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Abstract. Vitamin D compounds are secosteroids, which are best known for their role
in bone health. More recent studies have shown that vitamin D metabolites and
catabolites such as dihydroxylated species (e.g., 1,25- and 24,25-dihydroxyvitamin
Ds) play key roles in the pathologies of various diseases. Identification of these
isomers by mass spectrometry is challenging and currently relies on liquid chroma-
tography, as the isomers exhibit virtually identical product ion spectra under collision
induced dissociation conditions. Here, we developed a simple MALDI-CID method
that utilizes ion activation of reactive analyte/matrix adducts to distinguish isomeric
dihydroxyvitamin D3 species, without the need for chromatography separation or

chemical derivatization techniques. Specifically, reactive 1,5-diaminonaphthalene
adducts of dihydroxyvitamin D3 compounds formed during MADI were activated and specific cleavages in the
secosteroid’s backbone structure were achieved that produced isomer-diagnostic fragment ions.
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Introduction

3

he term “vitamin D” refers to a group of fat-soluble

secosteroids, the most important members of which are
vitamin D5, occurring in mammals, and D, in plants (in partic-
ular mushrooms). The chemical structure of vitamin D was first
elucidated by Adolf Windaus in 1935 [1], while the vital role of
vitamin D in bone mineralization and calcium/phosphate ab-
sorption has been known for almost 100 years [2]. More
recently, vitamin D deficiency has been linked to a much wider
range of diseases, including diabetes, cancer, depression, neu-
rodegenerative, and cardiovascular diseases [3—5]. It has been
shown that the vitamin D receptor is present in most human
organs and cells [6, 7], which has led to a surge of vitamin D-
related research in the last two decades [8].

Vitamin D synthesis in humans starts with sunlight photo-
synthesis in the skin by conversion of 7-dehydrocholesterol
(pro-vitamin Ds) to previtamin D5, which is then transformed
to vitamin D5 by thermal isomerization [9]. Photosynthesis
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requires ultraviolet radiation of wavelengths between 290 and
315 nm [6]. Because of the risk of skin cancers, limited sunlight
exposure has led to an estimated one billion vitamin D deficient
or insufficient people worldwide [6]. Metabolism of vitamin D3
in humans is extensive and over 50 metabolites have been
reported in the literature [10]. After photosynthesis, vitamin
D3 enters the circulation and is transported to the liver via
vitamin D binding protein. In the liver, it undergoes oxidation
to 25-hydroxyvitamin-D3 (25(OH)Ds). Although 25(OH)Ds is
the most abundant circulating metabolite of vitamin Ds, it is
biologically inactive. 25(OH)Dj; is further hydroxylated in the
kidney to produce the active form, 1,25-dihydroxyvitamin D;
[1,25(0OH),D]). This species is present at very low levels
(picomolar range) in human blood, however, and exhibits very
short blood half-life of only ~4 h, thus limiting the analytical
utility as status marker [11]. Renal production of 1,25(0OH),D;
is regulated through feedback mechanisms and total amounts
of metabolites are controlled by enzymatic degradations. That
is, 25(OH)D; and 1,25(0OH),D; are further hydroxylated to
24,25(0OH),D5 and 1,24,25(0OH);D; for excretion [12]. Inter-
estingly, 24,25(0OH),D; has been suggested as active metabo-
lite with biological effects on its own [13—15].

Most vitamin D measurements today are performed by im-
munoassay techniques [16]. Recently, liquid chromatography-
tandem mass spectrometry (LC-MS/MS) has emerged as the
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gold standard technique for vitamin D analysis because of its
superior sensitivity and specificity [8, 17, 18]. However, due
to the lipophilic nature of vitamin D compounds, abun-
dant isobaric/isomeric interferences in biological fluids
[19], and the low concentrations for many downstream
vitamin D metabolites, most MS assays are restricted to
the most abundant circulating 25(OH)D; form [18]. This
limitation can be overcome by chemical derivatization
using reagents such as 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD) [20, 21] or Amplifex [15], which not only
increase ionization efficiency but also decrease isobaric
interference levels by shifting the m/z range of vitamin D
compounds to higher values [22]. However, additional
sample preparation steps are required, which are labori-
ous and may reduce recovery values [22].

