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Abstract Serine palmitoyltransferase (SPT) catalyzes the
rate-limiting step of condensation of L-serine and palmitoyl-
CoA to form 3-ketodihydrosphingosine (3KDS). Here, we
report a HPLC-ESI-MS/MS method to directly quantify
3KDS generated by SPT. With this technique, we were able to
detect 3KDS at a level comparable to that of dihydrosphingo-
sine in yeast Saccharomyces cerevisiae. An in vitro SPT assay
measuring the incorporation of deuterated serine into deu-
terated 3KDS was developed. The results show that SPT ki-
netics in response to palmitoyl-CoA fit into an allosteric
sigmoidal model, suggesting the existence of more than one
palmitoyl-CoA binding site on yeast SPT and positive coop-
erativity between them. Myriocin inhibition of yeast SPT ac-
tivity was also investigated and we report here, for the first
time, an estimated myriocin K; for yeast SPT of approxi-
mately 10 nM. Lastly, we investigated the fate of serine
o-proton during SPT reaction. We provide additional evidence
to support the proposed mechanism of SPT catalytic activity
in regard to proton exchange between the intermediate
NH;" base formed on the active Lys residue with surround-
ing water.lll These findings establish the current method as a
powerful tool with significant resolution and quantitative
power to study SPT activity.—Ren, J., J. Snider, M. V. Airola,
A.Zhong, N. A. Rana, L. M. Obeid, and Y. A. Hannun. Quan-
tification of 3-ketodihydrosphingosine using HPLC-ESI-MS/
MS to study SPT activity in yeast Saccharomyces cerevisiae.
J- Lipid Res. 2018. 59: 162-170.
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Sphingolipids are major membrane components that
also play critical signaling roles in a plethora of essential
cellular processes, such as cell proliferation, differentia-
tion, apoptosis, and the inflammatory response (1). Dys-
regulation of their metabolism underlies various human
diseases, such as type 2 diabetes, cancer, coronary artery
diseases, inflammation, and neurological disorders, such as
Alzheimer’s and hereditary sensory and autonomic neu-
ropathy type I (HSAN1) (2-4).

The sphingolipid biosynthetic pathway constitutes a
complex network with many enzymes involved that gener-
ate and interconvert intermediate bioactive metabolites,
such as ceramides and sphingosine-1-phosphate (5). Ser-
ine palmitoyltransferase (SPT) catalyzes the initial and
rate-limiting reaction in the genesis of sphingolipids and
it belongs to a subfamily of pyridoxal 5’-phosphate (PLP)
enzymes known as a-oxoamine synthases. It catalyzes the
condensation of L-serine with palmitoyl-CoA to form
3-ketodihydrosphingosine (3KDS) (6). The rate of this
reaction directly controls the influx of amino acids and
fatty acids into the sphingolipid pathway. Mutations in the
human SPT subunit are associated with peripheral neurop-
athy HSANI. As a critical enzyme and a potential drug tar-
get, the mechanism of SPT catalytic activity has been
intensively studied.

SPT exists in all sphingolipid-producing organisms. The
current proposed mechanism of SPT catalytic activity is
mainly obtained through structural and functional studies
using the prokaryotic system, bacterium Sphingomonas
paucimobilis and Sphingobacterium multivorum (7-12). The
mechanism of SPT catalytic activity and regulation is less

Abbreviations: DHS, dihydrosphingosine; IS, internal standard;
3KDS, 3-ketodihydrosphingosine; KDSR, 3KDS reductase; KIE, kinetic
isotope effect; PLP, pyridoxal 5"-phosphate; SPT, serine palmitoyltrans-
ferase; SRM, selected reaction monitoring.

' To whom correspondence should be addressed.

e-mail: Yusuf. Hannun@stonybrookmedicine.edu
The online version of this article (available at http://www.jlr.org)
contains a supplement.

This article is available online at http://www.jlr.org


https://doi.org/10.1194/jlr.D078535
http://crossmark.crossref.org/dialog/?doi=10.1194/jlr.D078535&domain=pdf&date_stamp=2017-12-23

known for its eukaryotic counterparts. Different from bac-
terial SPT, which is a soluble homodimer, eukaryotic SPTs
exist as multi-subunit complexes, including the membrane-
associated heterodimeric catalytic subunits and the reg-
ulatory subunits (13, 14). This was demonstrated by the
purification of the SPOTS complex [SPT subunits (Lcb1/
Lcb2), Orm1/2, Tsc3, and Sacl] in yeast and the identifica-
tion of Tsc3 as positive and Orm1/2 as negative regulators
of SPT activity (15-18). These regulatory mechanisms are
conserved in the higher eukaryotic system with the identifi-
cation of small subunits of mammalian SPT, ssSPTa/ssSPTb,
as positive and mammalian ORMDL 1-3 as negative regula-
tors of SPT (18, 19).

