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ABSTRACT: The identification and confirmation of steroid sulfate metabolites in s A Ao
biological samples is essential to various fields, including, anti-doping analysisand |'g 4 8
clinical sciences. Ultra-high-performance liquid chromatography-tandem mass |£& A ‘,8 0507
spectrometry (UHPLC-MS/MS) is the leading method for the detection of intact |3 g"' [F— ﬁj
steroid conjugates in biofluids, but due to the inherent complexity of biological sam- E & 7
ples and low concentration of many targets of interest, metabolite identification [§| A__,-—'U
based solely on mass spectrometry remains a major challenge. The confirmation of Ecm (eV)
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new metabolites typically depends on the comparison to synthetically derived ref-
erence materials that encompass a range of possible conjugation sites and stereo-
chemistries. Herein, energy-resolved collision induced dissociation (CID) is used as 0s0® /? o
part of UHPLC-HRMS/MS analysis to distinguish between regio- and stereo-iso-

: o0
meric steroid sulfate compounds. This wholly MS-based approach was employed to ".. ““
HO' f HO

guide the synthesis of reference materials to unambiguously confirm the identity of

Energy-Resolved CID = Informed Chemical Synthesis |

an equine steroid sulfate biomarker of testosterone propionate administration.

INTRODUCTION

Anabolic androgenic steroids (AAS) are among the most
commonly detected group of compounds in world sport.!
The use of AAS is proscribed by sporting bodies and in-
cluded in the World Anti-Doping agency’s (WADA) Prohib-
ited List and the International Federation of Horseracing
Authorities (IFHA) International Agreement on Breeding,
Racing and Wagering.2? The development of new methods
to detect these steroids and their metabolites form an es-
sential and ongoing part of anti-doping efforts to maintain
fair competition and protect the welfare of participants.

Endogenous and exogenous AAS are mainly excreted in
urine as their phase Il metabolites.# In phase Il metabolism,
steroids undergo enzymatically driven conjugation which is
dominated by two major classes; sulfates and glucuronides.
These conjugates account for up to 97% of excreted steroid
metabolites.>-7 In equine AAS metabolism a larger propor-
tion of sulfated conjugates has been reported relative to that
observed in humans.? Intact phase Il metabolites play an im-
portant role in anti-doping analysis as long-term bi-

omarkers. Several studies have demonstrated longer uri-
nary excretion times for sulfate metabolites.?-'> Common to
these studies is the confirmation of new biomarkers using
chromatographic retention time and tandem mass spec-
trometry (MS/MS) experiments. In the case of AAS sulfate
conjugates the spectra are usually dominated by the precur-
sor ion and transitions so sulfate-derived fragments, includ-
ing hydrogen sulfate, m/z 97, HSO4.%16-1% This fragmenta-
tion behavior has been a key identifier in various anti-dop-
ing and clinical studies characterizing steroid monosul-
fates.”'m‘“

One limiting factor in identifying new steroid sulfate bi-
omarkers is determining the position and stereochemistry
of the sulfate ester. Typically, such studies rely solely on
mass spectrometric methods, as insufficient material is
available to perform more comprehensive nuclear magnetic
resonance (NMR) spectroscopic analysis or X-ray crystal-
lography. Confirmation by MS/MS thus requires access to a
wide range wide of synthetically derived regio- and stereo-
isomeric reference materials that are then compared to the



new biomarker using chromatographic and MS/MS analy-
sis. This approach is dependent on highly specialized syn-
thetic skills, is labor intensive and expensive.'® Alterna-
tively, hydrolysis followed by gas chromatography-mass
spectrometry (GC-MS) analysis can be used to identify the

unconjugated metabolite by comparison to the wide range
of commercially available unconjugated reference materi-
als, but depending on the structure, the original site of con-
jugation may not be readily ascertained.16.18.25.26

Figure 1. Synthesized library of reference materials (1-9). Including hydroxyandrostanone monosulfates (1-8) and an an-

drostenediol monosulfate (9).