In this study, we were concerned with dihydroxylated
isomers of vitamin Dj, as they exhibit identical m/z for
their protonated molecules, e.g., after electrospray ioniza-
tion (ESI) or matrix-assisted laser desorption/ionization
(MALDI). They also generate virtually identical product
ion spectra under collision-induced dissociation (CID) con-
ditions, showing primarily [M+H-H,0]" and [M+H
—2H,0]" product ions at low collision energies
(Figure 1). At higher energies, numerous product ions are
formed after the initial dehydrations, giving typical “picket
fence” series of hydrocarbon chain decompositions, which
do not provide structure-specific ions ([23] and Figure 9 in
Reference [8]). Protocols that distinguish dihydroxylated
vitamin D metabolites therefore require LC separation,
often combined with chemical derivatization [15]. In addi-
tion, Yost and coworkers have recently successfully dem-
onstrated the application of ion mobility spectrometry to
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Figure 1. ESI-CID product ion mass spectra of 1,25(0H),D5
and 24,25(0H),D5 (both [M+H]* ions at m/z 417), showing pri-
marily [M+H-H,0]" and [M+H-2H,0]" ions at collision energy
of 5 eV (the positions of C-6 and C-7 are labeled in the com-
pounds’ structures, as backbone dissociation occurs at this
bond)
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distinguish epimeric species of 25(OH)Dj3 prior to mass
spectrometric analysis, by utilizing sodiated species [24,
25].

To further explore direct mass spectrometry for
distinguishing dihydroxylated vitamin D isomers — without
the need for chromatography separation — a new MALDI
method based on reactive analyte/matrix adducts was investi-
gated here. Reactive analyte/matrix adducts were previously
observed during matrix-assisted laser desorption/ionization
(MALDI), where fragmentation occurred following laser-
induced chemical reactions in the hot plume. These in-source
decay (ISD) and post-source decay (PSD) techniques were
successfully applied to protein sequencing because of their
high sensitivities and tolerance of inhomogeneities [26]. More-
over, hydrogen-donor matrices such as 1,5-
diaminonaphthalene (1,5-DAN) are able to directly catalyze
hydrogen transfers between matrix and analyte prior to desorp-
tion [27-30], and thus induces N—-Ca bond cleavages of the
protein backbone, leading to ¢ and z fragment ions similar to
electron capture dissociation (ECD) [31]. In this study, we
applied MALDI in combination with a hydrogen donor matrix
to dihydroxyvitamin D5 isomers, namely 1,25(OH),D; and
24,25(0OH),Ds. Ion activation of the reactive analyte/matrix
adducts generated more structure informative product ions
compared with conventional ESI-CID experiment, enabling
the two isomers to be readily differentiated without any prior
chemical derivatization or chromatographic separation.

Experimental
Reagents and Chemicals

1,25-Dihydroxyvitamin D3, 24,25-dihydroxyvitamin D3, 1,5-
diaminonaphthalene (DAN), acetonitrile (ACN), and
trifluoroacetic acid (TFA) were purchased from Sigma-
Aldrich (Steinheim, Germany). Vitamin D-free human serum
was purchased from Golden West Biologicals (Temecula, CA,
USA). The 96-well AC micro-extraction plates were from
Tecan (Méannedorf, Switzerland). Purified water was generated
by a Millipore (Bedford, MA, USA) Direct-Q8 system. The
standards were dissolved in H,O/ACN (50:50, v/v) at 20 uM
concentration (stock solutions); 1,5-DAN (>20 mg/mL) was
dissolved in HyO/ACN/TFA (50:50:0.1, v/v/v) to give a satu-
rated solution.

Serum Preparation

Antibody-purified, vitamin D-free serum was fortified with the
investigated dihydroxylated vitamin D species, viz.
1,25(0OH),D5 and 24,25(0OH),D;. The fortified samples were
then extracted by supported liquid extraction (SLE) using 96-
well micro-extraction plates, as previously described [32, 33].

Mass Spectrometry

Each analyte solution was mixed with 1,5-DAN solution at a
ratio of 1:1 (v/v), deposited onto the steel MALDI target plates



2534

(Bruker, Bremen, Germany), and allowed to dry at ambient
conditions. Mass spectra were recorded using a Bruker 7 Tesla
Fourier transform ion cyclotron resonance MS, equipped with a
frequency-tripled Nd:YAG laser. The laser power was opti-
mized to obtain spectra with high signal-to-noise ratios (S/N).
For spectra acquired from analytical standards, a single tran-
sient was recorded from 200 summed laser shots. For serum
extracts, 40 transients were co-added to enhance S/N [34]. In
MS/MS mode, precursor ions were isolated first in the quad-
rupole, externally accumulated in the hexapole for 0.1s, and 5—
20 eV collision energy was applied for CID.