Accurate measurement of SPT activity is essential to
study its mechanism of action and regulation. Multiple
such assays have been developed, including using radiola-
beled serine or palmitoyl-CoA as substrate to measure their
incorporation into the organic phase consisting mainly of
radiolabeled 3KDS, measurement of release of free CoA
accompanied by SPT reaction, and HPLC to measure the
fluorescent derivatives of dihydrosphingosine (DHS) (20—
25). These established methods have been widely used and
have contributed greatly in studying SPT activity in various
organisms and their mechanism of action.

In this study, we developed a method using HPLC coupled
with positive ESI followed by MS/MS to directly measure
3KDS generated by SPT. The current method represents a
simplified procedure without additional derivation steps
and it eliminates the usage of radioactive reagents and the
associated cost and environmental issues. The method also
showed high sensitivity and emerged as a reliable and
quantitative tool to study SPT activity. With this tool, we
obtained new insights into yeast SPT activity, including the
possible existence of multiple palmitoyl-CoA binding sites
in yeast SPT and the positive cooperativity between them.
We report here an estimated myriocin K; value for yeast
SPT for the first time. Also the method enabled us to test
the proposed catalytic mechanism of SPT and the results
showed that the a-hydrogen of serine was completely
replaced by protons from surrounding water during SPT
reaction from yeast Saccharomyces cerevisiae.

MATERIALS AND METHODS

Materials

C17-SPH and DHS were purchased from Avanti Polar Lipids
(Alabaster, AL). The 3KDS was from Matreya LLC (State College,
PA). L-Ser (3,3-D2) and L-Ser (2,3,3,-D3) were obtained from

Cambridge Isotope Laboratories Inc. (Tewksbury, MA). EDTA-free
protease inhibitor cocktail was obtained from Roche. Pierce BCA
protein assay kit was from Thermo Fisher Scientific. DAmpTSC10
yeast strain was purchased from GE Dharmacon. All other reagents
were from Sigma-Aldrich (St. Louis, MO).

Lipid analysis

Yeast was cultured in synthetic medium with 2% glucose to
logarithmic phase before adding 5% TCA and was kept on ice for
15 min. Cells were spun down at 4,000 g for 5 min and washed
with water twice. C17-SPH [internal standard (IS)] (50 pmol) was
added to the cell pellet before lipid extraction. Cells (~2—4 x 10°)
were resuspended in 1 ml extraction buffer containing 65% iso-
propanol, 13% diethyl ether, 26% pyridine, and 0.13% ammo-
nium hydroxide and disrupted by 300 ul of glass beads with a
bead-beater for 3 min. The suspension was then incubated at
65°C for 15 min before centrifugation at 4,000 g for 5 min to col-
lect the supernatant. The pellet was extracted one more time by
resuspending in 1 ml of extraction buffer. The supernatants from
these two extractions were combined. Solvents were dried under
nitrogen gas and resuspended in 200 pl mobile phase B solution
(2% formic acid and 1 mM ammonium formate in methanol). An
aliquot of 10 pl was subjected to lipid analysis.

Lipid analysis was performed using a Thermo Fisher LC/MS
system, including an Accela autosampler, a Thermo pump, and a
TSQ Quantum triple quadrupole mass spectrometer. Lipid sam-
ples were injected and eluted from Agilent Poroshell 120 EC-C18
[4.6 x 50 mm, 2.7 wm particle size column with 50-98% methanol
gradient generated from mobile phase A (2% formic acid and
2 mM ammonium formate in water) and mobile phase B (2%
formic acid and 1 mM ammonium formate in methanol)]. The
mass spectrometer was operated in multiple reaction monitoring
positive ionization mode, monitoring the following transitions:
m/z 286.2 > 268.2 for C17-SPH; m/z 300.2 > 270.3 for 3KDS; m/z
302.3 > 284.3 for DHS; m/z 302.2 > 270.3 for 3KDS (+2); m/z 303.2
> 271.3 for 3KDS (+3); m/z 304.3 > 286.3 for DHS (+2), and m/z
305.3 > 287.3 for DHS (+3). Data were collected and processed
using Xcalibur software. The transitions are also summarized in
Table 1.

