated Leu-enkephalin, was structur-
ally interrogated by IR-MPD spectroscopy in the
mid-IR range (1300–1975 cm�1). This experimental
spectrum is compared to a number of chemical struc-
tures, including an oxazolone structure protonated on
the N-terminus (oxazolone N-prot), an oxazolone struc-
ture protonated on the oxazolone ring N (oxazolone
ox-prot), and a cyclic diketopiperazine structure pro-
tonated on a carbonyl O (diketopiperazine O-prot).
Figure 1 displays a comparison of the experimental
results with the calculated spectra of the lowest-energy
conformer for each chemical structure, along with their
structures and relative energies. As explained in the
Experimental section, the electronic energies (MP2) are
corrected for ZPE at B3LYP/6-31G(d,p). Both stick
spectra and convoluted Gaussian profiles are shown for
easier comparison. The structures are also shown in a
larger format in the Supporting Information (Figure S1).
There is no match between the experimental spec-

trum and the diagnostic modes of protonated dike-
topiperazine structure, despite the fact that this struc-
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ture is lowest in energy. The prominent C�O (1810
cm�1) and C–N (1715 cm�1) stretches are clearly not
observed. Similar results have been observed by others
for b2 fragments in different systems, Ala-Ala by
Oomens et al. [23], and Ala-Gly by Wysocki and co-
workers [22], Gly-Gly by our group [26], and a number
of b2 fragments from tryptic digest peptides by Maitre
and coworkers [25]. This indicates that the kinetic
barrier to a nucleophilic attack from the N-terminus is
too high, and hence the oxazolone formation pathway is
favored for kinetic reasons, as predicted by Paizs [47].
The broad feature around 1900 cm�1 clearly shows

one main peak and a prominent shoulder, which is
consistent with the presence of oxazolone N-prot and
ox-prot structures. The lower-frequency peak of that
distribution is assigned to the oxazolone C�O stretch of
the N-prot structure, whereas the higher-frequency
shoulder matches the corresponding band of the ox-
azolone ox-prot structure. The predicted energy gap,
calculated at the MP2 (Møller-Plesset) level (	11 kJ
mol�1) is somewhat large to account for the presence of
both structures, and hence this may be due to slight
inaccuracies in the calculation. Nonetheless, the compu-

tations favor the N-prot oxazolone, which also seems to
be validated by the significantly more intense band for
this structure in the IR-MPD spectrum. This is in strong
contrast to the b2 fragments involving primary struc-
tures Gly-Gly [26], Ala-Gly [22], and Ala-Ala [23],
where the ox-prot structure mainly accounts for the
structures that are observed. The structures confirm
that the tyrosine side chain in b2 YG plays an important
role in stabilizing the N-prot oxazolone, due to interac-
tion between the proton and the tyrosine �-cloud. To
account for these interactions more accurately, the en-
ergies are computed at the MP2 level, which includes
dispersion interactions.
The experimental mid-IR-MPD (1300–1975 cm�1)

spectra for b2 (m/z 221), b3 (m/z 278), and b4 (m/z 425) are
compared in Figure 2. Note that only b2 and b3 were
recorded in this study, whereas b4 originates from a
previous study by Polfer et al. [21]. Clear differences
between the spectra can be seen, which also assist the
interpretation. The chemical interpretations of the spec-
tral bands are indicated and are based on comparisons
with DFT-calculated spectra for b2 (this study) and b4
(see [21]). The bands in the region 1780–1940 cm�1 are

