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Abstract. With the growth of the pharmaceutical industry, structural elucidation of
drugs and derivatives using tandemmass spectrometry (MS2) has become essential
for drug development and pharmacokinetics studies because of its high sensitivity
and low sample requirement. Thus, research seeking to understand fundamental
relationships between fragmentation patterns and precursor ion structures in the gas
phase has gained attention. In this study, we investigate the fragmentation of the
widely used anticancer drugs, doxorubicin (DOX), vinblastine (VBL), and vinorelbine
(VRL), complexed by a singly charged proton or alkali metal ion (Li+, Na+, K+) in the
gas phase. The drug–cation complexes exhibit distinct fragmentation patterns in
tandem mass spectra as a function of cation size. The trends in fragmentation

patterns are explicable in terms of structures derived from ionmobility mass spectrometry (IM-MS) and theoretical
calculations.
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Introduction

Tandem mass spectrometry (MS2) has been applied to the
structural characterization of various compounds, includ-

ing peptides [1, 2], proteins [3, 4], polymers [5], lipids [6], and
organic molecules [7]. Structures of unknown drug-related
compounds [8–12] can also be deduced by comparing frag-
mentation patterns fromMS2 with those of the precursor drugs.
Structural elucidation of drugs and their derivatives usingMS2,
with its high sensitivity and low sample requirement, is emerg-
ing parallel to the growth of the pharmaceutical industry [13–
15]. Research seeking fundamental insight into the relationship
between fragmentation patterns and gas-phase precursor struc-
ture has gained attention in this area [16]. We previously
reported an investigation of the fragmentation mechanism of

paclitaxel and its metabolites based on structural characteriza-
tion using collision-induced dissociation (CID) and ion mobil-
ity mass spectrometry (IM-MS) [17].

In this study, the above techniques revealed their utility for
understanding the fragmentation of anticancer drugs. The
widely used anticancer drugs, doxorubicin (DOX, Scheme 1a),
vinblastine and vinorelbine (VBL and VRL, Scheme 1b) were
investigated using low-energy CID. DOX is an anthracycline
antitumor agent that intercalates into DNA and inhibits macro-
molecular biosynthesis [18]. VBL and VRL are vinca alka-
loids, which act as inhibitors of microtubule polymerization
[19, 20]. VBL and VRL have highly similar structures, but
differ slightly in the catharanthine moiety (Scheme 1b). VRL
has a nine-membered heterocycle and a hydroxyl group in the
catharanthine unit, whereas VBL has an eight-membered ring
without a hydroxyl group. Both classes of anticancer drugs
have clinical activities against leukemia [21], breast, non-small
lung, head, and neck cancers [22, 23].

Interactions of metal cations facilitate ionization of organic
molecules devoid of basic and acidic functional groups via
electrospray ionization (ESI) [24, 25]. In addition to enhancing
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ionization efficiency, metal cations can induce unique
dissociation pathways of ions by specific interactions
with functional groups followed by structural rearrange-
ments [16, 26–30]. The size and binding properties of
alkali metal ions produce a unique effect on their struc-
tural rearrangements and fragmentations patterns [28, 31–
33]. The distinct fragmentation pathways and related gas-
phase structures of anticancer drugs complexed with
different alkali metal cations can enable multidimensional
analysis of these species. IM-MS can be used to inves-
tigate fragmentation patterns in terms of precursor struc-
tures and has been applied to the structural characteriza-
tion of small drug-like molecules [34–36], peptides,
proteins, and polymers [37, 38]. In IM-MS, collisional
interactions between ions and neutral buffer gas in an IM
cell influence the traveling times of ions based on their
charge, size, and shape. The collision cross-section (ΩD)
of an ion can be determined from its traveling time [39–
41]. Structural details of the ions can then be obtained
by comparing the experimental ΩD (ΩD,exp) with the
theoretical ΩD (ΩD,theo) from structural models generated
by theoretical calculations.

Herein, we performed IM-MS experiments and theoretical
calculations to correlate differences in the structures of
cationized anticancer drugs with their fragmentation patterns
from low-energy CID. The results show that DOX undergoes
drastic changes in structure and fragmentation depending on
the size of the metal cation. VRL and VBL yield specific
protonated fragments irrespective of the adducted cation. IM-
MS experiments and theoretical calculations were performed to
understand the influence of gas-phase structural differences on
fragmentation pathways.