Quantification of sphingoid bases is based on the target ana-
Iyte /IS peak-area ratio. The target analyte concentration is calcu-
lated based on the calibration curve generated by a series of peak
area ratios between synthetic target analyte and IS plotted against
the analyte concentration using a linear regression model. The
3KDS and DHS were quantitated using calibration curves for each
synthetic compound, respectively. No synthetic standards are
available for 3KDS (+2) and 3KDS (+3) and they were quantitated
using 3KDS calibration curves.

Yeast microsome membrane preparation

Yeast microsome membrane fractions were prepared by the
method adapted from Pinto, Wells, and Lester (26). Briefly, yeast
cells cultured to logarithmic phase were collected by centrifuga-
tion and washed twice in 50 mM potassium phosphate buffer (pH
7.0). The pellet was resuspended in lysis buffer containing 50 mM

TABLE 1. MS/MS parameters used for the listed analytes
Analyte Elemental Composition Parental (M+H) (m/z) Product (M+H) (m/z) Collision Energy (eV)
3KDS Ci3H37NO, 300.2 270.3 19
DHS Ci3H39NO, 302.3 284.3 15
3KDS (+2) CigHg5DoNO, 302.2 270.3 19
DHS (+2) Ci3Hg7:DoNO,y 304.3 286.3 15
3KDS (+3) CygHg,D3NO, 303.2 271.3 19
DHS (+3) C3HgD3NO, 305.3 287.3 15
C17-SPH Cy7Hg;NO, 286.2 268.3 17
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potassium phosphate (pH 7.0), 2.5 mM EDTA, 5 mM DTT, and
1x protease inhibitor cocktail and disrupted with 0.5 mm-diame-
ter glass beads using Biospec Mini-Beadbeater-16 for six cycles of
1 min beating followed by 2 min cooling on ice. Unbroken cells
and debris were removed by centrifugation at 4,000 g for 10 min.
The supernatant was centrifuged at 100,000 g for 1 h at 4°C. The
pellet was homogenized with the lysis buffer and centrifuged at
100,000 gfor 1 h. The resulting pellet was resuspended in the lysis
buffer. Protein concentration was determined by BCA assay.

In vitro SPT activity assay

A 200 plreaction containing 0.1 M HEPES, 5 mM DTT, 50 uM
pyridoxal phosphate, 0-400 pM palmitoyl-CoA, 0-15.2 mM
L-Ser/or L-Ser (3,3-D2)/or L-Ser (2,3,3-D3), and 200 g yeast
microsome protein was incubated at 30°C for 5 min. The reaction
was stopped by adding 2 ml 0.5 N NH,OH. After adding 25 pmol
C17-SPH (IS for MS), lipids were extracted by adding 2.5 ml chlo-
roform methanol (2:1) and vortexed vigorously. After centrifuga-
tion at 4,000 g for 5 min, the upper aqueous phase was removed
and the lower organic phase was washed twice with 5 ml water.
The organic phase was dried under nitrogen gas and reconsti-
tuted in 100 pl mobile phase B. Ten microliters were subjected to
HPLC-ESI-MS/MS analysis to measure the incorporation of L-Ser
(3,3-D2) or L-Ser (2,3,3-D3) into 3KDS (+2) or 3KDS (+3). SPT
velocity was measured by the amount of 3KDS products generated
per minute per milligram of microsome proteins. The kinetics of
SPT activity were measured by varying concentrations of palmi-
toyl-CoA and L-Ser (3,3-D2) or L-Ser (2,3,3-D3).

Measurement of incorporation of deuterated L-serine into
deuterated 3KDS and DHS in yeast culture

Yeast were cultured to logarithmic phase at 30°C in synthetic
medium supplemented with 2% glucose and amino acids re-
quired for the auxotrophic marker. Cells were collected by cen-
trifugation and resuspended in fresh medium at a density of ~1
OD600 (2 x 10" cells/ml). Around 7.6 mM of deuterium-labeled
serine were added to the culture. Approximately 2—4 x 10° cells
were collected at each time point (0, 15, 30, 60, 90, and 120 min)
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and treated with 5% TCA followed by washing twice with water.
The 3KDS and DHS generated from deuterated serine substrate
were detected as early as 15 min.

