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ABSTRACT: Collision-induced dissociation (CID) of small, s Oxa

protonated peptides leads to the formation of b-type fragment L A 4 "
ions that can occur with several structural motifs driven by different ;‘; o

covalent intramolecular bonding arrangements. Here, we character- ':,‘ e, 0% AN
ize the so-called “oxazolone” and “macrocycle” b, ion structures that Bt S 23,00 @ Moo S
occur upon CID of oligoglycine peptides (G,) ions (n = 2—6). This .: :“ Lo 3" :

is determined by acquiring the vibrational band patterns of the ) e P A
cryogenically cooled, D,-tagged b, ions obtained using isomer- ! 'S MC

selective, two-color IR—IR photobleaching and analyzing them with
predicted (DFT) harmonic spectra for the candidate structures.
Both oxazolone and macrocyclic isomers are formed by b,, whereas only oxazolone species are created for b, and b; and the
macrocycle is created for bg. As such, n = 4 corresponds to the minimum size where both Oxa and MC forms are present.

I. INTRODUCTION [G,-HI* b, P

o
The distribution of ions following collisional induced o N ﬁ Al Q - HzN/ﬁ(HV“\\N>
dissociation (CID) plays a central role in mass spectrometric NN OH 0 )
analysis of complex mixtures ranging from the characterization ®
of metabolites to sequencing peptides.' CID patterns are useful + OH
. 1 . ) [Ge-H] o N
in providing information on the functional group presence and, o o o 7 NH
in the case of peptides, sequence information through amino y EWHQKNWHQKN*HQKOH - ¢ bg FO
acid bond cleavage. However, there are situations in which an 3 b H H o)\ NH
orthogonal analytical filter is useful to obtain more structural N L
information and clarify the potential role of isomers. One such
fragment is b,, obtained by fragmentation of protonated Figure 1. Product motifs adopted by the b, fragments generated by

the collisional dissociation of protonated oligoglycine peptides.
Previous studies have reported two different structural classes
generated depending on the number of glycine residues (1) in G,.
At small n, the oxazolone (Oxa, red) motif is the dominant form
generated upon CID, whereas larger n precursors yield the macrocycle

oligopeptides. Here, we focus on the simplest case of
oligoglycine peptides (G,) indicated in Figure 1. The b,
fragment forms by cleavage at the amide bond, leaving a
positive charge on the side of the N-terminus. In favorable

cases, this produces characteristic fragmentation patterns that structure (MC, blue). Here, we exploit cryogenic vibrational
can be used to determine the original peptide sequence. It is spectroscopy to address how the distribution of the two forms
generally agreed that b, ions are generated by a “mobile evolves as a function of the number of n.

proton” mechanism. Internal energy supplied by collisions with
buffer gas in the CID process forms reactive intermediates with
protonation sites that lead to backbone dissociation.”
Protonation of the amide nitrogen in the G, ions
considerably weakens the amide bond, leading to decom-
position.” Once the bond is weakened, the fragmentation
pathway leading to b, diverges, depending on the chain length
of the peptide. The schemes of interest in this study are
summarized in Schemes S1 and S2. The structures of the b,
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ions have been explored with vibrational spectroscopy using
infrared multiple photon dissociation (IRMPD),"™* following
the kinetics of H/D exchange (HDX),” and energy-resolved
collision-induced dissociation.'” For small polypeptides (n <
3), the b, ions adopt the terminal oxazolone motif (hereafter
denoted Oxa),'"'” while the longer chains adopt the
macrocycle form (hereafter denoted MC).>” The nature of
the b, ion has practical implications because the MC isomer
compromises the original sequence of the peptide, thus
complicating sequencing based on the CID fragments."
Critical evaluations of the impact of this uncertainty on
sequence identification have been carried out'”' and
concluded that the overall effect is small at the MS/MS level
(i.e., a single fragmentation step initiated with the protonated
precursor peptide ion). Subsequent CID of putative macro-
cyclic isomers at the MS/MS/MS level and beyond has been
shown to cause the scrambling of amino acid sequence.®
Nonetheless, uncertainty remains about the n-dependence of
the relative contributions of each isomer to the net b, yield.
This arises because previous studies reported portions of the
IR spectrum (e.g., 800—2000 or 2500—4000 cm_l)(”()’16 using
IRMPD. Moreover, different laboratories necessarily generated
CID products from different precursor ions with different CID
methodologies (i.e., instrument-dependent commercial mass
spec capabilities, break up in the ion source vs upon
introduction to an RF trap).””'® We therefore undertook
this study to determine the b, structures generated by CID of
G, (n = 3—6) peptides with the widely used Thermo Fisher
Scientific Orbitrap Velos Pro platform.