Experimental
Materials

Doxorubicin hydrochloride (for DOX), vinblastine sulfate (for
VBL), vinorelbine ditartrate (for VRL), and polyalanine were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
without further purification. Lithium chloride and sodium chlo-
ride were purchased from Samchun Pure Chemical
(Pyeongtaek, Korea). Potassium chloride was obtained from
Junsei Chemical (Tokyo, Japan). HPLC grade water (J. T.
Baker, Phillipsburg, NJ, USA) and formic acid (Sigma-
Aldrich) were obtained commercially. The final concentration
of analyte (DOX, VBL, or VRL) was adjusted to 5 μM. Pro-
tonated forms of the anticancer drugs were produced by adding
0.5% formic acid (%v/v) to the sample solution. Metal salts
were added in 50-fold excess (molar) of each anticancer drug to
obtain cationized drug ions. All sample solutions were pre-
pared in water.

Collision-Induced Dissociation (CID)

Tandemmass spectra of cationized DOX, VBL, and VRLwere
obtained with a Thermo Scientific LTQ Velos dual ion trap
mass spectrometer (Thermo Scientific, San Jose, CA, USA) in
positive ion mode. A Thermo Scientific Q-Exactive hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Scientific)
was used to assign fragments and to obtain accuratem/z values.
Samples were injected into the ion trap mass spectrometer with
a syringe pump at a flow rate of 10 μL/min; the electrospray
voltage and capillary temperature were set to 4.0 kV and
200 °C, respectively. Thirty percent of the normalized collision
energy was applied to all analyte ions. Samples were injected
into the quadrupole-Orbitrap mass spectrometer with a syringe
pump at a flow rate of 5 μL/min; the electrospray voltage and
capillary temperature were 4.0 kV and 200 °C, respectively.
Spectra of all samples were acquired over 200 scans and
averaged. Molecular formulas were extracted from the peaks
using Thermo Xcalibur 2.1 software (Thermo Scientific) for
assignment of the fragment peaks.

Electrospray Ionization Traveling Wave Ion Mobil-
ity Mass Spectrometry (ESI-TWIM-MS)

IM-MS measurements were performed on a Waters Synapt G2
HDMS TWIM orthogonal acceleration time-of-flight mass
spectrometer (Waters, Manchester, UK) in positive ion mode.
The ESI parameters were: source temperature of 80 °C, capil-
lary voltage of 3 kV, desolvation temperature of 150 °C, and
cone voltage of 40 V. Helium cell flow rate was 180 mL/min.
Nitrogen drift gas was introduced to the IM cell at a flow rate of
90 mL/min. The optimized traveling wave height and velocity
were 40 V and 650 m/s, respectively; 120 spectra were obtain-
ed and averaged for each sample. The traveling times of the
analyte ions were extracted usingMassLynx software (ver. 4.1,
Waters). Multiple peak fitting of IM spectra was performed

Scheme 1. Structures of (a) doxorubicin (DOX), (b) vinblastine
(VBL), and vinorelbine (VRL)
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with Origin 9.0 software (OriginLab, Northampton,MA, USA)
with Gaussian functions. The R2 values were greater than 0.99.

Collision Cross Section (ΩD)

The experimental collision cross sections (ΩD,exp) of cationized
DOX, VBL, and VRL ions were obtained using a calibration
method based on the previously reported ΩD value in helium
drift gas [39]. Calibration curves were established by fitting the
drift times of polyalanine ions with their published collision
cross sections and plotting in a power relationship [42]. The
results were corrected for mass-independent and mass-
dependent times to obtain an effective drift time. The theoret-
ical collision cross section (ΩD,theo) values of molecular models
were calculated for cationized DOX, VBL, and VRL using the
trajectory method implemented in MOBCAL [43]. The
Lennard-Jones parameters of sodium ion were used for lithium
and potassium ions, the parameters of which are absent in the
original MOBCAL program [44]. To validate the use of sodi-
um parameters, different Lennard-Jones parameters were test-
ed, and they were shown to have negligible influences in the
calculated ΩD,theo (Supplementary Figure S1). Calculation of
experimental and theoretical N2 ΩD of protonated and sodiated
drug complexes were carried out using polyalanine calibrant
[45] and modified parameters [34, 46]. Then, theoretical N2ΩD

value of five energetically favored structures from each com-
plex were averaged (Supplemental Table S4).