Figure 1. (a) IR-MPD spectrum of the b2 fragment generated from protonated Leu-enkephalin,
compared to computed spectra for (b) diketopiperazine structure protonated on a carbonyl O, (c)
oxazolone structure protonated on the on the N-terminus, and (d) oxazolone structure protonated on
the oxazolone ring N. The scaling factor 0.965. Corresponding structures are presented on the right.
The site of proton attachment (red arrow) and oxazolone rings (black arrow) are indicated.
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chemically diagnostic modes for oxazolone C�O
stretch modes, as these consistently appear in a higher
frequency region than the amide C�O stretch. It can be
seen that the position of the oxazolone C�O stretch is
progressively red-shifted in larger b fragments, due to
an increase in hydrogen-bonding interactions. While b2
and b4 exhibit multiple bands, b3 merely appears to
show one band, suggesting that one site of proton
attachment is exclusively observed. While no compari-
son to theory was performed for b3, it seems likely that
N-prot oxazolone is favored, since this is also the case
for b2 and b4. In terms of macrocycle identification, the
macrocycle CO-H� bending mode is expected at 	1440
cm�1 [21]. This is not a pure mode that is exclusively
due to CO–H� bending for a proton shared between
two carbonyls. In the IR-MPD spectrum of b2, where
such a CO–H� bending mode is not possible the band at
1440 cm�1 corresponds to CH2 bending on the ox-
azolone ring. Nonetheless, the proton bending mode
lends brightness to the band at this position. In the
previous study by Polfer et al. [21], the IR-MPD spec-
trum of Leu-enkephalin b4 was assigned as a mixture of
oxazolone and macrocycle structures, due to the prev-
alence of the band at 1440 cm�1. Here, the correspond-
ing macrocycle band at 1440 cm�1 for b3 is found to be
much weaker (compared with b4). This is consistent
with the picture that the relative abundance for macro-
cycle structures in b3 is lower than in b4, if present at all.
In summary, the IR spectra provide strong evidence

that b2 is exclusively composed of oxazolone structures,
whereas a mixture of oxazolone and macrocycle struc-
tures are observed for b4. For b3 the picture is less clear.

An oxazolone structure is identified unambiguously,
however, the presence of the macrocycle is harder to
establish due to the spectral overlap between CO–H�

bending and oxazolone ring CH2 bending. The comple-
mentary technique of HDX will be employed to shed
more information on the chemical structures that are
present.

Hydrogen-Deuterium Exchange (HDX)
Experiments

The mass spectral distributions for different HDX times
for the b2, b3, and b4 are contrasted in Figure 3. It is
found that b2 is subject to three exchanges, while in
principle having four exchangeable hydrogens. For the
oxazolone N-prot and ox-prot structures, this suggests
that the nitrogen-bound hydrogens are exchanged,
whereas the side-chain tyrosine OH is not. Similar
phenomena are also found for b3 and b4, which show
one less exchange than the number of exchangeable
hydrogens. These results are consistent with the hy-
pothesis that the tyrosine OH is much less labile to HDX
with CH3OD. Incidentally, HDX results on the proton-
ated amino acid tyrosine by Rožman et al. did show
exchange of the phenol OH, albeit at a slow rate [48].
The absence of HDX on the phenol OH site for these b
fragments supports the hypothesis that the protonated
site is the “site of entry” for the deuteron, as proposed
by the “relay” mechanism [49, 50]. A full deuteration of
the peptide fragment would then take place via a
“mobile” deuteron, which shuttles to NH amide sites on
the backbone. Within this model, the deuteron does not
exchange for the tyrosine OH and, hence, HDX is
primarily sensitive to the chemical structure of the
peptide fragment (i.e., sites of proton attachment).
Similarly to previous HDX studies [27, 28], bimodal

distributions are observed for b3 and b4. On the other
hand, b2 solely displays one distribution. These results
are consistent with the findings from IR-MPD above;
where b2 is exclusively composed of oxazolones,
whereas b4 is made up of a mixture of oxazolone and
macrocycle structures. A detailed kinetic fitting of this
data is given below to derive relative abundances for
these structures.

Kinetic Fitting of HDX Data

To determine pseudo-first-order HDX kinetics, the nat-
ural logarithm of the relative depletion of the undeu-
terated peak, ln[d0/dn], is plotted against the HDX
time. These data are presented in Figure 4 for b2, b3, and
b4. Whereas a single kinetic rate (k � 0.43 s�1) is
observed for b2, two distinct kinetic rates are required to
fit the data for b3 and b4. The relative contributions of
these “fast”- and “slow”-exchanging populations can be
approximated by assuming that the “fast”-exchanging
population is fully depleted at longer times. This im-
plies that the rate of the “slow”-exchanging population