Results and Discussion

As mentioned in the Introduction, collision induced dissocia-
tion (CID) analyses of [M+H]" ions of the dihydroxylated
species 1,25(0OH),D5 and 24,25(0OH),Dj3 by electrospray ioni-
zation (ESI) gave virtually identical product ion spectra, for
both low or high collision energies (Figure 1), prompting us to
investigate alternative means of ion activation to generate
structure-specific ions. Specifically, we investigated the utility
of using reactive analyte/matrix adduct ions, promoted by
MALDI hydrogen donor matrices, in combination with CID.
Hydrogen donor matrices have previously been shown to in-
duce ¢ and z fragment ions with peptides, which was different
from the conventional CID outcome during protein sequencing
[26]. Among the various matrices, 1,5-diaminonaphthalene
(1,5-DAN) was chosen in our study, as it has previously
demonstrated strong hydrogen-donating abilities and is cur-
rently regarded to be the most efficient matrix for subsequent
in-source decay (ISD) analyses [29]. Recently, Traldi and co-
workers have investigated the ionization behavior of 1,5-DAN
in detail and have shown that this matrix primarily generates
radical [1,5-DAN]" cations under MALDI conditions with
unique abilities during analysis of proteins, i.e., possibility to
activate ISD as well as reduction reactions of disulphide bonds
[35].

Method Development

In the first set of experiments, MALDI full scan analyses
revealed the expected [M+H]" precursor species for
1,25(OH),D3 and 24,25(OH),D3 at m/z 417, similar to the
ESI measurements. Not surprisingly, CID of these ions yielded
the same product ion spectra as seen in ESI-CID experiments,
exhibiting no isomer-specific ions. In addition to the protonated
precursors, however, we also observed 1,5-DAN adduct ions,
specifically [M+1,5-DAN]"" radical ions at m/z 574 for both
investigated vitamin D3 metabolites. Unfortunately, we did not
obtain any fragment ions from ISD or PSD processes from
these reactive analyte/matrix adducts. In addition to the
[M+1,5-DAN]" species, protonated species as well product
ions after single and double hydrogen abstraction were also
seen in the spectra, demonstrating the unique reactivity of the
1,5-DAN matrix. For a detailed inspection, the [M+1,5-
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DAN]" species was re-analyzed using FTICR-MS narrow-
band mode centred on m/z 575.0 with a 10 u window for
enhanced mass resolution (Figure S1, Supplementary
Material). A closer inspection of the [M+1,5-DAN+H]" spe-
cies revealed a composite of three ions, viz., C35sHs3N,0513C,
from [M+1,5-DAN-H]", C3cHs4N,05'°C; from [M+1,5-
DAN]+., and C37H55N203 from [1\/{"‘1,S-DAI\I‘FH]Jr
(Figure S1 inset, Supplementary Material).

In the next experiment, we isolated the main [M+1,5-
DAN]" precursor ions after MALDI and performed CID to
activate the complex. Dissociation of the [M+1,5-DAN]"" ad-
duct was dominated by the loss of a neutral [1,5-DAN-H]’
radical, primarily creating the [M+H]" product ion, along with
a minor ion signal for the [M]" ion of 1,25(OH),D; and
24,25(0OH),D5 (Figure 2). That is, for the [M+H]" ion, the
described two-stage sequence of analyte/1,5-DAN adduct for-
mation via MALDI, followed by isolation, activation, and
dissociation of this reactive adduct by CID corresponded to
the overall reaction

M + [1,5-DAN]"—[M + H]" + [1,5-DAN-HJ',

which is effectively the same net reaction as previously de-
scribed for the proton-donating abilities of 1,5-DAN and
[M+H]" formation during MALDI of proteins [35].

Except for minor intensity differences, the distribution of
product ions appeared at first very similar for 1,25(OH),D; and
24,25(0H),Ds, i.e., protonated dihydroxyvitamin D3 was
formed along with a series of H,O losses. Closer inspection
of the spectra revealed two unique fragment ions, however,
which are highlighted Figure 2, namely, m/z 297 and 433 for
1,25(0OH),D; (a mass scale expansion of these species is