Molecular Modeling

The gas-phase structures and energetics of cationized DOX,
VBL, and VRL were determined by a combination of molec-
ular dynamics (MD) simulations using GROMACS 4.5.5 [47]
and density functional theory (DFT) calculations using the Q-
Chem 4.1 computational package and Q-Chem 3.2.0.3 version
(Q-Chem Inc., Pittsburgh, PA, USA). The initial structures of
DOX and VBL were obtained from the PDB database (4DX7
and 1Z2B, respectively) and VRL was obtained from the
SuperLigands, a PDB ligand database. Values from the
CHARMM General Force Field (CGENFF) were used to de-
scribe the potential of drug complexes. Pools of candidate
models were first generated by simulated annealing using
MD simulations. During the simulated annealing, simulation
temperature was increased from 300 to 700 K for the first
100 ps, and then the increased temperature was maintained
for the next 100 ps. Subsequently, the system was cooled to
300 K for 50 ps and the cooled temperature was maintained for
50 ps. Higher temperatures than 700 K were tested for valida-
tion of simulated annealing up to the point where the simulation
becomes unstable and difference in cation binding sites is
negligible. 1200 cycles for eachDOX complex and 1800 cycles
for each VBL and VRL complex were performed by repeating
the aforementioned simulated annealing process. Candidate
complexes were then clustered based on the cation binding
sites in each drug molecule. Structures with the lowest energy
in each cluster were subjected to geometry optimization using
DFT and energies were calculated at the B3LYP/6-31G* level

of theory. Structures with lowest energies and ΩD,theo that
agrees with ΩD,exp within a standard deviation were selected
as the possible structures. Zero-point energy corrections were
applied to all candidate structures.

Results and Discussion
Fragmentation Patterns of Cationized DOX, VBL,
and VRL

Singly charged DOX, VBL, and VRL ions containing proton
or alkali metal cations (Li+, Na+, and K+) were generated by
ESI (Supplementary Figure S2). No multimeric complexes
were observed. Fragmentation pathways of the cationized
anticancer drugs were investigated using low-energy CID.
Figure 1 shows the MS2 spectra of DOX and the proposed
structures for its CID fragments (see Supplementary Table S1
for detailed fragment assignment). The CID spectrum of [DOX
+H]+ shows the dehydrated fragments [D2 –H2O +H]+, [D2 –
2H2O + H]+, and [D2 – 3H2O + H]+ from the aglycone
fragment D2, which results from elimination of the amino
sugar group (Scheme 1a). Elimination of the α-hydroxy ketone
group from the aglycone fragment D2 produces [D1 + H]+.
Bond cleavage in the sugar ring yields the protonated D3
fragment, which is confirmed by further CID of the daughter
ions (MS3, Supplementary Figure S3). The MS2 fragments
observed are in good agreement with previous studies, which
reported that the major CID products of protonated DOX
involve elimination of the amino sugar group [48–50].

The dissociation patterns observed in the MS2 spectrum of
[DOX + Li]+ are almost identical to those of [DOX + H]+.
However, the relative abundance of the dehydrated forms of the
aglycone fragment, [D2 – nH2O + Li]+, decreases while the
relative abundance of the aglycone fragment [D2 + Li]+ in-
creases. In addition, the D3 fragment is no longer observed in
the CID of lithiated DOX. TheMS2 spectrum of sodiated DOX
([DOX + Na]+) displays patterns that differ from those of
protonated and lithiated DOX. The CID of [DOX +Na]+ yields
the aglycone fragment [D2 + Na]+ and its mono-dehydrated
form, [D2 – H2O + Na]+. The aglycone fragment [D2 + K]+ is
the major CID product of potassiated DOX and the relative
abundance of the dehydrated product, [D2 – H2O + K]+,
decreases. New fragments D4 and D5 are observed, which
result from internal dissociation of the sugar ring (see Supple-
mentary Figure S3 for MS3 analysis). It is noteworthy that the
relative abundance of the internal dehydrated fragments of
DOX decreases with the increase in the size of charge-
carrying cation (from proton to potassium), while the relative
abundance of the intact D2 fragment increases. It is also notable
that alkali metal ions are present in all fragments in the MS2

spectra of the metallated DOX, suggesting that these ions are
attached to the aglycone moiety when the neutral amino sugar
group or its internal fragments are eliminated.