Figure 2. Overlaid mid-IR-MPD spectra of b2, b3, and b4. The
spectrum of b4 is adapted from previous publication of Polfer at al.
[21]. The chemically diagnostic modes are indicated.
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can be determined accurately. A least-squares linear
regression fit is employed to determine both the pseudo-
first-order rate constant and the intercept. As recently
shown by our group [26], the depletion of d0 can be
more conveniently represented as remaining d0 (%) on
a natural logarithm scale. The advantage of this ap-
proach is that the intercept of the “slow”-exchanging
linear regression fit directly yields the relative abun-
dance of the “slow”-exchanging structure at time zero
as a percentage.
The rates and abundances from the HDX kinetic

fitting results are summarized in Table 1 (detailed
fitting data are shown in Table S3 in the Supporting
Information). In the case of b3, the intercept equates to
a relative abundance of	6% for the “slow”-exchanging
structure at the beginning of the experiment. Note that
the large error bars in this case (�34%) are due to the
low ion abundance for b3. This implies that the “fast”-
exchanging structure accounts for the remainder (i.e.,
94%). Note also that the higher rate at shorter HDX
times in Figure 4 corresponds to the combined deple-
tion rates of the “fast”- and “slow”-exchanging struc-
tures. Both “fast” and “slow” rates can be distin-
guished, as the difference in rate constant is more than
an order of magnitude: kslow � 0.019 s�1 versus kfast �
0.40 s�1 (� 0.42� kslow). Similarly, the abundance of the
“slow” structure in b4 is approximated at 	31%, com-
pared with 69% for the “fast” structure.
The exclusive presence of oxazolone structures for b2

correlates well with a single HDX rate. Conversely, the

presence of “fast” and “slow” rates for b3 and b4 suggest
the presence of two distinct chemical structures. Given
the unambiguous identification of the oxazolone struc-
ture for b3, but more tenuous identification of the
macrocycle, this strongly suggests that the majority
“fast” structure corresponds to the oxazolone, whereas
the “slow” structure is related to the macrocycle. In fact,
the “fast” rate for b2 and b3 are nearly identical (0.43
versus 0.42), basically confirming that the “fast” struc-
ture corresponds to the oxazolone. For the “slow”
structure, there is a significant increase from b3 (6%) to
b4 (31%). This trend is also mirrored in the increase in
intensity of the 1440 cm�1 band from b3 to b4. All of
these results support the hypothesis that the “slow”-
exchanging structure corresponds to the macrocycle,
while the “fast”-exchanging structure is the oxazolone.
The same trends were observed in our previous study
on oligoglycine b fragments [26]. Moreover, in a recent
study by Wysocki and coworkers on HA b2, both
oxazolone and diketopiperazine structures were con-
sidered [24].
Nonetheless, there are some differences between the

present study and the oligoglycine b fragment study.
For oligoglycine b2-b8, a general categorization into
“fast”- and “slow”-exchanging structures could be es-
tablished [26]. Such a categorization is less straight-
forward here, as the magnitude for kfast and kslow drop
by a factor of	10 from b3 to b4 (see Table 1). The slower
kinetics for b4 are possibly due to the bulky phenylala-
nine side-chain, which affects the H/D exchange as a

Figure 3. H/D exchange (10�8 Torr CH3OD) mass spectra for (a) b2, (b) b3, and (c) b4 for different
exchange times.
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result of steric hindering. Conversely, for oligoglycine b
fragments, no such side-chain effects are expected.
Fortunately, the relative ratio in HDX rates between
“fast” and “slow” remains similar upon going from b3
to b4, thus allowing their convenient separation in the
kinetic analysis.
Another difference between both studies relates to

the abundance of the “slow”-exchanging structure (i.e.,
macrocycle) for b4, which appears to be considerably
enhanced in Leu-enkephalin compared to pentaglycine
(31% versus 9%). This difference must be related to the
subtle primary structure differences between YGGF and

