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ABSTRACT: Research in natural products (NPs) has gained
interest as drug developers turn to nature to combat problems with
drug resistance, drug delivery, and emerging diseases. Whereas
NPs offer a tantalizing source of new pharmacologically active
compounds, their structural complexity presents a challenge for
analytical characterization and organic synthesis. Of particular
concern is the characterization of cyclic-, polycyclic-, or macro-
cyclic compounds. One example of endogenous compounds as
inspiration for NP development are cobalamins, like vitamin B,.
An example of exogenous NPs is the class of macrolides that
includes erythromycin. Both classes of macrocycles feature
analogues with a range of modifications on their macrocyclic
cores, but because of their cyclic nature, they are generally resistant

to fragmentation by collision-induced dissociation (CID). In the present work, charge-transfer dissociation (CTD) was employed,
with or without supplemental collisional activation, to produce radical-driven, high-energy fragmentation products of different
macrocyclic precursors. With the assistance of collisional activation of CTnoD products, CTD frequently cleaved two covalent bonds
within the macrocycle cores to reveal rich, informative spectra that helped identify sites of modification and resolve structural
analogues. In a third example of macrocycle fragmentation, CTD enabled an impurity in a biological sample to be characterized as a
cyclic polymer of nylon-6,6. In each example, CTD spectra are starkly different from CID and are highly reminiscent of other high-
energy fragmentation techniques like extreme ultraviolet dissociative photoionization (XUV-DPI) and electron ionization-induced
dissociation (EID). The results indicate that CTD-MS is a useful tool for the characterization of natural and synthetic macrocycles.

KEYWORDS: ion activation, macrocyclic ions, macrolides, cobalamin, nylon-6,6, polymer

Bl INTRODUCTION

The need to create new therapeutics to treat infectious diseases
has created a resurgence of research into natural products
(NPs)." Prior to the development of modern synthetic drugs,
people turned to plants and nature to remedy their ailments.
Natural products are any compound produced from a living
organism, but most pharmacologically active compounds tend
to be metabolic products that plants and fungi use to protect
themselves from predation.”* Some famous examples of drugs
derived from NPs include aspirin, which has its origins in willow
tree bark,” and opioids like morphine, which are derived from
the poppy plant.” Even as drug development grew out of the
textile and dye industries in the second half of the 20th century,
most synthetic drugs were derived from, or inspired by, a natural
compound.®’

Many NPs have complex structures—including cyclic-,
polycyclic-, or macrocyclic rings—which can make them
difficult to both characterize and synthesize. One example of
the potential structural complexity can be found with vitamin
By, (Figure 1), a critical coenzyme for many bodily functions in
animals. The structure of vitamin B,, was outlined in 1956° but
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was not fully synthesized until nearly 20 years later by
Woodward’s group.9 Vitamin B;, has been demonstrated to be
a promising drug delivery tool when certain active sites on the
molecule are modified, so the ability to obtain comprehensive
MS/MS characterization of vitamin B;, could facilitate it is
development as a novel drug or drug-delivery tool.'’ The
structural characterization of compounds like vitamin B, is also
important in cancer research, where rapidly growing cancer cells
have an increased demand for essential vitamins like vitamin B,,.
Delivering modified versions of vitamin Bj, can target and
disrupt the replication of cancer cells,'’ and the exaggerated
uptake of vitamin B}, by cancer cells can be useful in imaging
applications that dose patients with fluorophore-modified
versions of vitamin B,."
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Figure 1. Basic structure of vitamin B, or cobalamin. R represents one
of three substituents for the most common forms of vitamin B,,: —OH
for hydroxocobalamin, —CN for cyanocobalamin, and —CH; for
methylcobalamin. Major structural components indicated. DMB
represents 5,6-dimethylbenzimidazole.