Figure 2 displays the MS2 spectra and the proposed frag-
ment structures of the vinca alkaloid drugs, VBL and VRL.
Based on previous studies on their protonated forms [21, 51–
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53] and the m/z values obtained from ultrahigh resolution mass
spectrometry (see Supplementary Tables S2 and S3 for VBL
and VRL, respectively), the CID fragments from cationized
VBL and VRL were analyzed. [VBL + H]+ shows four major
fragments (Figure 2a), which are the catharanthine moiety
fragments (VB1), fragments from internal dissociations of the
vindoline moiety (VB2 and VB4), and fragments from elimi-
nation of an acetate or methyl ester group (60 Da, VB5). In
addition, secondary fragments resulting from additional loss of
water (H2O), methanol (CH3OH), and hydrogen atoms (2H)
are observed in the spectrum. The CID spectra of alkali-
metallated VBL show the VB5 fragments resulting from ace-
tate or methyl ester group loss as the predominant species,
whereas other fragments are detected in low abundances. No-
tably, the protonated fragment ions of VB5, VB4, VB2, and
VB1, which were also observed in the case of protonated VBL,
are observed in all CID spectra of metallated VBL. These
fragments increase in abundance as the size of the charge-
carrying cation increases.

The CID spectrum of [VRL + H]+ (Figure 2b) shows disso-
ciation patterns similar to those of [VBL + H]+. Catharanthine
moiety fragments (VR2), fragments from internal dissociation
of the vindoline moiety (VR4 and VR6), and fragments from
elimination of an acetate or methyl ester group (VR7) are

observed in the MS2 spectra of [VRL + H]+ [54]. The vindoline
moiety fragment (VR3) is also observed. The CID spectrum of
[VRL + H]+ yields a distinct VR1 fragment, which results from
internal dissociation of the eight-membered catharanthine ring
in contrast to the CID of [VBL+H]+. The CID spectra of alkali-
metallated VRL ions show more abundant VR7 fragments.
Similar to metallated VBL, protonated fragment ions including
VR7, VR6, and VR4 are also observed in all CID spectra of
metallated VRL. It is notable that the abundance of protonated
fragment ions resulting from internal dissociations of the
vindoline moiety increases for VRL relative to VBL.

Ion Mobility Distributions and Structures
of Cationized DOX, VBL, and VRL

The IM distributions of singly charged DOX, VBL, and VRL
were examined to understand the distinct fragmentation pat-
terns induced by cationization. Figure 3 shows the IM distri-
butions of protonated and alkali-metallated DOX ions. [DOX +
H]+ shows two conformations in its IM spectrum, one with
ΩD,exp value of 153.1 Å2 and the other with 158.2 Å2. The
DOX complexes with alkali metal cations adopt a single con-
formation withΩD,exp values increasing uniformly from 158.2,
160.3, to 161.5 Å2 as the size of the metal ion increases from
Li+, Na+, to K+, respectively.

The IM distributions of VBL and VRL were also examined
to investigate the structural differences induced by cationization
(Figure 4). Despite the complexity of the molecule, [VBL +H]+

exhibits a single conformation with ΩD,exp equal to 206.2 Å2.
However, alkali-metallated VBL ions adopt two conforma-
tions. As the cation size increases, the ΩD,exp values of both
conformer types increase gradually with the high-mobility con-
former type becoming more favored than the low-mobility one.
Cationized VRL ions exhibit similar behavior in that the larger
conformer type is preferred over the smaller one as the size of
the metal cation increases. However, protonated VRL exists in
two conformations, one with aΩD,exp of 193.9 Å

2 and the other
with 201.7 Å2. The IM distributions indicate that the low-
mobility [VRL + H]+ conformer type is favored over the
high-mobility one in the gas phase.