Recently developed MS-based methodologies such as en-
ergy-resolved collision induced dissociation (CID) and ion
mobility spectrometry (IMS) experiments can provide addi-
tional information to aid the characterization of steroid bi-
omarkers. In IMS the use of collision cross section (CCS) val-
ues has been demonstrated to be an effective additional mo-
lecular descriptor allowing for increased selectivity and im-
provements in the detection of phase I and intact phase II
sulfate and glucuronide conjugates of AAS at biologically
relevant concentrations in urine, although the resolution of
isomers remains challenging.?’-2° The CCS has also been
shown to be reproducible across different instrumental
platforms, allowing for a consolidation of steroidal CCS data
in databases.?’

Energy-resolved CID experiments, where the fragmentation
of precursor ions is studied across a wide range of applied
collision energies has been shown to strengthen structural
interpretation in distinguishing isomeric small molecules
and metal oxide clusters alike, based on experimentally de-
rived appearance energies (AE).30-3% The use of estimated
threshold energies (Es%) have also been applied to explore
competing modes of bond homolysis in alkoxyamines.3> En-
ergy-resolved CID has also been used to study the dissocia-
tion pathways of the Beta-2 agonist class of performance
enhancing of drugs,3¢ and to aid the structural characteriza-
tion of N-glycans from their fragmentation patterns.3” Re-
cently, these approaches have been extended to reveal char-
acteristic differences between sets of related steroid mono-
sulfates based on estimated threshold energies (Es%).3¢ A
common drawback in this energy-resolved CID analysis is
the sensitivity of the measured energies to small changes in
experimental and instrumental parameters.3° This variabil-
ity suggested the need for a reference set of sulfated mole-
cules to improve the reliability of experimentally measured
threshold energies when used on different systems.3?

This work describes the use of energy-resolved CID meth-
ods on an ultra-high-performance liquid chromatography-
tandem mass spectrometry (UHPLC-MS/MS) instrument
equipped with a high-speed quadrupole-tine of flight (Q-
ToF) mass analyzer to differentiate the sulfate ester conju-
gation site and stereochemistry for a set of isomeric steroid
sulfate compounds. The threshold energies (Esy%) derived

from single injections are used to aid in the structure eluci-
dation of an unknown equine urinary metabolite found at
elevated levels after testosterone propionate administra-
tion to a thoroughbred horse. The information derived from
this approach helped guide the synthesis of candidate refer-
ence materials, thereby leading to the rapid identification
and confirmation of a novel metabolite.

METHODS

Experimental. Materials and instruments associated with
chemical synthesis and characterization are reported in de-
tail in the supplementary material (S2).

UHPLC-HRMS/MS detection of AAS intact phase II me-
tabolites. Energy-resolved CID experiments employed a
9030 Q-ToF mass spectrometer equipped with an ESI
source interfaced to a Nexera LC-40D X3 pump system for
chromatographic separation (all from Shimadzu, Ry-
dalmere, Australia). The column used was a Shim-pack Ve-
lox C18 column (1.8 um, 2.1 x 100 mm, Shimadzu). The
UHPLC separation was performed at flow rate 0.4 mL/min,
using gradient mixing of two phases: Solution A; 20 mM am-
monium formate in 100% water; and solution B; 20 mM am-
monium formate in 100% methanol. The gradient was 0-0.5
min (10% B), 0.5-20.5 min (10-100% B), 20.5-23.0 min
(100% B), 23.0-23.01 min (100-10% B), 23.01-27.5 min
(10% B). The injection volume was 5 puL and column oven
temperature was 40 °C.