Vitamin B, contains a polycyclic porphyrin ring, a cyclic
sugar, a cyclic benzimidazole region, and a macrocyclic structure
when the benzimidazole ligand bonds to cobalt in the core of the
porphyrin ring (Figure 1). These ring structures tend to limit the
extent of structural information obtained by collision-induced
dissociation (CID), especially because of the presence of labile
bonds and leaving groups, like the phosphate group and the
monodentate cobalt ligand."*~"”

Polycyclic and macrocyclic NPs are very common in nature.
Erythromycin is a widely used antibiotic that is derived from the
soil bacteria Saccharopolyspora erythraea. Erythromycin contains
a characteristic macrocyclic ring known as a macrolide."®"”
Since its development in 1952, erythromycin has been modified
in a variety of ways to create several NPs with different uses and
activities.”>*"***1*272% These variants are commonly referred
to as erythromycins A—D. When erythromycin is characterized
using commonly available mass spectrometric techniques like
CID, the tandem mass spectra are dominated by successive
water losses that provide very little structural information.*>**
Other higher-energy techniques, like EID** and XUV-DPI*
provide more extensive fragmentation of erythromycins, richer
spectra, and significantly more structural information than CID.

Cyclic synthetic polymers have been investigated as important
drug delivery tools because they often have a greater drug
loading capacity than other molecules and they can help deliver
drugs that have poor solubility on their own.”®*” Drugs paired
with cyclic polymers can offer a longer circulation time in the
blood and provide a more controlled release with longer
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efficacy.***” However, the fragmentation of cyclic polymers
results in successive losses of monomers, which reveals little
about the structure of the monomers.***”

The ability to observe fragment ions from macrocycles relies
on the ability to cleave multiple covalent bonds following each
activation. Toward this end, CTD has demonstrated the ability
to break two covalent bonds in single activation events in several
cases: (1) to form cross-ring fragments of hexose rings in
oligosaccharides,A'O_47 (2) to form backbone cleavages of
proteins within disulfide-linked proteins,*® and (3) to form d
and w ions of peptides.*”** CTD uses kiloelectronvolt helium
cations in the range of 3—10 keV for ion activation. Helium is
used because it has the highest electron affinity of any singly
charged cation at 24.6 eV, although there is significant evidence
that the kinetic energy of the reagent ion is responsible for most
of the available excitation energy during activation, so CTD
efficiencies are not sensitive to the ionization potential of the
reagent ion.”*> CTD finitially produces doubly charged radical
cations (from singly charged precursors) that usually dissociate
rapidly through radical-driven fragmentation pathways. When
the oxidized product ion does not fragment, the observed peak is
termed the charge transfer no dissociation (CTnoD) peak,
consistent with the naming system of other electron-based
activation methods.

In this paper, we investigate the ability of CTD to provide
fragmentation of three different types of challenging macro-
cycles. First, we studied vitamin B,,, which features a central
corrin ring along with two axial ligands coordinated to a central
cobalt ion.*>® Second, we investigated the fragmentation of
different macrolide antibiotics: erythromycins A—C. Finally, we
investigated the fragmentation behavior of an interferent in the
analysis of a glycan experiment, which was identified as a cyclic
polymer of nylon-6,6. Whereas nylon is not an NP, it is a
common contaminant in MS/MS and LC—MS experiments,
and its amide linkages bear structural similarity to many natural
prodcuts.”*>> Detailed characterization of these important
classes of macrocycles can have far reaching impacts in drug
discovery, development, and delivery. The results indicate that
CTD on a benchtop ion trap mass spectrometer produces
significantly more structurally informative fragments than can be
accomplished using conventional tandem mass spectrometry
approaches such as CID.

B METHODS

Instrumentation. CTD and CID experiments were
performed on a modified Bruker amaZon 3D ion trap mass
spectrometer (Bruker Daltonics, Bremen, Germany). To
perform CTD, a saddle field fast ion source interfaced with
the vacuum cover lid was mounted directly above a 3 mm hole in
the ring electrode of the ion trap. A pulsed high voltage to the
anode of the jon gun is timed to permit ~6 keV helium ions into
the trap for periods ranging from 20 to 100 ms. Full instrument
modifications are described elsewhere.*”*** UHP helium from
Matheson TRIGAS (Fairmont, WV) was used as the reagent gas
for all experiments, although recent work has shown that the
nature and purity of the reagent gas might not be important.”