The b,, structures were determined by analysis of vibrational
spectra of the cryogenically cooled, D,-tagged ions over the
spectral range 1000—3600 cm™'. This approach features the
advantage that vibrational band patterns reflect the linear
absorption spectrum and are therefore directly comparable to
calculated spectra for candidate structures recovered by
electronic structure calculations. Moreover, isomer-specific
spectra can be obtained using two-color IR—IR photobleaching
to address the number of species contributing to each m/z ion
packet as well as their highly resolved spectral signatures. We
note that this work is an IR—IR variation of the earlier isomer-
selective study of the b, ion generated from the YGGFL'
peptide sequence, which also focused on the cryogenically
cooled ion using IR—UV bleaching. Those authors concluded
that this b, species exclusively adopted the Oxa motif, but a
later study’ carried out on room temperature ions using
IRMPD raised the possibility that the calculated bands from
the MC structure were in the best agreement with the
observed spectra. Both ion spectroscopy studies”” followed an
earlier CID investigation of apparent sequence scrambling at
the MS/MS/MS stage, in which compelling evidence that the
onset for generation of macrocyclic ion structures is at b,.'
The discrepancy in the IR photodissociation studies
emphasizes the difficulty in comparing conclusions about the
ion structure when different instruments, spectral regions, and
fragmentation methods are used to record vibrational spectra.
In light of this, we undertook this study to elucidate the n-
dependence of the Oxa vs MC forms of the b, ions created
from a simple oligopeptide (G,) under a consistent set of
fragmentation conditions.
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Il. EXPERIMENTAL AND COMPUTATIONAL
PROTOCOLS

The experimental methods and sample handling protocols
have been described previously'” and are presented in the
Supporting Information. Briefly, ESI generated G, ions (where
n denotes the number of glycine residues which are charged by
protonation) were subjected to collisional dissociation in the
LTQ_ (linear trapping quadrupole) of the Thermo Fisher
Scientific Orbitrap Velos Pro mass spectrometer. Fragmenta-
tion was carried out with a normalized collision energy of 30%
and an activation time of 10 ms. A packet of ions held in the
LTQ was transferred to an external, custom-built cryogenic ion
trap held at 20 K. Ions were cooled and tagged with D,
molecules seeded (25%) in the pulsed He buffer gas. After the
buffer gas pressure was evacuated by effusion through the
apertures in the trap for 95 ms, the ions were pulsed out of the
cryogenic trap and into a triple-focusing photofragmentation
time-of-flight mass spectrometer. Vibrational spectra were
obtained by IR photodissociation (IRPD) of the D, tags using
a standard LaserVision parametric converter (6 ns, Nd:YAG
pumped KTP/KTA, OPO/OPA, extended to the 1000 to
2300 cm ™' range by nonlinear mixing in AgGaSe, described
previously).”” The laser was scanned over two partially
overlapping spectral regions (1000 to 2300 cm™' and 2200
to 3600 cm™') with different nonlinear mixing schemes. As a
result, the spectra presented were merged together, such that
the fragmentation intensities are matched at the overlap region.
Isomer-selective spectra were acquired using two-color, IR—IR
double resonance as described previously with details of its
application here presented in the Supporting Information. To
aid in the assignment of the spectra calculations were
performed at the B3LYP/6-311+G(d,p) level of theory/basis
using the Gaussian 16 program package.”’ Additional
information about the approaches used in this work can be
found in the Supporting Information.