To understand the observed conformational changes of the
anticancer drugs and their fragmentation patterns induced by
attached cations, gas-phase structures of cationized DOX,
VBL, and VRL were investigated by molecular modeling.
Schemes 2, 3, and Supplementary Figure S4 show energetical-
ly favored structures of DOX, VBL, and VRL ions, for which
the ΩD,theo values show agreement with ΩD,exp within a stan-
dard deviation. ΩD,theo and potential energies of representative
structures are listed in Table 1. The ΩD,theo values for these
structures in N2 drift gas agreed well with the ΩD,exp values
calibrated for the N2 drift gas (Supplemental Table S4). In the
high-mobility structure of [DOX+H]+ (Scheme 2a), the proton
binds to the O16 atom of the carbonyl group and forms a
hydrogen bond with the O17 atom in the aglycone moiety.
This interaction induces the formation of a hydrogen bond

Figure 1. Tandem mass spectra and proposed fragments of
DOX. See Supplementary Table S1 for the relative abundance
and experimental and theoretical m/z. Precursor ion of each
cationized DOXcomplex ismarked with arrows in tandemmass
spectra
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between the O17 hydroxyl group and the O19 oxygen atom to
hold the aglycone and amino sugar moieties together and
generate a high-mobility structure. In the low-mobility struc-
ture (Scheme 2b), the proton interacts with the N9 atom and the
O20 atom of the amino sugar moiety. No interaction with the
aglycone moiety is observed.

Observation of a single IM distribution in alkali-metallated
DOX (Figure 3) implies that DOX adopts a single conforma-
tion in the presence of Li+, Na+, and K+. The energetically
favored structures, the ΩD,theo values of which are comparable
to those of ΩD,exp, show a common structural feature in which
the alkali metal cation is located in the groove between the
amino sugar and the aglycone moieties (Scheme 2c, d, e). In
[DOX + Li]+ and [DOX + Na]+, the metal cation interacts with
O13 and O14 in the aglycone moiety and O18 and O19 in the
amino sugar moiety. The potassium cation shows slightly
different interactions, where K+ interacts with O12 and O14
in the aglycone moiety and the O20 hydroxyl group in the
amino sugar moiety. The interaction with the hydroxyl group
produces a slight twist in the amino sugar structure (bond
angles of amino sugar moiety in Supplemental Table S5).
However, the large size of the potassium ion compensates for
the reduction in the size of DOX and results in a small increase
in the overall ΩD,exp.

Scheme 3 shows representative structures of protonated and
alkali-metallated VBL. TheΩD,exp of the single conformer type
in the IM distribution of [VBL + H]+ agrees withΩD,theo within
a standard deviation and the energetically favored structure
calculated (Scheme 3a). The proton in [VBL + H]+ binds to
the N12 atom and interacts with the O22 atom via intramolec-
ular hydrogen bonds in the vindoline moiety. Alkali-metallated
VBL ions show two conformations in the gas phase (Figure 4a).
The calculated VBL complex structures show similar

Figure 2. Tandem mass spectra and proposed fragments of (a) VBL, and (b) VRL. See Supplementary Tables S2 and S3 for the
relative abundance and experimental and theoreticalm/z. Precursor ion of each cationized complex ismarkedwith arrows in tandem
mass spectra

Figure 3. Ion mobility distribution of cationized DOX
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coordination and interactions between VBL and the alkali
metal ions regardless of size. In the high-mobility structures
of [VBL + Li]+ and [VBL + Na]+, the metal cation interacts
with the O17 in catharanthine moiety and the O24 in vindoline
moiety to hold these two units close to one another

(Scheme 3b). Besides O17 and O24, O21 also interacts with
the potassium cation in the high-mobility structure of [VBL +
K]+ (Scheme 3c). In contrast, the metal cation interacts exclu-
sively with the vindoline moiety (O21, O22, O24) in the low-
mobility structures of alkali-metallated VBL (Scheme 3d).