Parameters for energy resolved CID MS/MS experi-
ments. Steroid sulfate compounds readily ionized as their
monoanions ([M-NHa4]-) under negative mode ESI. Scan MS
(m/z 100-1000) were collected between 0.5 and 20.5
minutes. For the duration of this acquisition energy-re-
solved CID MS/MS acquisition (m/z 50-1000) was per-
formed for each reference material targeting the precursor
ion m/z 369.1740 with a Q1 width of m/z 1. Energy-re-
solved CID MS/MS spectra were acquired over a CE ramp
from 10-65 eV in increments of 5 eV and immediately after
higher energies were sampled at 75 and 80 eV. This gave a
loop time (duty cycle) of 0.80 s comprising of one scan MS
event (0.1 s) and 14 MS/MS events (0.05 s), giving a total
scan speed of approximately 19 Hz. Resolution was approx-



imately 30,000 (FWHM) for scan MS and MS/MS experi-
ments. The peak areas for precursor (m/z 369.1740) and
sulfate derived productions (m/z 96.9596 & 79.9568) were
calculated from extracted ion chromatograms with a toler-
ance of + 10 ppm using LabSolutions Insight software (Shi-
madzu).

Calculation of estimated threshold energy (Es«). Break-
down curves were obtained by plotting the normalized
abundance (peak area) of the product ion(s) of interest,
against the energy in the center-of-mass frame (Ecm), fol-
lowed by least-squares fitting to the sigmoidal function of
the type:

_ BR;
Ii (Ecm) T 14eE1/27Ecmib;

(Eq- 1)

Where; I; is the normalized abundance of the product ion of
interest, BRi is the branching ratio of the product ion, bi de-
scribes the rise of the sigmodal curve, and E1,2 is the energy
at which the function has reached half of its maximum
value.33-3540 Curve fitting was performed using Kalei-
daGraph® 4.5 by Synergy Software. Where possible, the ions
derived from secondary fragmentation were summed back
to their primary product ion. The estimated threshold ener-
gies (Ess) were derived from the energy (Ecm) when [i = 5,
i.e. the calculated energy (Ecm) required to achieve 5% frag-
mentation, and were calculated using as previously de-
scribed.3538

RESULTS AND DISCUSSION

A novel metabolite of testosterone propionate in eq-
uine. In a recent study aimed at the untargeted profiling of
equine urinary sulfate metabolites after testosterone propi-
onate administration,*! two putative steroid sulfate metab-
olites with the same exact mass (m/z 369.1739) were dis-
covered. The identity of one of these metabolites was con-
firmed as epiandrosterone sulfate (6) after matching it to
synthetically derived reference materials (1-8, Figure 1).
The reference materials possessed all possible regio- and
stereo-isomeric combinations at the C3, C5 and C17 posi-
tions along a general Ci9 hydroxyandrostanone backbone.
However, no match was found for the second metabolite,
which showed a significant elevation (500-fold change) 12
h after drug administration. The new biomarker was ob-
served to have an earlier retention time (7.69 min vs 10.16
min for epiandrosterone sulfate) in reverse phase chroma-
tography, leading to the inference that the remaining me-
tabolite possessed higher polarity than epiandrosterone
sulfate. Two assumptions were made about the structure of
the unknown metabolite: 1) an increase polarity resulted
from an additional hydroxyl group on the steroid backbone,
generally at the C3 or C17 positions;® 2) the addition of a
C=C double bond was required to maintain the correct ac-
curate mass, with this type of functionally commonly occur-
ring at the C4 or C5 positions amongst androstenones, c.f,
testosterone and dehydroepiandrosterone (DHEA).8 Based
on these assumptions, sixteen possible C19 androstenediol
monosulfate isomers, stemming from four general core
structures, can be considered as potential candidates for the
unknown metabolite (Figure 2 and Figure S1).
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Figure 2. Possible isomers for the unknown metabolite (m/z
369.1741). There are 16 possible isomers for the andros-
tenediol monosulfate class of molecules when the conjugation
site is varied between the C3 and C17 positions and the double
bond is either in the C4 or C5 positions. All 16 isomers are
shown in the supplementary information, Figure S1.