Samples. Vitamin B;, (cyanocobalamin and methylcobala-
min) was purchased from Sigma-Aldrich (St. Louis, MO).
Erythromycin A was purchased from Acros Organics (Palo Alto,
CA), and erythromycins B and C are European Pharmacopoeia
reference standards from the European Directorate for the
Quality of Medicines (Strasbourg, France). All solutions were
prepared in a water/methanol/formic acid mixture (49.5:49.5:1
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Figure 2. (a) CID spectrum of cyanocobalamin and (b) CTD spectrum of cyanocobalamin. A represents a loss of either CoCN (84.94 Da) or *CN
and CH;CONH, (85.04 Da). Abbreviations are as follows: DMB = 5,6-dimethylbenzimidazole base (CyH,,N,, 146.08 Da); DMB+DR = §,6-
dimethylbenzimidazole base and deoxy ribose sugar (C,,H,c0;N,, 261.12 Da); NL = nucleotide loop (C,,H,,N,04P, 340.08 Da).
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Figure 3. (a) CID spectrum of methylcobalamin, and b) CTD spectrum of methylcobalamin. B represents a loss of either CoCH, (73.96 Da) or *CH,4
and CH;CONH, (74.06 Da). Abbreviations are as follows: DMB = §,6-dimethylbenzimidazole base (CyH;oN,, 146.08 Da); DMB+DR = §,6-
dimethylbenzimidazole base and deoxy ribose sugar (C;4H;405N,, 261.12 Da); NL = nucleotide loop (C;,H,,N,04P, 340.08 Da).

v/v/v) with a final concentration of 100 ppm. HPLC-grade
methanol and formic acid (Fisher Scientific, Fair Lawn, NJ) were
used for sample preparation.

Method. Vitamin B,, solutions were introduced to the MS
inlet with an electronic syringe pump at a flow rate of 5.0 yL/min
and a voltage of 3.5 kV. Erythromycin samples were ionized by a
static nanospray source at a voltage of 1500 V. The low mass
cutoff (LMCO) was set to m/z 250, and an isolation width of 4
Da was used for all experiments. CID experiments were
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performed with a reaction amplitude of 0.5—1.5 V. For CTD
experiments, fragmentation was achieved by exposing precursor
ions to 5—7 keV helium cations pulsed for 100 ms. A leak valve
maintained the flow of helium into the vacuum chamber at 1.2 X
10~ mbar. To prevent unwanted space charge effects, any
unreacted precursor ions remaining after CTD were resonantly
ejected with a CID amplitude of 1.0—7.0 V before mass
acquisition.

https://doi.org/10.1021/jasms.1c00369
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For experiments with nylon-6,6, the singly charged precursor
at m/z 453.3 was isolated and then fragmented by CTD. The
doubly charged product ion at m/z 226.5 was then isolated and
fragmented by CID at the MS?® level. The LMCO was set to m/z
50, and the CID amplitude was 0.8 V.

B RESULTS AND DISCUSSION

Vitamin B;,. Tables of fragments of CID and CTD of
cyanocobalamin and methylcobalamin are provided in Tables
S1—S4. CID of vitamin B, produced relatively few product ions
and is restricted to fragments above m/z 900 (Figure 2a). Most
of the product ions in the CID spectra arise from neutral losses
of the major structural components, including the S$,6-
dimethylbenzimidazole base (DMB, C4H,(N,, 146.08 Da), the
combined loss of 5,6-dimethylbenzimidazole base and deoxy
ribose sugar (DMB+DR, C,,H;cO;N,, 261.12 Da), and the
nucleotide loop (NL, C;,H;;N,O,P, 340.08 Da). Peaks
corresponding to one or more neutral water losses from these
fragments are also observed (Figures 2a and 3a).

