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Defying Entropy: Forming Large Head-to-Tail Macrocycles in the Gas

Phase™*
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In solution, the synthesis of head-to-tail macrocyclic peptides
is notoriously challenging for smaller peptides due to trans
amide bonds, and synthetic strategies frequently involve the
insertion of proline or p-amino acids.'! Conversely, cycliza-
tion of larger peptides is often straightforward, provided that
competing reactions can be minimized.” In recent years, it
was discovered that macrocyclic peptides can also be formed
in the gas phase, during the fragmentation chemistry of
protonated peptides inside mass spectrometers.”! Collision-
induced dissociation (CID) of peptide ions leads to vibra-
tionally excited ions that are labile to amide bond cleavage.
The resulting fragment ions that contain the N terminus are
referred to as b, ions (where # is the number of residues from
the N terminus)." Two distinct chemical structures have been
confirmed for b ions: 1) linear structures terminated by a five-
membered oxazolone ring on their C-terminal side® and
2) head-to-tail macrocycles (Scheme 1)—low-energy path-
ways have been found that allow interconversion between
both forms.”! Direct evidence for these structures has come
from infrared multiple photon dissociation (IRMPD) spec-
troscopy measurements,®” and in particular the diagnostic
CO stretch modes of oxazolone ring structures, located in the
background-free 1770-1950 cm™' region of the mid-IR spec-
trum. 13

IR evidence has shown that the smaller b, fragments
generally prefer to adopt oxazolone structures,'*"l with some
exceptions for basic histidine- and arginine-containing
sequences.'">"! The propensity for head-to-tail macrocycle
formation is, however, enhanced for mid-sized to larger
b fragments, as complementary IRMPD spectroscopy, gas-
phase H/D exchange and dissociation studies have
shown 1112024 This raises the question how much larger
macrocyclic structures can become in the gas phase, given the
elevated internal energies of the ions during these reactions,
and hence correspondingly non-negligible entropic barriers.
The question is also timely, as the macrocyclization of b ions is
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Scheme 1. Oxazolone and macrocycle structures for the example of
bg ions with the sequence motif (TyrAlaGly),.

intimately linked to permutation processes in peptide frag-
mentation, as in subsequent re-arrangement processes, the
macrocycle may not re-open where it was put together, and
thus result in non-direct/scrambled/permuted sequence
ions,?! potentially complicating sequence analysis in mass
spectrometry-based proteomics.[*2"

Here, we have chosen the sequence motif GlyAlaTyr, and
the related motifs TyrAlaGly and AlaTyrGly, to study the
formation of larger macrocycles in the gas phase. A series of
peptides,  including (GlyAlaTyr),ProGly, (GlyAla-
Tyr);ProGly, (GlyAlaTyr),ProGly, (GlyAlaTyr)sProGly,
cyclo(TyrAlaGlyTyrAlaGly), and other sequence variants,
were made by solid-phase synthesis, as described previ-
ously.” The presence of proline (i.e., Pro) in these motifs
yields efficient amide bond cleavage on its N-terminal side,
and thus abundant by, by, and b, CID product ions. As in
previous experiments, the peptides were ionized by electro-
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spray ionization (ESI) and fragmented by “nozzle-skimmer”
dissociation in the ESI source, followed by IR spectroscopic
interrogation with the free electron laser (FELIX) in the
Penning trap of a Fourier transform ion cyclotron resonance
(FTICR) mass spectrometer.'>!!! The IRMPD spectrum was
obtained by recording the IRMPD yield as a function of the
FELIX wavelength. Note that this yield is defined here as
yield = —In[1—(ZIntpygopagmens ZI0tan 1on)], and that it is
normalized with the relative laser power at each wavelength
step.

Figure 1 depicts the IRMPD spectra for the b, and by ions
for the various sequence motifs. In all cases for by, sizeable
bands are observed in the high-frequency region from 1770-
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Figure 1. Top: IRMPD spectra of the b, ions with the sequence motifs
a) TyrAlaGly, b) GlyAlaTyr, and c) AlaTyrGly. Bottom: IRMPD spectra of
the bg ions with the sequence motifs a) TyrAlaGly, b) GlyAlaTyr, and

c) AlaTyrGly. The CID product were made from the precursor ions
(TyrAlaGly),ProGly, (GlyAlaTyr),ProGly, and (AlaTyrGly),ProGly, respec-
tively. The spectral region associated with oxazolone band(s) is colored
in light red.