RESULTS

Detection and separation of 3KDS and DHS using
HPLC-ESI-MS/MS

Sensitive and specific detection of 3KDS is essential to
measure SPT activity. DHS is the downstream product of
3KDS in the de novo sphingolipid synthesis pathway, formed
by reduction of 3KDS through 3KDS reductase (KDSR)
(27). The 3KDS and DHS have similar structures with a
2 Da difference in molecular mass caused by the replace-
ment of the keto group with a hydroxyl group at the C3
position. Clear separation and detection of each analyte is
essential for accurate quantitation of 3KDS free of DHS
contamination. Synthetic 3KDS and DHS compounds were
applied to Agilent Poroshell 120 HPLC column EC-18 and
eluted with methanol gradient in the presence of ammo-
nium formate over a 1 h time course. A specific signature
fragmentation pattern for each compound, 3KDS with a
parent m/z at 300.2 and a transition of m/z 300.3 > 270.3;
DHS with a parent m/zat 302.3 and a transition at m/z 302.3
> 284.3, was used for their detection under positive ion
mode ESI-MS/MS. The full product ion spectrum of both
3KDS and DHS is shown in supplemental Fig. S1. MS pa-
rameters used for these compounds are also summarized
in Table 1. Under these conditions, 3KDS and DHS showed
~0.3 min difference in retention time and they showed
similar intensity (Fig. 1A, B). Transition specificity was veri-
fied, as no signal in DHS transition was observed when
injecting only 3KDS, and, reciprocally, no signal in 3KDS

Mass transition m/z:
302.3/284.3
RT. 30.85 min

Fig. 1. Detection of 3KDS and DHS using HPLC-
ESI-MS/MS. HPLC separation of 0.4 pmol 3KDS (A)
and DHS (B) followed by positive mode ESI-MS/MS.
Ion intensities, retention time (RT), and parent/
product ion pairs are shown in the legends on the
right of the SRM peaks. Also shown are the chemical
structures of each compound and their fragmentation
scheme. Calibration curves for 3KDS (C) and DHS
(D). Calibration curves were established by detection
of increasing amounts of 3KDS and DHS, respectively,
using the transitions shown in A and B. The y-axis
shows the peak area ratio of the analyte to C17-SPH
(IS). Linear regression lines were generated by linear
least-square fit with the regression coefficient displayed
for each transition.
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transition was observed when only DHS was injected. C17-
SPH was used as IS for quantification of 3KDS and DHS.
The ion product spectrum and selected reaction monitor-
ing (SRM) peak of C17-SPH are shown in supplemental
Fig. S2. Calibration lines were established with 0.3-20 pmol
pure compounds in the presence of 2.5 pmol IS (Fig. 1C,
D). The amount of compounds detected below the linear
range was also plotted with the peak area ratio between
analyte of interest and IS against their concentrations (sup-
plemental Fig. S3). The observed detection limit for pure
3KDS and DHS compounds was around 10 fmol with a sig-
nal-to-noise ratio above 1,000.

After successfully separating and detecting 3KDS and
DHS, we analyzed the whole cell lipid extract from the WT
yeast, BY4741 (Fig. 2A). The 3KDS was detected at a level
comparable to DHS, which is surprising, as it stands in con-
trast to the general concept that 3KDS is a very transient
intermediate sphingoid base in the cell that normally falls
below the detection limit. We next performed the same
analysis using a yeast mutant in the same strain background,
DAmPTSC10. TSC10 is an essential gene that encodes
yeast KDSR, the enzyme that reduces 3KDS to form DHS,
and the DAmPTSCI0 strain is a mutant with decreased
abundance of TSC10 transcript due to perturbation at the
mRNA level (28). The results showed that attenuating
TSC10 levels in the DAmPTSCI0 strain resulted in marked
accumulation of 3KDS and attenuation of DHS (Fig. 2A),
thus further validating the specificity of the current 3KDS
detection method. Whole cell lipids from several other
commonly used S. cerevisiae WT strains were also measured,
and comparable amounts of 3KDS and DHS were detected
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Fig. 2. Detection of 3KDS and DHS in yeast S. cerevisiae. A: Accu-
mulation of 3KDS in the DAmPTSCI10 strain. B: Existence of com-
parable amounts of 3KDS and DHS in the various commonly used
yeast S. cerevisiae strains. Lipids were extracted from the indicated
yeast strains cultured to logarithmic phase in YPD medium and sub-
jected to HPLC-ESI-MS/MS to measure the levels of 3KDS and
DHS.

in all the strains tested, suggesting that the existence of a
stable pool of 3KDS is a common phenomenon in yeast
(Fig. 2B).

Detection and separation of 3KDS (+2D) and DHS (+2D)
generated from L-Ser (3,3-D2) using HPLC-ESI-MS/MS

Different from prokaryotic SPT, which can be recombi-
nantly expressed and purified, most characterizations of
eukaryotic SPT activity have been performed using crude
cell lysates or microsome fractions, due to the difficulties in
purifying soluble eukaryotic SPT. In this study, all the in
vitro SPT assays were performed using yeast microsome
fractions. In order to distinguish the endogenous 3KDS as-
sociated with the microsomal fraction from those acutely
generated, we applied deuterated L-serine (3,3-D2) as the
SPT substrate (Fig. 3A).