Stereochemical determination of sulfate conjugation
site using mass spectrometry. The general workflow used
to acquire an energy-resolved breakdown curve of a sulfate
ion is now described. After UHPLC separation and negative
mode ESI, the compound undergoes scan MS followed by
MS/MS. In MS/MS the collision energy is applied in a
stepped fashion over 12 scans. The high scan speeds availa-
ble for the Q-TOF mass analyzer allowed for the sampling of
product ion data from low to high energies in small energy
increments (5 eV, 10-65 eV) and at high resolution (30,000
FWHM). The energy profiles derived from the chromato-
graphic peaks from single injections were then plotted, and
the threshold energy calculated after least-squares fitting of
the data to equation 1. To minimize the effects of inter-run
variability on the measured energy profiles,3° all reference
materials and samples were run in triplicate in the same in-
jection sequence.

The energy-resolved CID profile of the unknown metabolite
was compared against the library of synthesized isomeric
reference materials (1-8, Figure 1). These were chosen as
they were readily accessible from their free steroid using
previously established synthetic methodology.*? It was hy-
pothesized that the profiles of the 8 hydroxy-androstane
sulfate isomers could be used as proxies to identify the ste-
reochemistry at the conjugation site of the new biomarker,
ultimately informing synthesis of the relevant reference
material. The energy-resolved CID profile of androst-5-ene-
3,173-diol 3-sulfate (9, boxed) was also obtained, as it was
readily available from a previous synthesis.!8

The results of the energy profiling workflow are displayed
in Figure 3A and show the estimated threshold energies
(Es%) of the nine synthesized isomers (1-9) and unknown
metabolite (Metabolite).
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Table 1: Confirmation using UHPLC retention time and MS/MS analysis.
Reference material Metabolite
RT (min) RT (min)
0 Product Threshold en- -
Compound | (%RSD.n - RA (%RSD,n | RA | AORCH[%Tol- | _hresholden
=12) ion o ergy (Esw, eV) - o ergy (Esw, eV)
name . (%) _ =3) (%) erance] SD, n=3
[theoretical (m/2) (SD, n=3) [tolerance] (SD, n=3)
m/z]
369.1721 38 45 [27-50]
androst-4- 351.1598 2 2 [0-12]
ene-3p,17f- | 9.49 (0.02) 9.49 (0.13) )
diol 17sul. | [369.1740] | 3371466 | 39 | 182(0.01) (045955 | 31 [27-51] 1.83 (0.02)
fate (10a) 96.9588 | 100 100 [70-100]
79.9567 1 2 [0-11]

The new biomarker (metabolite) was detected the sulfate fraction of equine urine after administration of testosterone propionate.
It was matched against the synthesized reference material (10a) according to Association of Official Racing Chemists (AORC) reten-
tion time and MS/MS criteria.#3 All CID product ion spectra used for confirmation were acquired using a collision energy (CE) of 40
eV derived from the energy-resolved CID experiments. The relative abundance of product ions was derived from the peak area of
extracted ion chromatograms with a mass tolerance of + 10 ppm. The threshold energy (Es%) for both compounds was obtained
according to experimental section and matched within one standard deviation (n= 3).

All reference materials were chromatographically resolved sulfate (1, RT 11.86 min), epiandrosterone sulfate (6, RT
(Table S1). Moreover, good separation was observed be- 11.00 min) and etiocholanolone sulfate (2, 11.72
tween biologically relevant epimers, such as androsterone