Figure 4. Ion mobility distribution of cationized (a) VBL and (b) VRL

Scheme 2. Gas-phase structures of cationized DOX. Interac-
tions between cations and polar functional group in DOX are
indicated by dashed lines to the numbered atoms. (a) High-
mobility and (b) low-mobility conformer type of [DOX + H]+.
Proposed structures of (c) [DOX + Li]+, (d) [DOX + Na]+, and (e)
[DOX + K]+. Only polar hydrogen atoms are shown in white for
clarity

Scheme 3. Gas-phase structures of cationized VBL. Interac-
tions between cations and polar functional group in VBL are
indicated by dashed lines to the numbered atoms. (a) Struc-
tures of [VBL + H]+. (b) Representation of the high-mobility
conformer type of lithiated and sodiated VBL and (c) high-
mobility conformer type of [VBL + K]+. (d) Low-mobility con-
former type of [VBL + M]+ (M = Li, Na, K). Only polar hydrogen
atoms are shown in white for clarity
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The IM distribution reveals the presence of two conformer
types of protonated VRL (Figure 4b). The calculated structure
indicates that VRL forms the high-mobility structure through
hydrogen bonds with O17 in the catharanthine moiety and O24
in the vindoline moiety to hold the two units together (Supple-
mentary Figure S4a). Owing to the smaller size of the
catharanthine in VRL, the proton is captured by O17 and
O24. The low-mobility form of [VRL + H]+ resembles the
[VBL + H]+ structure, in which the proton interacts with the
N12 atom and forms a hydrogen bond with the O22 atom
(Supplementary Figure S4b). VRL shows coordination and
alkali metal cation interactions that are similar to those of
VBL (Supplementary Figure S4c, d, e), except for the high-
mobility conformer type. In [VRL + Li]+ and [VRL + K]+, the
high-mobility conformer types favor interactions with O17,
O21, and O24, (Supplementary Figure S4c), whereas the
high-mobility conformer type of [VRL + Na]+ favors interac-
tions with O17 and O24. (Supplementary Figure S4d)

Binding energies (Table 2) indicate that the high-mobility
conformer type of the vinca alkaloids becomes energetically
more stable as the size of themetal cation increases, consistently
with the IM distribution (Figure 4). For small alkali metal ions
(Li+ and Na+), the metal cation tends to be localized at the
vindoline moiety via strong ion–dipole interactions with O21,
O22, and O24 (see Scheme 3d for VBL, and Supplementary
Figure S4e for VRL). However, as the size of the metal cation
increases to K+, the ion–dipole interactions with O21, O22, and
O24 are reduced by steric hindrance to the dipoles. For strong

ion–dipole interactions, the angle between the ion and the
dipoles is observed to increase up to 180° to compensate the
increase in the distance between K+ and the dipoles. However,
the angles between K+ and dipole including O21 and O22 show
relatively low value and negligible difference in correlation to
cation size, due to steric hindrance on the dipoles (Supplemental
Table S6). This induces less stable drug structure for capturing
the cation. In the high-mobility structure, alkali metal ions
interact with O17, O24, and O22, whereby the dipoles form a
pseudo-plane with the metal ion at the center (Scheme 3b and c
for VBL, Supplementary Figure S4c and d for VRL). Thus, it is
concluded that K+ in potassiated vinca alkaloids interacts with
O17, O24, and O22, which creates a stable interaction with the
cation through relatively large angles and differences in the
angle between the ion and the dipole (Supplemental Table S6).

Understanding the Fragmentation in Correlation
with Gas-Phase Structure

We have investigated the structural characteristics of DOX,
VBL, and VRL with proton and alkali metal cations and their
distinct fragmentation patterns. For DOX, elimination of the
amino sugar moiety becomes predominant as the size of the
metal cation increases (Figure 1). In [DOX + Li]+ and [DOX +
Na]+, dehydrated aglycone fragments arise via charge-induced
fragmentation (CIF) [17], which results from strong interaction
between the metal cation and hydroxyl groups (Scheme 4a). The
binding energy of metal cation to DOX decreases as the metal
ion size increases from Li+ to K+ (Table 2). In addition, the
lengths of dissociable bonds, including C3–O18, C1–O14, and
O13–C in [DOX + Li]+ are the greatest among the alkali metal
complexes of DOX (Supplementary Table S7). This indicates
that the stronger ion–dipole interactions of lithium ion with the
hydroxyl groups (O13 and O14) in the aglycone moiety and
oxygen atoms (O18 and O19) in the amino sugar moiety induce
the elongation of the C–O bonds of the hydroxyl groups. Based
on the previous study that fragmentation is correlated with bond
length in gas-phase structure [55], the metalation-induced bond
lengthening leads to more facile dehydration of the aglycone
moiety via CID. Thus, lithiated DOX shows additional
dehydrated fragments compared with sodiated DOX.