Figure 3B shows the result of an in vivo labeling experi-
ment where deuterium-labeled 3KDS and DHS, 3KDS
(+2D) and DHS (+2D), can be detected. They separate the
same way on the column as their nondeuterated counter-
part, and m/z 302.2 > 270.3 and m/z 304.3 > 286.3 are the
new transitions used for 3KDS (+2D) and DHS (+2D), which
generate the same fragmentation patterns. With this method,
endogenous 3KDS and DHS could also be monitored at
the same time using the aforementioned ESI-MS/MS colli-
sion parameters (data not shown).

SPT in vitro assay to study yeast SPT kinetics and its
inhibition by myriocin

SPT activity from BY4741 microsomes was measured by
conversion of L-Ser (3,3-D2) and palmitoyl-CoA into 3KDS
(+2D) (Fig. 4). SPT kinetics in the presence of different
concentrations of L-Ser (3,3-D2) were measured by plot-
ting the initial velocity of the reaction against L-Ser (3,3-
D2) concentration (Fig. 4A). Yeast microsomes (200 pg)
and 200 pM of palmitoyl-CoA were used in all the assays.
Under all the conditions tested, product formation was lin-
ear with time for the first 15 min and, therefore, a 5 min
time point was used to stop the reaction in order to obtain
the initial velocity. The data were fitted using the Michaelis-
Menten equation yielding a K, value for serine of 1.37 + 0.4
mM and V,,, of 387.6 + 34.2 pmol/min/mg yeast micro-
some. This K, for L-Ser (3,3-D2) is slightly lower than that
reported for yeast SPT activity using the radiolabeled ser-
ine (26) and it is very similar to the reported K,, value for
purified SPT from S. paucimobilis, where SPT kinetics were
measured by monitoring the release of free CoA (10).

SPT kinetics, in the presence of different concentrations
of palmitoyl-CoA, were measured by plotting the initial ve-
locity of the reaction against various palmitoyl-CoA concen-
trations (Fig. 4B). Yeast microsomes (200 ng) and 15.2 mM
of L-Ser (3,3-D2) were used in all of these assays. The data
points were fitted better using the allosteric sigmoidal
equation with an R-squared value of 0.96 (solid curve) than
using the Michaelis-Menten equation, which yielded an
R-squared value of 0.88 (dotted curve). The Hill coefficient
was determined at 2.6 + 1.2. This result suggests the exis-
tence of multiple binding sites for palmitoyl-CoA and positive
cooperativity between the sites. The structure of SPT from
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S. paucimobilis shows that it is a homodimer with two active
substrate binding pockets (29). The catalytic subunit of
yeast SPT is a heterodimer composed of Lcbl and Lcb2
(17). Although no crystal structure is yet available for yeast
SPT, it is reasonable to believe the existence of two sub-
strate-binding pockets, just like its prokaryotic counterpart.
Although the active Lys residue that is critical for its cata-
Iytic activity is missing from Lcbl, it is unlikely that this
would negate binding of palmitoyl-CoA to this subunit.
Only marginal deuterium-labeled DHS signal [DHS (+2D) ]
was detected in this assay, and the signal did not increase
with the increasing concentration of either palmitoyl-CoA
or L-Ser (3,3-D2), suggesting insignificant KDSR activity
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Fig. 3. Detection of 3KDS (+2D) and DHS (+2D)
generated from L-Ser (3, 3-D2) using HPLC-ESI-MS/
MS. A: Chemical structures of deuterated I-serine,
3KDS, and DHS [L-Ser (3,3-D2), 3KDS (+2D), and
DHS (+2D)]. B: HPLC-ESI-MS/MS analysis of 3KDS
(+2D) and DHS (+2D). Ion intensities, retention times
(RT), and parent/product ion pairs are shown in the
legends on the right of the SRM peaks. Also shown are
the chemical structure of each compound and their
fragmentation scheme. The 3KDS (+2D) (~19 pmol)
and DHS (+2D) (~22 pmol) are generated from an in
vivo labeling study where approximately 2 x 10° yeast
cells were cultured in synthetic medium with 2% glu-
cose to logarithmic phase before adding 7.6 mM L-Ser
(3,3-D2) for 120 min. Total lipids were extracted and
subjected to HPLC-ESI-MS/MS.

under the current experimental conditions. With the cur-
rent method, we were also able to detect endogenous 3KDS
levels, and the results showed that they were maintained at
a constant level during the course of the assay (data not
shown), further supporting the conclusion that there is
no significant KDSR activity in the system and that 3KDS
is stable over the time of the assay. Thus, the 3KDS (+2D)
generated from L-Ser (3,3-D2) represents SPT activity
faithfully.