lll. RESULTS AND DISCUSSION

llIA. Spectral Signature of the Oxazolone Motif.
Extensive studies using IRMPD and HDX on b, fragments
of protonated peptides have shown that these almost
exclusively adopt the Oxa motif.””""** For example, Chen et
al.” measured the infrared spectrum of b, generated from
triglycine in the fingerprint region and recovered the telltale
CO stretching mode of the oxazolone structure at ~1960
cm™". The high frequency region was measured by Wang et al.
in a separate study.'” Comparison of the NH and OH
stretching bands with calculated candidate structures and the
observed spectrum of cyclo(Gly-Gly) (the MC form of b,, also
known as diketopiperazine) as a control confirmed that b,
from protonated triglycine exclusively forms Oxa. Moreover,
this region of the spectrum allowed for assignment of the
protonation site to the lactone ring, as opposed to the N-
terminus. There are exceptions to exclusive Oxa formation in
small b-type ions that have been known for decades with
tandem MS/MS techniques.”> One notable exception, which
makes use of the diagnostic power of IR spectroscopy, to
exclusive Oxa formation in b, is in histidine-containing
peptides in which MC and Ozxa structures are both formed
upon dissociation of the precursor peptide ion, HAAAA.**

To establish the spectral features that confirm the formation
of Oxa structures in the cryogenic vibrational spectra, Figure 2
presents the D,-tagged spectra of the b, and b; ions. The
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Figure 2. (3, c) D,-tagged IRPD spectra of b, and b;. Inverted scaled
harmonic spectra and structures are presented for the ring-protonated
(Oxa) b, (b) and by (d) ions predicted at the B3LYP/6-311+G(d,p)
level of theory. The computed spectra are scaled by 0.96 in the range
of 2400—3600 cm™ to match the NH, symmetric and asymmetric
stretches and 0.975 in the range of 1000—2100 cm™' to match the
lactone CO of Oxa. The expanded inset in (a) highlights the multiplet
structure displayed by the experimental spectrum of b,, whereas only
a single feature is predicted in the region arising from the CO
stretching fundamental. Energies of selected bands are listed in Table
S1. The high frequency region in (d) has been expanded to highlight
the relative intensities of the NH, fundamentals.

experimental spectrum of b, is shown in Figure 2a. The
observed spectrum displays a multiplet centered at 1962 cm™
(highlighted in red), which has been assigned previously to the
CO stretching fundamental of the carbonyl group and denoted
SO.%° In the cold ion spectrum, however, the broad CO
envelope observed in the IRMPD spectrum is resolved into a
quintet of closely spaced peaks separated by about 20 cm™
This behavior is not predicted at the harmonic level (Figure
2b), which displays only a single, isolated transition in this
region. Therefore, it is likely that the multiplet is due to
anharmonic coupling with background states. Indeed, calcu-
lations performed using second-order vibrational perturbation
theory (VPT2) show several closely spaced peaks in this region
(Figure Slc). The b, ion retains its N-terminus —NH, motif,
as evidenced by the symmetric (l/sym) and asymmetric (I/asym)
modes at 3390 and 3454 cm™’, respectively (highlighted 1n
blue), along with a strong band just below them at 3329 cm™
All of these features are recovered at the harmonic level
(Figure 2b), verifying that the 3329 cm™" band arises from the
ring NH group. Although previous spectroscopic studies have
observed Oxa containing ion ensembles with different
protonation sites (ring-protonated vs N-terminal-protonated),”
this possibility is discounted here as the high frequency region
of the spectrum (Figure 2a) exclusively contains bands
associated with neutral —NH,. As such, the observed multiplet
of UGy, is not related to species involving protonation of the N-
terminus. There is the possibility of subtle isomer effects which
can be addressed with IR—IR photobleaching techniques as
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described in the experimental protocol; however, this lies
outside the scope of the present study.