[M+1,5-DAN]**
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Figure 2. CID mass spectra of [M+1,5-DAN]** species of
1,25(0H),D5 (top) and 24,25(0OH),D3 (bottom) (concentration,
10 uM ea.). The diagnostic product ions are highlighted in grey,
which are further expanded in Figures 3 and 4, S2, S3. Inset:
expansion of the 1,5-DAN isotopic peak pattern, showing a
combination CgH10N21301 and C10H11N2 Species
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Figure 3. Mass scale expansion of Figure 2: (a) m/z ~297-299, and (b) m/z ~433—-435 for CID fragment ions of 1,25(0H),D5 (top
traces) and 24,25(0H).D5 (middle traces) (concentration, 10 uM ea.). The bottom spectra show the isotope simulations of the

assigned elemental formulae

illustrated in Figure 3), and m/z 281 and 449 for
24,25(0H),D;5 (Figures S2 and S3, Supplementary
Material). These ions were then examined in more detail
by means of high resolution FTICR-MS with sub-ppm level
mass accuracy. Figure 3a illustrates the expanded peak area
for m/z 297 and the measured accurate mass unambiguously
identified this signal as C;gH,;N,0O,. This fragment ion can
be rationalized via backbone cleavage of the single bond at
C-6/C-7 of 1,25(0OH),D;, leaving the fragment ion with the
1,5-DAN adduct attached to the C-6 side of the molecule.
This peak was specific to 1,25(OH),Ds, as the observed
fragment ion contained two hydroxyl groups in ring A,
whereas the corresponding product ions for 24,25(0OH),D;
only possesses a single ~OH group in the A-ring moiety of
the secosteroid. Consequently, no signal was seen for
24,25(0H),D; at the relevant m/z range (Figure 3a, middle
spectrum). The second product ion at m/z 433 was identified
as Cy9H41N,O, resulting from the same C-6/C-7 cleavage,
with 1,5-DAN and the charge attached to the C-7 side of the
molecule (Figure 3b), which provided complementary proof
of the backbone bond dissociation of C-6/C-7.

In LC-MS/MS assays, the simple H,O losses during in-
source CID or after subsequent ion activation make unam-
biguous structural identification of hydroxylated vitamin D5
isomers based solely on mass spectrometry virtually impos-
sible [8]. We have previously shown that the diagnostic
value of product ions resulting from dehydration reaction
is very limited for vitamin D compounds because of multiple
isobaric interferences present in biofluids, several of which
exhibit identical water losses upon CID [23]. In addition,
using higher collision energies does not create new diagnos-
tic backbone ions, as the initial dehydrations are followed by
multiple parallel reaction series from direct C-C cleavages,
rearrangements, and unsaturations [23], thus generating very
similar product ion spectra for all vitamin D metabolites.
Owing to these specificity limitations, regular vitamin D
metabolite assays require chromatographic retention time
as additional identification criterion [8].

The particular MS/MS behavior observed here after 1,5-
DAN addition was different, however, as the fragile OH groups
were preserved during dissociation of the C-6/C-7 bond, mak-
ing the determination of individual vitamin D isomers readily
possible. It was equally interesting to observe that 1,5-DAN
remained attached to both possible fragment ions during CID,
as illustrated in Figure 3, with no preference of 1,5-DAN
binding to a certain location of the dihydroxylated vitamin D3
isomers. To shed further light on this process, we examined the
1,5-DAN-related product ions in more detail. The 1,5-DAN-
related product ions were visible at m/z 158 ([1,5-DAN]"") and
a smaller signal at m/z 159. The latter peak was comprised of
two species separated by 4.8 mu, which the FTICR-MS instru-
ment was readily able to resolve: (1) the '*C contribution from
[1,5-DAN]" (CoH,oN,'3C,) and (2) protonated 1,5-DAN
(C1oH 1N»). The hydrogen transfer between the fragment
ions suggests that hydrogen bonding exists between the two
compounds. Considering the heterocyclic nitrogen of 1,5-
DAN and the hydroxyl groups of 1,25(OH),D3, formation
of O—H-*N and N-H--O bonds was considered. We suggest
that the hydrogen bonding occurs during the MALDI process
[29], stabilizing and preventing the analyte/matrix adduct
from dissociation during MS/MS. The same experiment was
subsequently repeated for 24,25(OH),D3, and the same result
was seen for the C-6/C-7 dissociation (Figures S2 and S3,
Supplementary Material).

In the subsequent experiment, 1,25(OH),D; and
24,25(0OH),Dj; standards were mixed at 1:1 ratio for MALDI-
CID measurements, to directly compare the relative abun-
dances of the two dihydroxyvitamin D5 species. Character-
istic product ions were chosen, i.e., m/z 297 for 1,25(OH),D3
(Figure 3a) and m/z 281 for 24,25(OH),D; (Figure S2,
Supplementary Material), and peak areas of the two selected
ions were recorded and their ratios calculated. As seen in
Table S2 (Supplementary Material), the fragment ratios from
the 1:1 mixtures of 1,25(OH),D5 and 24,25(0OH),D3; were
measured with an average ratio of 2.9 (6.9% RSD), indicat-
ing the general ability for relative quantification in a single
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CID experiment. The reproducibility of the measured ion
currents (intra-spot) was very good (<10% RSD), as no laser
rastering was performed during acquisition to avoid sweet
spot phenomena. Using dedicated isotopologues of the vita-
min D3 metabolites as internal standards, which will exhibit
identical adduct formation, would provide the possibility for
absolute quantification.