When comparing CID and CTD of protonated vitamin B,,,
CTD produces many more fragments across a wider range of m/
z values. Most of the product ions from CTD derive from
cleavages within the nucleotide loop. CID also forms a few
products in this region, but not to the same extent. In addition to
cleavages within the nucleotide loop, CTD and CID also induce
the losses of water and other small molecules from many of the
product ions. For example, with cyanocobalamin (CNCbl),
CTD produces several product ions that include neutral losses of
HCN, which must involve a rearrangement of hydrogen atom to
the cyanide group bonded to the central cobalt ion (Figure 4). In
contrast, CID of cyanocobalamin does not produce any
analogous losses of HCN. Likewise, with methylcobalamin
(MeCbl), which has a methyl group coordinated to the central
cobalt, the CTD spectrum contains many instances of a methyl
radical loss, but the CID spectrum does not (Figure 3). The
fragment ion map of methylcobalamin is provided in Figure S1.

Unique to the CTD spectra of CNCbl and MeCbl are losses of
85 and 74 Da. These losses are most likely the loss of the central
cobalt along with the axial ligand (—CoCN, 84.94 Da; —CoCHj,,
73.96 Da). However, the limited mass resolution of our
instrument prevents confident assignment of these neutral
losses because the peaks are nominally isobaric with the loss of
the axial ligand plus one of the acetamide groups along the
perimeter of the corrin ring (*CN and CH;CONH, = 85.04 Da;
*CH; and CH;CONH, = 74.06 Da). The extensive
fragmentation along the various parts of the macrocyclic region
suggests that any additional modifications along the macrocycle
would be more readily identified using CTD than CID. The
richness of the CTD spectra are consistent with the ability to
break two or more covalent bonds in a single activation event,
and with the ability to provide access to higher energy, radical-
driven pathways that cause fragmentation away from the charge
site and the most labile bonds.

Erythromycins. Erythromycins A, B, and C (EA, EB, and
EC) differ in the presence of hydroxy or methoxy substitutions
at two different locations on the macrocycle. One site of
substitution is on the C3 position of the cladinose ring, and the
other is in the C12 position of the macrocyclic ring. Collision-
induced dissociation of EA, EB, and EC results in spectra
(Figure S2) that are dominated by the loss(es) of the cladinose
and/or mycarose groups from the macrocycle and successive
water losses thereof. The spectra contain little structural
information about the macrolide itself. The neutral loss
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Figure 4. CTD fragmentation diagram of cyanocobalamin. A
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(85.04 Da).

differences between the three structures indicate differences in
the sugars attached to the macrocycle, but nothing can be
inferred about the structure of the sugars or their location in the
macrolide. In these respects, the CID results obtained here are
qualitatively consistent with previous CID studies.””**>7>*

CTD of erythromycins A—C provided a greater number and
greater diversity of fragments than CID (Figure Sa—c). For each
sample, CTD provided extensive fragmentation of the macro-
cyclic ring, and some fragments were accompanied by a cross-
ring cleavage of one of the sugar groups. The fragmentation
patterns and the identified peaks are very similar to those
produced in the previous work of others using EID or XUV-DPI
with high mass accuracy detection.”””> The fragments are
outlined in Table 1, and the fragmentation nomenclature follows
that outlined by Wills.** All three dissociation methods (EID,
XUV-DP], and CTD) produce the same cross-ring cleavage
(BD) of the cladinose ring. This same cross-ring cleavage is
produced with CTD of precursors of erythromycins B and C,
which makes the ion an important fragment for pinpointing the
modification position within the attached sugar. CTD also
produces a cross ring cleavage of the desosamine sugar for
erythromycins A and B. Specific cleavages of the macrocyclic
ring—including fragments IL, FG, and NP-H,O—are also
observed with XUV-DP]I, EID, and CTD. Many of the neutral
losses reported with EID are observed in the CTD spectra,
particularly the neutral losses following loss of the cladinose
sugar (fragment E).