GGGG, which shows that the primary structure affects
the propensity for “head-to-tail” cyclization.
An important realization in the comparison between

the IR-MPD and HDX results for Leu-enkephalin is that
the appearance of two distinct kinetics rates in the HDX
experiments is only related to the presence of two
considerably different chemical structures (i.e., ox-
azolone and macrocycle), not to the presence of differ-
ent protonation sites of the same chemical structure.
This suggests that the proton mobility in oxazolone
structures between the N-terminal amino and C-
terminal oxazolone ring N sites is faster than the kinetics
of HDX. For b2, IR-MPD measurements confirm the
presence of N-prot and ox-prot oxazolones; this, how-
ever, only results in a single kinetic HDX rate. On the
other hand, the presence of a mixture of oxazolone and
macrocycle in b3 and b4 does result in the observation of
two distinct HDX rates. This suggests that in the struc-
tural characterization of these b fragments, HDX is not
sensitive to the site of proton attachment as such, but
rather the chemical structure. This observation is con-
sistent with the “relay” mechanism in HDX of low-
basicity deuterating reagents (such as MeOD [49]). As
previously discussed [26], the transition-state for HDX
is likely to be higher for a macrocycle compared with an
oxazolone structure, due to the ring strain in the mac-
rocycle structure to allow this mechanism to take place.
In a recent paper in this Journal, Solouki and co-

workers employed the more basic deutering reagent
ND3 to characterize b fragments, where they also dis-
tinguished “fast”- and “slow”-exchanging structures
[29]. This observation is intriguing, since the mecha-
nism of HDX for higher-basicity HDX reagents, such as
ND3, is thought to be different (‘onium’ mechanism, see
[49]). This shows that a number of approaches are
possible in the HDX characterization of b fragments,
even if it remains to be seen whether the interpretation
is always unambiguous.

Summary and Conclusions

In this article, we have applied IR-MPD spectroscopy
(using the free electron laser FELIX) and gas-phase
H/D exchange to the characterization of b2-b4 from

Figure 4. Kinetic fitting of the HDX results for (a) b2, (b) b3, and
(c) b4.

Table 1. Exchange rates and relative abundances of fast and
slow-exchanging structures for the Leu-enkephalin fragments
b2-b4

Fast-exchanging
structure

Slow-exchanging
structure

b2

Rate 0.43 � 0.04
Abundance (%) 100

b3

Rate 0.40 � 0.04 0.019 � 0.012
Abundance (%) 93.6 � 34.5 6.4 � 34.5

b4

Rate 0.034 � 0.002 0.0046 � 0.0002
Abundance (%) 69.4 � 3.9 30.6 � 3.9
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Leu-enkephalin. IR-MPD was used to qualitatively
identify structures, whereas HDX was employed to
quantify the structures. For b2, by comparing the mea-
sured mid-IR spectrum (1300–1975 cm�1) to theoretical
spectra, the diketopiperazine structure was excluded
because the prominent C�O (1810 cm�1) and C–N
(1715 cm�1) stretches were not observed. Conversely,
the characteristic oxazolone C�O stretch modes at
	1900 cm�1 allowed identification of N-prot and ox-
prot oxazolones. The exclusive presence of one chemical
structure (i.e., oxazolone) correlates well with the pres-
ence of one rate constant in the HDX measurements of
b2, which happens to be “fast”. An overlay of IR-MPD
spectra of b2, b3, and b4 shows evidence for both
macrocycle and oxazolone structures in b3 and b4 based
on vibrations at 1440 cm�1 (CO–H� bending of macro-
cycle) and �1770 cm�1 (oxazolone C�O). This is in
agreement with the presence of two distinct HDX rates
and bimodal distributions in the corresponding HDX
mass spectra. Using a recently published procedure [26]
for oligoglycine b CID products, the relative abun-
dances of the “slow”- and “fast”- exchanging structures
were inferred from kinetic fitting of the HDX data.
Similarly to the more extensive study on oligoglycine
b2-b8, Leu-enkephalin b2-b4 show an increase in the
relative abundance of the macrocycle structure with
fragment size. In fact, the relative abundance for mac-
rocycle b4 for the sequence YGGF is considerably larger
than for GGGG (31% versus 9%). This shows that apart
from the chain length, the primary structure also plays
a key role in the relative propensity in forming ox-
azolone versus macrocycle structure. While more com-
plementary IR-MPD/HDX studies are required to val-
idate the hypothesis that macrocycle structures exhibit
slower HDX kinetics compared with oxazolones, these
results show that HDX is a promising technique in
quantifying both structures. In fact, HDX displays a
much enhanced sensitivity relative to IR-MPD in detect-
ing low-abundance structures, such as the macrocycle
for b3.
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