1950 cm ™!, which are assigned to the diagnostic oxazolone CO
stretch modes. The high-frequency band at 1915cm™' is
consistent with oxazolone structures protonated at the
oxazolone ring N, whereas the lower-frequency band at
1775 cm™ is consistent with oxazolone structures protonated
at the N-terminus.'”? On the other hand, for the slightly larger
bg ions, there is no evidence for oxazolone bands, suggesting
that exclusively head-to-tail macrocycles are formed. A more
definite proof for this assignment is shown in Figure 2, where
the IRMPD spectrum for the sequence motif TyrAlaGly by
matches closely with the corresponding spectrum of the
synthetically made cyclic peptide, cyclo(TyrAlaGlyTyrAla-
Gly)H". Conversely, in a control experiment, the bg ion made
from the N-terminally acetylated variant of TyrAlaGly
exhibits an intense band at 1915 cm™'. If any of the by ions
with sequence motif TyrAlaGly adopted an oxazolone
structure, this would be visible by the presence of a diagnostic
band in the 1770-1950 cm ' region of the spectrum. The same
rationale applies to the by fragments of the sequence variants
TyrAlaGly and GlyAlaTyr, implying that the size effect, upon
going from b, to by, is critical in promoting head-to-tail
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Figure 2. Comparison of IRMPD spectra of cyclo(TyrAlaGlyTyrAla-
Gly)H", bg ion with sequence motif TyrAlaGly, and bg ion from the N-
terminally acetylated peptide with sequence motif TyrAlaGly. The two
CID products were made from the precursor ions (TyrAlaGly),ProGly
and Ac-(TyrAlaGly),ProGly, respectively. The spectral region associated
with oxazolone band(s) is colored in light red.

cyclization. Sustained off-resonance irradiation collision-
induced dissociation (SORI CID) for these bgions in the
ICR cell are also consistent with sequence permutation
processes (see Figure S1 and Table S2 in the Supporting
Information).

Figure 3 shows a series of b ions with the sequence motif
GlyAlaTyr from b, up to by,. As a control experiment, the by,
ion for the N-terminally acetylated version of the peptide
completes the series. Strikingly, none of the intermediate
fragment ions, by, by, nor b;,, show any evidence for oxazolone
structures. The spectral region between 1760-1960 cm™ is
magnified to visualize the presence/absence of these bands
more clearly. Note that the photodissociation at the oxazo-
lone CO stretch mode is more challenging in larger b ions,
given the presence of merely one IR oscillator in a larger
molecule. Nonetheless, the presence of a weak, yet reprodu-
cible band for the control acetylated b, ion (Ac-b,,) confirms
that this band can be detected in molecules of this size. Under
identical conditions, photodissociation of the smaller b ions,
by and by,, would be expected to give rise to bands in the 1770
1950 cm ™! region, if in fact oxazolone structures were present.
These results strongly indicate the presence of head-to-tail
macrocycles for all of the larger bions, bs, by and b,,, as
opposed to oxazolone structures for the b, ion, yet again
confirming a size effect in the formation of macrocycle
structures. The IRMPD spectrum for the still larger b;s ion
(see Figure S3 in the Supporting Information) also lacked
a diagnostic oxazolone band in the high-frequency region, but
this result is less definite, as no control experiment on N-
acetylated b, ions, where n>14, could be carried out
successfully.
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Figure 3. IRMPD spectra of a series of b ions with the sequence motif
GlyAlaTyr: by, bg, by, by, and N-acetylated b,,. The CID products were
made from the precursor ions (GlyAlaTyr),ProGly, (GlyAlaTyr),ProGly,
(GlyAlaTyr);ProGly, (GlyAlaTyr),ProGly, and Ac-(GlyAlaTyr)sProGly,
respectively.

It appears that there are similarities in the trends for head-
to-tail cyclization in solution and in the gas phase. While
smaller peptide lengths discriminate against head-to-tail
cyclization, no such problems are encountered for larger
chains. One key difference between the chemistry in both
phases is that the fragmentation chemistry in the gas phase
takes place at much elevated temperatures (about 600-
800 K), suggesting that entropic barriers could impede
macrocyclization in larger systems. The results presented
here indicate that these barriers do not pose a challenge for
head-to-tail macrocyclization, at least for systems up to 12
residues in length. These findings are also consistent with
a number of previous studies. Quantum-chemical calculations
had indicated that macrocycles are enthalpically favored over
oxazolone structures.’l A number of IR studies on peptide
systems with diverse amino acid sequences (e.g., YGGFL,
YAGFL, GGGGG, and QWFGLM) have now confirmed
that the formation of mid-sized macrocycles in the gas phase
is prolific.®>*" Finally, the general trend indicating a higher
propensity for forming macrocycles as a function of peptide
length appears to be validated with these results.!*-!-2"]

While the current results do not offer insights into the
chemistry of bions exceeding twelve, and possibly fifteen,
residues, in practical terms, in “bottom-up” proteomics
studies, the range from bg-b,, ions constitutes a substantial
sub-set of CID product ions, as the most abundant enzymati-
cally cleaved peptide precursors occur in the size range from
12-16 residues.”®! The current results lend credence to the
claim that head-to-tail cyclization in b ions is highly prevalent
in low-energy CID of peptides.
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