Myriocin is a potent SPT inhibitor that binds to SPT di-
rectly and competes with serine to form the external aldi-
mine with PLP in the catalytic sites (30, 31). Using the SPT
in vitro assay, we measured the inhibitory effects of myriocin

Fig. 4. In vitro assay to measure kinetics of SPT ac-
tivity. SPT kinetics were measured by the amount of
KDS (+2D) generated per milligram of microsomes
per minute using L-Ser (3,3-D2) as SPT substrate. Mi-
crosomes were obtained from BY4741 cultured to
logarithmic phase and used as SPT source for the re-
action. A: SPT activity was measured in the presence of
200 wM palmitoyl-CoA with different concentrations
of L-Ser (8,3-D2) ranging from 0 to 15.2 mM. Nonlin-
ear regression curves were generated by least squares
fit using Michaelis-Menten kinetics. Also shown are
the K, and V.. B: SPT activity was measured in the
presence of 15.2 mM L-Ser (3,3-D2) with different
concentrations of palmitoyl-CoA ranging from 0 to
400 pM. The substrate velocity curve generated using
an allosteric sigmoidal equation from GraphPad Prism

o
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Py 5 is shown as a solid curve. The substrate velocity curve
generated using the Michaelis-Menten equation is
shown as a dotted curve.



on yeast SPT by calculating the K; (Fig. 5). SPT reaction
rates in the presence of 0.95 mM L-Ser (3,3-D2) and vari-
ous amounts of myriocin, ranging from 0 to 128 nM, were
measured and plotted against myriocin concentrations. A
K;value of 10.3 + 3.2 nM was calculated using the Morrison
equation. In applying this equation, the K,, value for L-Ser
(3,3-D2) was set to 1,370 uM, which was determined in an
experiment without myriocin. The concentration of yeast
SPT, which is required for the Morrison equation, was esti-
mated at 0.0125 wM on the basis of 54,500 Lcb2 molecules
per cell, reported by Ghaemmaghami et al. (32), and with
the assumption that the microsome preparation efficiency
was 50%. This estimated K; value for yeast SPT is much
lower than the reported myriocin K; value (967 + 98 nM)
for the purified recombinant SPT from S. paucimobilis (31),
suggesting a tighter binding of myriocin to yeast SPT.

Fate of a-hydrogen of serine during SPT reaction

The mechanism of SPT has been intensively studied and
supplemental Fig. S4 shows the proposed PLP-dependent
catalytic mechanism of SPT with L-Ser (2,3,3-D3) as the ser-
ine substrate (7-11, 33, 34). This model is composed of the
following steps: Internal aldimine formed between PLP
and the active lysine residue (presumably Lys366 of Lcb2
for yeast SPT) is displaced by the external aldimine formed
between PLP and incoming serine substrate, in this case,
L-Ser (2,3,3-D3). Binding of palmitoyl-CoA causes deprot-
onation of the external aldimine with the C2-deuterium
extracted and transferred to Lys forming Lys-NH,D", which
could become Lys-NHj' if exchange between deuterium
with surrounding water occurs. Upon nucleophilic attack
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Fig. 5. Inhibition of yeast microsome SPT activity by myriocin.
Two hundred micrograms of yeast microsomes (~0.0125 uM SPT)
were incubated with 0.95 mM L-Ser (3,3-D2) in the presence of
0-128 nM myriocin for 5 min before stopping the reaction with
NH,OH followed by lipid extraction and HPLC-ESI-MS/MS to
quantify the 3KDS (+2D) products. Enzyme activity, which was mea-
sured by SPT velocity, was plotted against myriocin concentration
using the Morrison equation function from GraphPad Prism 5. The
estimated K; for myriocin is 10.3 + 3.2 nM.

on the thioester, B-keto acid is formed accompanied by
CoASH release. COy is then released to form KDS product
quinonoid, which is then reprotonated by abstraction of a
proton from Lys-NH;" or Lys-NH,D". Lastly KDS is released,
and the formation of internal aldimine between Lys and
PLP is restored.