Macrolide analogues contain a variety of chemical mod-
ifications within the sugar groups and along the macrocycle, and
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Figure S. CTD spectra of (a) erythromycin A, (b) erythromycin B, and (c) erythromycin C with inset fragment maps.

the ability to pinpoint and identify these modifications is critical
to distinguishing isomers and metabolites. Intrasugar cross-ring
cleavages can provide information about modification positions
within the sugar groups, whereas multiple cleavages along the
macrocycle can pinpoint and identify changes in the macrolide
ring. Erythromycins A and C only differ in the nature of the
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cladinose sugar, so any cleavages that involve the elimination of
the cladinose sugar should fall at the same mass. As an example, a
neutral loss of the cladinose sugar group (—158 Da for EA and
—144 Da for EC) results in a peak at m/z 576.4 for both EA and
EC, which localizes any modifications to the lost sugar group
rather than within the macrocycle. Erythromycin B differs from
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Table 1. Summary of fragments of Erythromycin A Using
Three Different Dissociation Methods

m/z XUV-DPI** EID** CTD
716.5 [M+H - H,0]* [M+H - H,0] [M + H — H,0]*
6484 [M+H-—CH,(O]* [M+H—CgH,,0]* [M+H-C4H,,0]*
6304 [M+H-CH,0,] [M+H-CH,,0,]*

6024 BD BD BD

584.4 BD — H,0 BD — H,0
5764 E E E

5754 EH E-H E-H

574.4 E-H, E-H,

560.3 E — CH, E - CH,
558.4 E - H,0 E - H,0
557.4 E-H,0-H E-H,0-H
5563 E-H,0-H, E - H,0 - H,
542.4 E - H,0, E - H,0,

5404 E —2H,0 E - 2H,0 E - 2H,0
5223 E - 3H,0 E — 3H,0 E — 3H,0
5143 F - C,H,0 F — C,H,0
4903 HI HI
489.3 JK JK
4773 G — C,H,,0,4 G — C,H,,0,
4723  JK-CHq JK — CH; JK — CHg
464.3 HK — 3H,0 HK — 3H,0
4443 1L IL IL
4292 NP NP
4112 NP - H,0 NP — H,0 NP — H,0
3932 NP - 2H,0 NP — 2H,0 NP — 2H,0
3812 NP - CH,0, NP — CH,0, NP — CH,0,
3652 FG FG FG

EA only in a single substituent on the macrocycle. The loss of the
cladinose sugar (—158 Da) from EB results in a peak at m/z
559.4, indicative of the structural differences between EA and EB
along the macrocyclic ring. Furthermore, several identified peaks
in the EB spectrum are observed to be 16 Da less than the same
peaks within the EA spectra, which helps identify the
modification as an oxygen.

Nylon. While conducting CTD experiments of a laminarin
sample® we noted a consistent singly charged peak was
observed at m/z 453.3 in full mass scanning. The peak was
accompanied by an [M + Na]* peak at m/z 475.3 and an [M +
K]* peak at m/z 491.3, and all three peaks were determined to
derive from the use of a nylon membrane filter during sample
preparation. To confirm the identity of the substance, we
subjected the protonated precursor at m/z 453.3 to CID and
CTD. Upon CTD fragmentation of the [M + H]" precursor,

very few fragments were produced other than an intense [M +
H]*"* ion at m/z 226.6. However, CID of the CTnoD product
ion at m/z 226.6, at the MS® level, produced several product ions
in the region m/z 70—453. Previous work has shown that CID
fragmentation of radicals generated from CTD or metastable
atom activated dissociation (MAD) can be a useful approach to
obtaining richer spectra with superior S/N than CTD or MAD
alone.**” Based on the fragmentation pattern, the unknown
peak was found to be a cyclic polymer of Nylon-6,6, which is a
reported contaminant commonly found in MS/MS and LC—
MS experiments.” ">

The intense CTnoD peak, [M + H]**, is caused by the
cleavage of one covalent bond in the macrocycle, which does not
produce any neutral losses because the “fragments” are still
covalently bound through the macrocycle structure (Scheme 1).
However, additional activation through CID at the MS3 level
activates the radical species and results in the information-rich
spectrum in Figure 6b.