The D,-tagged spectrum of by is displayed in Figure 2c,
which also contains the telltale 150 peak at 1941 cm™,
confirming the formation of the Oxa motif. Although the
quintet structure of the 155, band observed in the b, spectrum
is not found in b, the band contour shows 2 similar overall
envelope to that seen in b,. The VN and l/asym features of the
—NH, group are intact (blue), but there is a strong, broad
feature present in the NH stretching region (purple) centered
at 3200 cm™'. This is red-shifted by 130 cm™' from the
location of a free NH group in that position of b,, and we
assign this feature to the NH group engaged in a five-
membered cyclic structure with an intramolecular H-bond,
which is in accordance with the spectrum calculated (inverted
in Figure 2d) for the structure displayed in the inset of Figure
2d. The broadening associated with such cyclic intramolecular
H-bonds has been reported for many systems.”® Such
broadening can become extreme as the strength of the H-
bond increases along with the red-shift. Indeed, in prototype
systems with red-shifts on the order of 800 cm™, the envelope
of the osc111ator strength is difficult to observe with linear
spectroscopy.”” The calculated shift (700 cm™, pink peak in
Figure 2d) associated with the second NH is such a case. It is
also engaged in a cyclic intramolecular H-bond (this time a
seven-membered ring), and we therefore conclude that this
band is not recovered at the current signal-to-noise ratio.

Figure 3 presents the experimental D,-tagged spectra of the
b,_,_s series. Cursory inspection of the band patterns indicates

i
NHa| | NH,

Vsym; | Vasym
‘3,‘ //\\AL
b

co i
Vamide

Vamide 11
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Figure 3. D,-tagged IRPD spectra of b, for n = (a) 2, (b) 3, (c) 4, and
(d) 5. Expanded insets of the high frequency region are shown to
illustrate the evolution of the NH, fundamentals, as well as transitions
arising from the NH stretch. The blue arrows in (c) represent the
frequencies of b, measured previously by Durand et al.’ The purple
and green arrows in (d) represent the frequencies of by measured
previously by Erlekam et al."® All minimum energy structures shown
as insets were calculated at the B3LYP/6-311+G(d,p) level of theory.

that, while the b, spectrum retains the signature CO stretch
(52(A)), red at 1927 cm™), this feature is completely absent
in the spectrum of bg (Figure 3d) There is a broad pedestal
that spans the location of the 25 band, but this continuum
envelope is inconsistent with that expected for a nonbonded
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CO group in the Oxa motif. The observed behavior is expected
based on a previous report that the MC isomer is exclusively
formed upon CID of Gly-Gly-Gly-Gly-Gly-Arg (GsR).'® That
conclusion was based on the IRMPD spectrum that featured
two broad bands (purple and green arrows in Figure 3d)
centered at 1520 and 1680 cm™. These are expected for the
amide II (CN stretch, (1SN4.q), purple arrow) and amide I
(CO stretch, (1594.1), green arrow) modes of a polypeptide,
respectively.”® A pattern similar to that for the D,-tagged by
ion is observed here (Figure 3d). Moreover, within the
macrocyclic structure, all of the nitrogen atoms are secondary
and appear with one NH group. As a result, the characteristic
1/2\;:‘2 and I/i;ﬁ bands of the N-terminus (blue dashed vertical
lines in Figure 3) are not present in the observed by spectrum.
Instead, these are replaced by a multiplet of transitions in the
region from ~3300 to 3500 cm™'. Based on this spectral
behavior, we conclude that the by ion created in this work
starting from Gg also occurs exclusively in the MC motif. We
note that this is in contrast with the situation reported for the
b ion generated from Gg. In that case, features in the IRMPD
spectrum, as well as the HDX kinetics, pointed to a scenario in
which both Oxa and MC were in play.” The method of CID
used in that study’ (nozzle-skimmer breakup) was different
from that used for GsR'® and G4 (ion trap), raising the
possibility that different kinetic regimes can control the final by
ion structure.