It has been proposed that the a-hydrogen of serine is
readily replaced by a proton from medium during the SPT
reaction. This is supported by in vitro SPT assays using
deuterated serine at the C2 position [such as L-Ser (2,3,3-
D3) in one study (35) or L-Ser (2,3,3-D3, 15N) in another
(86)] as substrate and rat liver microsomes/whole cell of
yeast (Hansenula ciferri) /ocean alga Emiliania huxleyi as
SPT source. Instead of +3 or +4 products, labeled 3KDS
product was only detected in the +2 or +3 form through
GC-MS or LC-MS for each study, showing a complete loss
of deuterium at the C2 position. In contrast, other studies
have argued that the a-hydrogen of serine is retained dur-
ing SPT reaction (37). That study measured the incor-
poration of tritium-labeled serine (at both the o and 8
position) into sphingolipids in rats and results from three
out of seven experiments showed a-tritium was incorpo-
rated on the C2 position of sphingosine at the same ra-
tio as B-tritium incorporation into the Cl position of
sphingosine.

The currently developed assay, with an exquisite ability
to distinguish the masses of the products, allowed for a di-
rect test of the fate of serine a-hydrogen during SPT reac-
tion. According to the proposed SPT catalytic mechanism,
we would expect a complete replacement of a C2-deute-
rium with a hydrogen if there is a complete exchange be-
tween Lys-NH,D" with bulk water. If no exchange between
Lys-NHQD+ with bulk water occurs, we would expect to see
a mixture of 3KDS products, some in which the C2-deute-
rium remains and some with it being replaced by one of
the two hydrogens from the NH,D". In order to test this
with the newly developed HPLC-ESI-MS/MS method, we
used L-Ser (2,3,3-D3) instead of L-Ser (3,3-D2) to deter-
mine the fate of the deuterium at the C2 position. In addi-
tion to detecting 3KDS (+2D) and DHS (+2D) using m/z
302.2/270.3 and m/z 304.3/286.3 collision pairs, we also
detected significant amounts of 3KDS (+3) and DHS (+3)
using m/z 303.2/271.3 and m/z 305.3/287.3 collision pairs
in the in vivo labeling experiment (Fig. 6). We then con-
firmed this by the in vitro SPT assay (Fig. 7). The 3KDS
(+3) and 3KDS (+2D) generated at each concentration of
L-Ser (2,3,3-D3) were quantified and the ratio between
them was calculated (Table 2). The ~18% ratio between
3KDS (+3) and 3KDS (+2D) is consistent with the probabil-
ity of 3KDS (+2D) with one C13 atom per 3KDS (+2D) with
primary C12 atoms. Because the natural abundance of C13
is 1.08 molecules per 100 atoms of Cl2 molecules, the
probability for the positive ion fragment of 3KDS (+2D)
containing one C13 atom is ~18% (~1.08% x 17). The
results suggest that the signal detected by the 303.3/271.3
collision pair represents 3KDS (+2D) with one C13 atom
instead of 3KDS (+3D). In order to further exclude the
possibility that the signal detected with m/z 303.3/271.3 rep-
resents 3KDS (+3D), we collected MS/MS data using both
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Fig. 6. Detection of 3KDS (+3) and DHS (+3) generated from L-Ser (2, 3, 3-D3) using HPLC-ESI-MS/MS. A: Chemical structures of L-Ser
(2,3,3-D3) and possible deuterated 3KDS products, 3KDS (+2D) and 3KDS (+3D) depending on the fate of C2-deuterium. The C2 hydro-
gen/deuterium is marked by an asterisk. HPLC-ESI-MS/MS analysis of 3KDS (+3) (B) and DHS (+3) (C). Ion intensities, retention time
(RT), and parent/product ion pairs are shown in the legends on the right of the SRM peak. Also shown are the chemical structure of each
possible compound [3KDS (+3D) or 3KDS (+2D) with one C13 isotope, the C13 position is labeled randomly and it could be at any position
from C2 to C18 for 3KDS and CI to C18 for DHS] and their fragmentation scheme. The 3KDS (+3) (~5 pmol) and DHS (+3) (~15 pmol)
are generated from an in vivo labeling study where approximately 2 x 10° yeast cells were cultured in synthetic medium with 2% glucose to
logarithmic phase before adding 7.6 mM L-Ser (2,3,3-D3) for 120 min. Total lipids were extracted and subjected to HPLC-ESI-MS/MS.

m/z 303.3/271.3 and m/z 302.3/270.3 collision pairs for
SPT in vitro assay with L-Ser (3.3-D2) as substrate. Signals
were detected from both channels and their ratio is about
18% (data not shown). The results further confirm that the
~18% of 3KDS detected using the m/z 303.3/271.3 colli-
sion pair is the 3KDS (+2D) with one C13 carbon. This re-
sult supports a complete loss of C2-deuterium of serine
during yeast SPT reaction.