Measurement of Serum Sample

The proof-of-concept work presented in the previous section
was utilized to attempt separation of dihydroxylated vitamin D
metabolites in human serum samples. The product ions of the
MALDI adducts provided unique specificity for isomer sepa-
ration, as shown above; however, the dihydroxylated vitamin
D; metabolites exist at very low concentrations in human
serum, in particular 1,25(OH),D5, with concentration levels
in the picomolar range [32]; 24,25(0OH),D5 levels are higher,
typically one order of magnitude below those of 25(OH)Ds,
that is, in the low ng/mL range [32]. Since both species are
simultaneously present in serum, sufficient detection sensitivity
was required here to capture both the lower abundant
1,25(0OH),D5 species as well as the 24,25(0OH),D; compound.

For these experiments, we utilized antibody-purified, vita-
min D-free human serum and spiked the samples with
1,25(0OH),D;5 (at 20 ng/mL) and 24,25(0OH),Dj3 (at 30 ng/mL)
and measured the sample using the same experimental param-
eters described above. As seen in Figure 4, various concomitant
isobaric interferences from the serum matrix were present, but
the characteristic ions for 1,25(OH),D; and 24,25(0OH),D; are
observed at m/z ~297 and m/z ~281 with relative peak areas of
0.32% and 0.19%, respectively. Considering the fragment ion
ratio measured above, the relative abundance of 1,25(0OH),D;
and 24,25(0OH),D; was determined as ~0.63. This slight devi-
ation from the fortified ratio could likely be improved by using
internal standards.

A /| 1:2500H),Ds  Serum Sample

m/z [

297.1597)

° /24,25(0OH),D,

m/z |

281.1647) |

- A\ \ ~

;}NMLJ—
200 300 400 500 miz

Figure 4. MALDI-CID measurement of human serum sample
using the same experimental parameters as shown in Figure 2
(concentrations, 20 ng/mL for 1,25(0OH),D3; 30 ng/mL for
24,25(0H),D3). The characteristic product ions of 1,25(0H),D3
(m/z: 297.1597, 4) and 24,25(0H),D5 (m/z: 281.1647, ®) were
expanded in the insets
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It is evident that the detection sensitivity for 1,25(OH),D;
was not sufficient using the described method, with observed
limits of quantification approximately 100-fold higher than
required for physiological levels. It is important to consider,
however, that we utilized serum volumes of only 50 pL,
combined with an established high throughput sample extrac-
tion protocol for the vitamin D metabolites, as previously
described for LC-MS/MS [32, 33]. That is, the method could
be improved if a dedicated sample preparation routine is
developed, implementing higher analyte enrichment factors
and/or larger samples volumes. Alternatively, a more sensi-
tive mass spectrometry platform could be chosen for quanti-
tative experiments. Ideally, a MALDI-triple quadrupole
(QqQ) platform is used, utilizing the dedicated high duty
cycle multiple reaction monitoring (MRM) mode, which
would provide high sensitivity and high precision analyses.
We have previously shown that a dedicated MALDI-QqQ
instrument using specific MRM transitions was able to deter-
mine pharmaceutical drugs at limits of quantification in the
picomolar range [36].

Conclusions

In the present study, a fast and simple MALDI method was
developed to identify dihydroxylated vitamin D3 isomers. CID
experiments of dihydroxyvitamin D3 compounds using reac-
tive 1,5-DAN adducts provided specific cleavages at C-6 and
C-7 of the secosteroid’s backbone structures and produced
structure-diagnostic fragment ions, which enabled unambigu-
ous differentiation of 1,25(OH),D5 and 24,25(0OH),D5. The
same protocol would be equally applicable to other hydroxyl-
ated compounds such as oxysterols. The reported method was
demonstrated for use with MALDI and could therefore be
readily extended to mass spectrometry imaging applications,
for mapping the distribution of various isomeric vitamin D
metabolites across tissue surfaces. Moreover, in principle, it
should be possible to adapt the reactive MALDI method to
other direct mass spectrometry techniques such as ambient
ionization or direct infusion/flow injection analyses, by using
appropriate chemical modifiers to condition the precursor mol-
ecules followed by MS/MS.
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