Returning to the b, spectrum (Figure 3c), we note that it is
qualitatively more complex than the others with many distinct
bands scattered across the entire spectrum as well as a very
broad feature centered at 2500 cm ™" signaling the presence of
a strong H-bond. As discussed above, the vG5o(A) feature at
1926 cm™! provides compelling evidence that the Oxa motif is
present, and this is further confirmed by the high frequenc}?r
NH region, which yields sharp bands at locations of the l/g],m2
and Uy, stretches (dotted blue lines at 3392 and 3452 cm
respectively). These bands do not occur with the same
intensity ratio as b, and b;; however, many other features
appear nearby including very strong transitions at 3338 and
3486 cm™". The band locations indicated by the downward
blue arrows in Figure 3¢ correspond to those obtained for the
room temperature b, ions (from G5) using a two-color
technique: a resonant IR pulse followed by IRMPD with a CO,
laser.® Those authors found this pattern to be most consistent
with the exclusive formation of the Oxa form. On the other
hand, HDX data on b, (again from G;) reported by Chen et
al.” indicated that two species were present that are consistent
with the occurrence of both Oxa and MC forms. Even in the
context of the Oxa structure, the observed spectrum displays
an isolated band at 1876 cm™ (¢§2(B)), ~50 cm™ below the
VGo(A) feature. This suggests the formation of a second
oxazolone-based isomer. To establish the number of isomers
that contribute to the b, spectrum, we extended the study of
the b, ion ensemble prepared in our ion source using isomer-
selective, two-color IR—IR spectroscopy.

llIB. Isomer-Selective Spectra of b,. Isomer-selective
IRPD is achieved using two pulsed (6 ns) IR lasers, with one of
them (the pump) fixed on a particular transition in the single
laser spectrum and sufficiently powerful to remove a significant
fraction of the ion population of the species with a band
resonant with the pump frequency. A second laser (the probe)
subsequently interrogates the same ion packet excited by the
pump laser and is scanned across the entire spectrum. All
transitions associated with the species excited by the pump are
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then recorded by monitoring the degree to which the
photofragment from the probe is modulated by the pump,
which is pulsed over alternate cycles of the S Hz experiment.

We first consider the nature of the species responsible for
the v50(A) feature in the b, single laser spectrum reproduced
in Figure 4c. That band appears closest to the telltale

a)
b)

e IXWWW’WWW

1000 1200 1400 1600 1800 2000 2200

Photon Energy (cm'!)

Figure 4. (a) Harmonic (B3LYP/6-311+G(d,p)) spectrum (scaled by
0.975) for the O-protonated MC structure shown in the inset. (b)
Isomer-specific spectrum of b, with the pump laser located at the
band indicated by the blue downward arrow (Vpyy,). The green
downward arrow indicates the centroid frequency of 15941 in bs. (c)
D,-tagged IRPD spectrum of b,, (d) isomer-specific spectrum
obtained with the pump located at the vSO(A) band (red arrow),
and (e) harmonic (B3LYP/6-311+G(d,p)) spectrum (scaled by
0.975) for the ring-protonated structure shown in the inset. The pink
arrow in (d) indicates the calculated position of the v = 0-2
transition of the bending mode arising from the H-bonded NH
stretch on the oxazolone ring (21/22;, pink). See the text and Figure S2
for details on the anharmonic vibrational calculations and analysis of

b,.

transitions in the b, and b; spectra, signaling formation of
the Oxa motif. Setting the pump laser to the V5o (A) feature
yields the modulated spectrum displayed in Figure 4d (red,
where negative going modulations indicate signals that are
reduced when the pump laser is on). Several key points are
immediately established by comparing the two spectra. First,
three strong bands in the single laser spectrum (indicated by
asterisks) are missing in the isomer-selective trace, thus
establishing that there are at least two spectroscopically
distinct species in play. Second, both bands in the vicinity of
the Oxa CO stretch [£S2(A) and v52(B)] are modulated
when the pump is fixed on 5o (A), indicating that these bands
arise from the same isomer. With the exception of the /52 (B)
transition, the pattern of bands is accurately recovered at the
(scaled) harmonic level for the Oxa structure presented in the
inset in Figure 4e. This agreement indicates that the dominant
band near 1600 cm™ is due to the terminal amide CO
vibrational mode, with a few other key bands labeled according
to the dominant displacements in the calculated normal
modes. Note that this structure also rationalizes the very
diffuse envelope that extends from 2000 to 2500 cm™" due to
the ring NH group (Figure 4e, pink) attached to the terminal
amide CO group.