min).8131944-47 The new biomarker has a high threshold en-
ergy, comparable to the 17f-oriented sulfates. The reten-
tion time of unsaturated androstenediol mono-sulfate (9)
was observed to be closer to the unknown metabolite than
the eight hydroxyandrostanone mono-sulfate compounds
(1-8), due to the increased polarity resulting from the free
hydroxy group. The diol monosulfate compound (9) was
also found to have the lowest estimated threshold energy
(Es%), due to a relatively low energy fragmentation leading
to a conjugated diene product. The pattern in the Esy for
compounds (1-8) indicated that sulfate ester stability is
largely governed by the stereochemistry at the conjugation
site, while the configuration at a greater distance seems to
have little effect (Figure 3A). This pattern is clearly demon-
strated in the four reference materials that possess 17-con-
jugation (3,4,7, & 8, Figure 3B). Here, despite there being
large differences in the configuration of the A-ring, the 17f3-
oriented sulfates (7) and (8) show only a small difference in
threshold energies. This was also observed for the 17a-ori-
ented sulfates (3 & 4). Importantly, a large difference is ob-
served between the 17a and 17f pairs in both their esti-
mated threshold energies (Figure 3A) and energy-resolved
CID profiles (Figure 3B). From this analysis we concluded
that these functionally simpler hydroxyandrostanone sul-
fate molecules could be used as proxies for related species
so long as the functionality and stereochemistry at the con-
jugation site is conserved. After evaluation of the new bi-
omarker, the Esy was found to aligned closely with the two
17B-sulfated reference materials (7 & 8, Figure 3). Assum-
ing that the conjugation site and stereochemistry is the
main contributor to the observed Esy energy, we could
therefore putatively assign 17 stereochemistry to the sul-
fate conjugation site of the new biomarker.

Confirmation of a novel metabolite. Using the Es ener-
gies from the energy-resolved CID as a guide, narrowed the
identity of the new biomarker from sixteen to the four iso-
mers, specifically those that contain a 17(-oriented sulfate
ester (Figure 2 & Figure S1). Following the synthesis of the
four isomers (Scheme S1), the new biomarker was matched
to androst-4-ene-3f3,173-diol, 17-sulfate (10a, Figure 4). All
four isomers were chromatographically resolved (Table
S3). The confirmation was performed according to Associa-
tion of Official Racing Chemists (AORC) retention time and
MS/MS criteria, and is summarized in Table 1.#3 Further
confirmation was also achieved through standard addition
(spiking) of the synthesized reference materials into the
urine samples due to the close elution of the 10a and 11 iso-
mers (Figures S2 & S3). Moreover, compounds 10a and 11
were also analyzed using the energy-resolved CID. The pro-
file and Esy of compound 10a (1.82 eV + 0.01) also closely
match the urinary metabolite (1.83 eV * 0.02) within one
standard deviation. Feasibly, this could be used as a second-
ary MS based method in the future for matching this type of
steroidal metabolite (Table 1, Table S2, Figure S4 & S5). The
energy profile of 10b was not obtained due to low precur-
sor abundance.

Q Q

0S03 0804
HO” : 5 HOW™
10a 10b
& o
0S03 0804
HO” : 5 HO™
11 12

Figure 4. The four synthetically derived 17f-oriented sulfate
conjugates.

CONCLUSION

We report a novel application of energy-resolved CID exper-
iments for the structure elucidation of sulfate ester conju-
gate site and stereochemistry in steroid sulfate metabolites.
The energy profiles could be derived from chromatographic
peaks observed in single injections and were found to de-
pend on the location and stereochemistry at the conjugation
site, with more distant changes to the steroid skeleton hav-
ing little effect on estimated threshold energies. The energy-
resolved CID was used to guide the synthesis of reference
materials for an unknown AAS sulfate urinary biomarker
detected following testosterone propionate administration
to a thoroughbred horse. This study shows that a library of
structurally simple reference materials can be used to aid
the identification of sulfate ester conjugate site and stereo-
chemistry for a new steroid sulfate biomarker. This energy-
resolved CID MS/MS method has wider potential to aid in
the structure elucidation of new biomarkers for other me-
tabolite classes where access to suitably diverse collections
of reference materials is accessible.
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