Table 1. Comparison Between ΩD,exp and ΩD,theo, and Potential Energies of Representative Structures of Cationized DOX, VBL, and VRL

ΩD (Å2)
ΔE (kJ/mol)

DOX VBL VRL

ΩD,exp ΩD,theo ΔE ΩD,exp ΩD,theo ΔE ΩD,exp ΩD,theo ΔE

H+ High-mobility 153 ± 2 156 ± 4 16.6 206 ± 2 212 ± 5 - 194 ± 2 200 ± 4 29.8
Low-mobility 158 ± 2 163 ± 3 0 202 ± 2 206 ± 6 0

Li+ High-mobility 158 ± 2 160 ± 3 - 203 ± 2 202 2.4 198 ± 2 198 ± 5 27.9
Low-mobility 212 ± 2 209 ± 4 0 207 ± 2 206 ± 5 0

Na+ High-mobility 160 ± 2 162 ± 3 - 204 ± 2 208 ± 4 0 200 ± 2 203 ± 5 0
Low-mobility 215 ± 2 212 ± 5 19.1 211 ± 2 209 ± 6 12.5

K+ High-mobility 162 ± 2 162 ± 3 - 206 ± 2 209 ± 4 0 202 ± 2 206 ± 5 0
Low-mobility 218 ± 2 212 ± 5 37.9 213 ± 2 210 ± 6 22.8

The errors for ΩD,exp are the standard deviation of Gaussian-Fitted Curves. ΩD,theo is the average of ΩD,theo of all structures in selected clusters (see Supplementary
Figures S5–S7 for scatter plot of the clusters), and the denoted errors are standard deviation. ΔE is the relative energies of the lowest-energy representative structures

Table 2. Binding Energies of Cationized DOX, VBL, and VRL Relative to the
Complex of Each Drug with Smallest Binding Energy, Including [DOX + K]+

and the Low-Mobility Conformer Type of Potassiated VBL and VRL

Relative binding energy
(kJ/mol)

H+ Li+ Na+ K+

DOX High-mobility –743.5 –177.7 –70.1 -
Low-mobility –760.1

VBL High-mobility –849.6 –181.7 –87.5 –33.0
Low-mobility –184.7 –68.4 -

VRL High-mobility –837.8 –167.0 –82.2 –22.8
Low-mobility –867.6 –195.0 –69.7 -
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Elimination of the amino sugar moiety without additional
dehydration predominates in the MS2 spectra of sodiated and
potassiated DOX (Figure 1). It is concluded that additional
dehydration of the aglycone fragment is prevented by the weak
ion–dipole interactions between the metal cation and the hy-
droxyl groups in the aglycone unit. The distinct fragments
resulting from internal dissociation of the amino sugar ob-
served in the CID spectrum of [DOX + K]+ (Figure 1) are
explained by charge-remote fragmentation (CRF) (Scheme 4a).
CRF is a dissociation process that is independent of the charge
state and charged site [56]. The weak binding of K+ to DOX

localizes the charge of the potassium-bound oxygen atoms, but
not enough to induce fragmentation of adjacent bonds. Thus, it
prevents fragmentation of the aglycone moiety, also supported
by the shorter bond lengths of aglycone moiety in Supplemen-
tary Table S7. However, the twisted structure of the amino
sugar ring (Scheme 2e) that captures the large potassium ion
induces internal dissociation and elimination of the amino
sugar moiety (Figure 1), which is also confirmed by lengthened
bonds of the amino sugar moiety (Supplementary Table S7).