L-serine with deuterium at the C2 position is a com-
mon reagent and constantly used as a substrate to study
SPT activity. It is possible to cause a kinetic isotope effect
(KIE) because this C2 deuterium is involved in the SPT
catalytic reaction. In order to assess whether there was
any KIE when using L-serine with C2-deuterium, an SPT
kinetic assay was performed using L-Ser (2,3,3-D3) as sub-
strate. The result showed that the K, value is essentially
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the same by measuring SPT velocity using either the
3KDS (+2D) or the 3KDS (+2D) with one C13 product
(Fig. 7). This K, value, 1.3 + 0.5, for L-Ser (2,3,3-D3) is
also very similar to the K, for L-Ser (3,3-D2). The reac-
tion rate for 3KDS (+2D) production from L-Ser (3,3-D2)
and that of 3KDS (+2D) production from L-Ser (2,3,3-D3)
are also very similar (Figs. 4A, 7A). These results suggest
that there is no KIE when using L-serine with C2-deuterium
as substrate.

In summary, some previous studies claim a complete
proton exchange during SPT reaction between the lysine
base and the surrounding solvent (35, 36) and some argue
against it (37). Our study supports a complete proton ex-
change during yeast SPT reaction by showing the genera-
tion of 3KDS (+2D) as the sole SPT product when using the
L-Ser (2,3,3-D3) as substrate.



Fig. 7. Kinetics of SPT activity from WT yeast micro-
somes measured by production of 3KDS (+2) and
3KDS (+3) using L-Ser (2,3,3-D3) as substrate. Initial
SPT velocity measured by production of 3KDS (+2D)
(A) or 3KDS (+3) (B) per milligram of microsome per
minute were plotted against different concentrations
of L-Ser (2,3,3-D3) ranging from 0 to 15.2 mM using
the Michaelis-Menten equation function from Garph-
Pad Prism 5. Also shown are the K,,and V,,,,.
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DISCUSSION

In this study, we developed a HPLC-ESI-MS/MS method
to quantitatively measure 3KDS and DHS. The current ap-
proach shows great sensitivity and specificity in detecting
cellular sphingoid bases. This is demonstrated by the detec-
tion of both cellular 3KDS and DHS in the absence of fu-
monisin B1, a ceramide synthase inhibitor that is commonly
used to boost sphingoid base levels (22).

The robust quantification power of the current method
is demonstrated by the detailed in vitro analysis of yeast
SPT activity, which yielded several interesting observations,
namely, the allosteric sigmoidal curve for palmitoyl-CoA
binding, the higher myriocin binding affinity, and the com-
plete exchange between serine a-hydrogen with the protons
from surrounding bulk water during yeast SPT reaction.
All of these provide new insights into the catalytic mecha-
nism of eukaryotic SPT.

A point mutation in the bovine KDSR, FVT1, has been
reported to associate with bovine spinal muscular atrophy
(38). More recently, mutations in human KDSR have been
reported to cause recessive progressive symmetric erythro-
keratoderma (39) and keratinization disorders that associ-

TABLE 2. List of 3KDS products generated using L-Ser (2,3,3-D3)

L-Ser m/z m/z m/z
(2,3,3-D3) (mM) 302.2/270.2 (pmol) 303.2/271.2 (pmol) 303.2/271.2 (%)
0.06 12.5 2.1 16.8
0.12 27.1 5.4 19.9
0.24 52.3 9.4 17.9
0.48 105.4 19.3 18.3
0.96 178.7 32.8 18.3
1.9 265.3 50.4 18.9
3.8 390.6 70.6 18.1
7.6 390.7 72.2 18.5
15.2 370.6 69.4 18.7

Shown are 3KDS products detected using collision pairs, m/z
302.2/270.2 and m/z 303.2/271.2, and their percentage ratio at each
L-Ser (2,3,3-D3) concentration used for the in vitro SPT assay in the
presence of 200 wg microsomes from BY4741.

L-Ser (2,3,3-D3) (mM)

ated with thrombocytopenia (40). We believe that the
method developed here is a useful tool to further charac-
terize these diseases by directly measuring the 3KDS level
in patients. The 3KDS is considered an intermediate sphin-
golipid product with no cellular function of its own. Direct
detection of a cellular pool of 3KDS will help to explore its
possible role as a bioactive molecule.

The existence of diverse SPT substrates other than ser-
ine and palmitoyl-CoA as well as the enzyme’s multiple
regulatory subunits suggest that the enzyme complex is
highly regulated in eukaryotic cells (26, 41-43). The ap-
proach we developed here has the potential to be modified
so that it could be used in in vivo assays to help to elucidate
the detailed regulatory mechanism of SPT Bl
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