To explore the origin of the U5o(B) band, we carried out
anharmonic calculations (VPT2) also at the B3LYP/6-
311+G(d,p) level of theory/basis to capture overtone and
combination bands predicted to gain oscillator strength in this
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region. The anharmonic spectrum is presented in Figure S2,
and indeed a band close to U5 (B) is predicted (pink upward
arrow in Figure 4d), which arises from the overtone of the
bending mode associated with the NH group engaged in a H-
bond to the CO (2u,,). This effect has been observed in
many systems””° and occurs when soft mode displacements
(normal mode vectors indicated in the inset of Figure S2d) act
to break the strong H-bond. Analagous bands are also found in
the calculated anharmonic spectra for b, (1451 cm™) and b,
(1935 cm™).

The spectrum of the second b, isomer is displayed in Figure
4b (blue trace with downward features associated with
population depletion). This spectrum was isolated by setting
the pump laser at the highest energy feature in the single laser
spectrum that is not associated with the Oxa isomer, indicated
by the blue arrow in Figure 4a at 1767 cm™". The neighboring
(*) band at 1715 cm™' is also modulated by this pump
frequency, whereas there is no activity near the v59(A) and
(B) bands assigned to the spectrum of the Oxa isomer. We
therefore conclude that the second isomer does not adopt the
oxazolone motif. The strong doublet structure of the highest
energy bands in the fingerprint region is in excellent agreement
with the calculated (scaled) harmonic calculation presented in
Figure 4a for the lowest energy MC structure depicted in the
inset. These two strong bands arise from the CO stretches of
the polyamide scaffold. We note that the relatively weak laser
power in this spectral region required extensive signal
averaging, and here, we establish only the necessary differences
in the spectra of the two isomers. More extensive experimental
work will be required if a complete survey of the entire
spectrum is desired to better resolve the actual structure of the
MC species. We note that the MC structural motif was
calculated by Paizs and co-workers to be 3.5 kcal/mol above
the ring-protonated Oxa structure,’ supporting the role of
kinetic quenching into local minima in the complex potential
energy landscape. In the present study, a similar difference in
energy and preference for the Oxa structure were predicted
with the B3LYP functional. However, calculations at the M06-
2X and MP2 levels of theory predicted the MC and Oxa
structures to be nearly isoenergetic, which supports the
observation of multiple isomers for the b, ion population
generated by CID of G, in our study, as suggested in previous
reports.lg’31

These results establish that the b, ion generated from Gy
under our dissociation conditions occurs in both Oxa and MC
forms, and thus corresponds to an effective “tipping point” in
the transition from exclusive formation of Oxa structures for
smaller sizes and MC structures for midsized precursor G,
peptides.

IV. SUMMARY

Isomer-selective cryogenic ion vibrational spectroscopy and
quantum chemical calculations unambiguously identify two
isomer forms of the b, fragment. One of these corresponds to
the oxazolone motif reported earlier, but a second structure is
also observed that corresponds to formation of a macrocycle.
The CO stretch near 1926 cm™, the telltale feature of the
oxazolone isomer, appears with another strong band at 1876
cm™'. Double-resonance spectra based on isomer-selective
photobleaching confirm that both bands arise from the same
species, ruling out the formation of different oxazolone
conformers. Anharmonic calculations suggest the 1876 cm™
band is associated with an overtone transition involving the

out-of-plane motion of an NH group, which breaks the NH---O
hydrogen bond. The b, and b; fragments exclusively adopt the
oxazolone structure in agreement with previous studies, but
only the macrocyclic form of the by ion is present. This result
differs from an earlier conclusion based on IRMPD and HDX
kinetics that by exists in both macrocyclic and oxazolone forms
and raises the important question of how the b, structures
depend on the specific CID protocols used, as well as the issue
of how fragment ions with significant internal energy are
quenched into different minima upon cryogenic cooling.
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