For the vinca alkaloids, the alkali-metallated VBL and VRL
ions show both metallated and protonated fragments regardless
of metal cation attachment. As the metal cation size increases
from Li+ to K+, the relative abundance of protonated fragments
generally increases gradually, but dramatic increase is observed
in the case of potassiated VBL (Figure 2 and Supplementary
Figure S8). The increased abundance of the protonated frag-
ments correlates with the predominance of the high-mobility
conformer type, which increases as the size of metal cation
increases (Figure 4a). In the high-mobility conformer type of
alkali-metallated VBL, the optimized DFT structure (Scheme 3b
and c) shows that a metal cation interacts with the catharanthine
moiety (O17) and the vindoline moiety (O24 for Li+ and Na+,
O21 and O24 for K+). Therefore, the enhanced abundance of
protonated fragments in [VBL + K]+ is related to additional
binding with the O21 atom. It is proposed that the protonated
fragments of potassiated VBL are generated by CIF induced by
the metal ion and its interaction with O21 and O24. Conversely,
metal binding with O17 is the likely source of the metallated
fragments, via CRF through loss of the methyl ester (which
contains O21) or acetate group (which contains O24)
(Scheme 4b). Consequently, [VBL + K]+ exhibits a greater
abundance of protonated fragments than [VBL + Li]+ and
[VBL + Na]+ due to higher number of coordination with
vindoline moiety. It is also supported by the distances between
alkali metal ion and bound oxygen atoms, which reveals that
high-mobility structure of [VBL +K]+ has the largest differences
between larger metal-O17 and smaller metal-O24, (Table 3).

Although the IM distributions of VRL are similar to those of
VBL (Figure 4b), trends in the abundances of the protonated
fragments in the tandem mass spectra of the metallated VRL
ions differ from those of metallated VBL (Supplementary
Figure S8). Owing to the additional binding with O21 (Supple-
mentary Figure S4c), the protonated fragment abundance is
greater in [VRL + Li]+ and [VRL + K]+ than in [VRL + Na]+

via CIF with the interaction of metal ion with vindoline moiety
(Scheme 4b). The difference in the abundance of the protonated
fragments from [VRL + Li]+ and [VRL + K]+ is also confirmed

Scheme 4. Proposed fragmentation mechanism for (a) DOX,
(b) VBL, and VRL. Oxygen atoms interacting with metal ion are
marked in red. Bond elongation and dissociation are indicated
with full arrowed line and plain line, respectively. CIF and CRF
stand for charge-induced fragmentation and charge-remote
fragmentation, respectively

Table 3. Bond Lengths Between Metal Ion and Oxygen Atoms in the High-Mobility Structures of [VBL + M]+ and [VRL + M]+ (M = Li, Na, K)

(Å) Li+ Na+ K+

O17 O24 O21 O17 O24 O21 O17 O24 O21

VBL 1.868 1.861 - 2.242 2.219 - 2.621 2.586 2.805
VRL 1.921 1.943 1.938 2.255 2.211 - 2.706 2.587 2.820
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by the distance between metal ion and oxygen atoms. Metal-
O17 binding become notably weaker in [VRL + K]+ than
metal-O24, whereas [VRL + Li]+ shows the strongest
binding between lithium and O17 (Table 3). Thus,
potassiated VRL shows the greatest abundance of proton-
ated fragments in Supplementary Figure S8. In addition,
the abundance of protonated fragment ions from the disso-
ciations at the vindoline moiety is increased with VRL than
VBL (Supplementary Figure S8). The smaller ring size and
additional double bond in the catharanthine moiety make
the unit less flexible, which weakens the interactions of
O17 with metal cations in the VRL. These weaker interac-
tions lead to a higher abundance of protonated fragments
in alkali-metallated VRL compared with VBL.

Conclusion
The complex structures and limited quantities of drugs and
their derivatives make MS2 an essential tool for the struc-
tural characterization that is crucial to drug development
and pharmacokinetics studies. Therefore, an understanding
of the relationship between the precursor structure of ions
and their fragmentation pathways will improve the quality
of the related studies. In this paper, we suggest that struc-
tures of the alkali metal complexes of the major anticancer
drugs, DOX, VBL, and VRL, derived from IM-MS and
theoretical calculations have an important role in under-
standing the fragmentation patterns produced by CID. The
coordination and binding strength of alkali metals to DOX
promote distinct gas-phase structures and fragmentation
patterns. VBL and VRL yield metallated and specific pro-
tonated fragments regardless of the identity of the adducted
cation. The correlation between cation size and the in-
crease in abundance of protonated fragments is explained
by differences in coordination and molecular strain.
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