One challenge in identifying the unknown contaminant was in
determining if it was a cyclic tetramer of Nylon-6 or a cyclic
dimer of Nylon-6,6 because the two species are isobaric and
both have been identified as common contaminants in MS/MS
experiments. A Nylon-6 monomer contains 6 carbons and the
repeat unit weighs 113.16 g/mol.”” If the unknown species were
a Nylon-6 tetramer, then one would expect to see multiple losses
of 113 Da in the CID spectra, which would correspond to
successive monomer losses. As shown in Figure 6a, no such
losses are observed, so Nylon-6 can be excluded. Nylon-6,6 has a
repeat unit of 226.32 g/mol® and a CID peak corresponding to
the loss of a Nylon-6,6 monomer is observed as a singly charged
product at m/z 226.2. Comparison to previously reported MS/
MS spectra of Nylon-6,6 confirmed the identity of this unknown
contaminant to be a cyclic dimer of Nylon-6,6.>"*

The fragments produced from CID of the precursor at m/z
453.3 and CID of the CTnoD product ion at m/z 226.6 are
shown in Figure 6. The CID fragments are labeled according to
those outlined by Tran and Doucette.”* CTD-CID product ions
are distributed throughout the polymer chain and provide much
greater coverage of the molecule. Had mixed monomers been
present, the extensive fragmentation in the CTD-CID spectrum
presumably could have provided clarification into mixed
monomer units and could have helped pinpoint any
modifications along the polymer chain.

The combination of CTD-CID could be a useful tool for
characterizing other difficult-to-fragment cyclic polymers. Not
only does CTD initiate ring opening, but CTD-CID also
generates a radical species that generally produces more
abundant and informative product ions than can be obtained

Scheme 1. Proposed Pathway for the formation of the CTnoD Product Ion at m/z 226.6

®
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Chemical Formula: C,,H,sN,0,*
Exact Mass: 453.34
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Chemical Formula: C,,H,sN,0,**
Exact Mass: 453.34
m/z 226.6
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Figure 6. (a) CID fragmentation of [M + H]" peak at m/z 453.3 and (b) CTD-CID fragmentation of Nylon-6,6 at m/z 226.6. (c) Nomenclature
follows that outlined by Polce®" with the addition of the 4 superscript to designate —2H observed with CTD. Fragments in blue correspond to the first
monomer unit, while fragments in orange correspond to the second monomer unit.

with traditional CID. In comparison to other high energy
techniques, CTD-CID may outperform ECD of synthetic
polymers, which has been reported to provide limited
information beyond that obtained by CID.**

B CONCLUSIONS

CTD produces a greater distribution of fragment ions from
macrocyclic structures than conventional fragmentation ap-
proaches like CID. In cases where comparisons to EID and
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XUV-DPI are possible, CTD spectra show considerable
similarities with the other high energy and radical fragmentation
approaches, with the benefit that CTD can be performed on an
instrument as simple as a benchtop ion trap. The enhanced
fragmentation afforded by CTD allows for more confident
structural determinations, which can be vital to the biological
functions and modifications in biochemical systems. In addition,
we have demonstrated CTD as a new method to generate radical
species from cyclic polymers, which allows for simpler and more
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informative sequencing when subjected to CID at the MS® level
of fragmentation. Whereas CTD provides rich and informative
spectra, the mass resolution of the current instrument limits
some spectral interpretations because of the isobaric nature of
some of the product ions. The ability to perform CTD with high
resolution mass spectrometry would be helpful in elucidating
some neutral losses and providing greater confidence in the
identity of the fragment ions.
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