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CS-0777 is a selective sphingosine 1-phosphate (S1P) recep-
tor 1 modulator with potential benefits in the treatment of auto-
immune diseases, including multiple sclerosis. CS-0777 is a pro-
drug that requires phosphorylation to an active S1P analog,
similar to the first-in-class S1P receptor modulator FTY720
(fingolimod). We sought to identify the kinase(s) involved in
phosphorylation of CS-0777, anticipating sphingosine kinase
(SPHK) 1 or 2 as likely candidates. Unlike kinase activity for
FTY720, which is found predominantly in platelets, CS-0777
kinase activity was found mainly in red blood cells (RBCs). N,N-
Dimethylsphingosine, an inhibitor of SPHK1 and -2, did not
inhibit CS-0777 kinase activity. We purified CS-0777 kinase
activity from human RBCs by more than 10,000-fold using
ammonium sulfate precipitation and successive chromatogra-
phy steps, and we identified fructosamine 3-kinase (FN3K) and
fructosamine 3-kinase-related protein (FN3K-RP) by mass
spectrometry. Incubation of human RBC lysates with 1-deoxy-
1-morpholinofructose, a competitive inhibitor of FN3K, inhib-
ited ~10% of the kinase activity, suggesting FN3K-RP is the
principal kinase responsible for activation of CS-0777 in blood.
Lysates from HEK293 cells overexpressing FN3K or FN3K-RP
resulted in phosphorylation of CS-0777 and structurally related
molecules but showed little kinase activity for FTY720 and no
kinase activity for sphingosine. Substrate preference was highly
correlated among FN3K, FN3K-RP, and rat RBC lysates. FN3K
and FN3K-RP are known to phosphorylate sugar moieties on
glycosylated proteins, but this is the first report that these
enzymes can phosphorylate hydrophobic xenobiotics. Identifi-
cation of the kinases responsible for CS-0777 activation will per-
mit a better understanding of the pharmacokinetics and phar-
macodynamics of this promising new drug.
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Multiple sclerosis is an inflammatory disorder of the brain
and spinal cord in which focal lymphocytic infiltration leads to
damage of myelin and axons (1). Treatment of multiple sclero-
sis has primarily depended upon immunomodulatory drugs,
such as IFN-, glatiramer acetate, and natalizumab. However,
these drugs are only partially effective and/or have problem-
atic side effects (1-3), and there is a clear unmet need for
improved treatments for multiple sclerosis. Sphingosine
1-phosphate (S1P)* receptor modulators are emerging as a
new class of drugs with potential therapeutic application in
multiple sclerosis (4, 5).

Sphingosine is phosphorylated to S1P by sphingosine
kinase 1 (SPHK1) and sphingosine kinase 2 (SPHK2) in
humans (6-9). S1P (supplemental Fig. 1) is a bioactive sig-
naling molecule that activates a family of G-protein-coupled
receptors, known as S1P,-S1P; (4). Among these five S1P
receptors, S1P, is a major regulator of egress of mature T
cells from the thymus and of T and B cells from lymph nodes
into blood and lymph (10-12).

Discovery of FTY720 (fingolimod, chemical structure in
Fig. 1), the first-in-class S1P receptor modulator, has opened
a new field of S1P receptor biology and contributed to an
improved understanding of the regulation of immune func-
tion (13-15). FTY720 is a prodrug, which, like sphingosine,
requires phosphorylation in vivo for its biological activity.
Orally administrated FTY720 is phosphorylated predomi-
nantly by SPHK2 to an S1P analog (FTY720 phosphate; Fig.
1) that induces internalization of SI1P, on lymphocytes,
thereby blocking the ability of the receptor to support lym-
phocyte egress and recirculation through secondary lymph-
oid organs. This suppresses immune responses and presum-
ably serves as the main immunomodulatory mechanism of
FTY720 in animals and humans (10, 16 -20). Two phase III
studies of FTY720 demonstrated superior clinical efficacy to
placebo and IFN-f in patients with relapsing-remitting mul-
tiple sclerosis (21, 22), and FTY720 was recently approved by

“The abbreviations used are: S1P, sphingosine 1-phosphate; DMF, 1-deoxy-
1-morpholinofructose; DMS, N,N-dimethylsphingosine; FN3K, fruc-
tosamine 3-kinase; FN3K-RP, fructosamine 3-kinase-related protein; HIC,
hydrophobic interaction chromatography; LC-MS/MS, liquid chromatog-
raphy equipped with tandem mass spectrometry; S1P;, sphingosine
1-phosphate receptor 1; S1P;, sphingosine 1-phosphate receptor 3;
SPHK1, sphingosine kinase 1; SPHK2, sphingosine kinase 2; Bis-tris pro-
pane, 1,3-bis[tris(hydroxymethyl)methylamino]propane.
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FIGURE 1. Chemical structures of CS-0777, RST-7501, FTY720, and their phosphorylated metabolites.

United States Food and Drug Administration as a first-line
treatment for relapsing forms of multiple sclerosis.

CS-0777 (Fig. 1) is a novel selective S1P; modulator in early
development for autoimmune diseases, including multiple scle-
rosis (24). Like FTY720, CS-0777 is a prodrug, phosphorylated
in vivo to an active S1P analog (Fig. 1), but whereas FTY720-
phosphate lacks receptor subtype specificity, having similar
potencies for S1P,, S1P,, S1P,, and S1P, (16), the phosphory-
lated form of CS-0777 is more selective, with 300-fold greater
potency for S1P; versus S1P, and essentially no activity on S1P,
(24). Although the clinical importance of S1P, selectivity is still
unknown, off-target effects mediated through S1P receptors
may contribute to side effects of FTY720 observed in clinical
trials (13). For example, initial studies in rodents led to the
hypothesis that the bradycardia observed with FTY720 was
mediated through S1P, (25, 26); however, findings of dose-re-
lated bradycardia with other S1P;-selective modulators has led
to uncertainty about the importance of S1P; selectivity to bra-
dycardia in humans (13).

CS-0777 demonstrated immunosuppressive activity in
mouse and rat models of experimental autoimmune encepha-
litis, an established model of multiple sclerosis and autoim-
mune disease (24). In healthy volunteers, single oral doses of
CS-0777 caused pronounced dose-dependent lymphopenia,
including reversible decreases in circulating T and B cells
(27). Furthermore, in multiple sclerosis patients, oral doses
of CS-0777 caused a dose-dependent decrease in circulating
lymphocytes, with a slightly greater suppression of CD4"
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versus CD8" T cells and relative sparing of CD8" effector
memory cells. Therefore, CS-0777 is anticipated to demon-
strate immunomodulatory activity through selective S1P;
modulation, similar to FTY720, without engaging other S1P
receptors, which may have benefits in circumventing off-
target toxicities.

Identification of the mechanisms of metabolic activation is
critical for understanding the pharmacological (pharmacoki-
netic and pharmacodynamic) properties of prodrugs. Orally
administrated CS-0777 is rapidly phosphorylated and reaches
equilibrium with CS-0777-phosphate in blood as in the case of
FTY720 (16), suggesting that, in blood, phosphorylation is bal-
anced by de-phosphorylation by phosphatases. Unlike FTY720
and FTY720-phosphate, however, the equilibrium for CS-0777
and CS-0777-phosphate strongly favors the phosphorylated
form (27). Because SPHK1 and SPHK2 are the principal kinases
involved in sphingosine phosphorylation, and SPHK2 is
reported to be the major kinase responsible for FTY720 phos-
phorylation (17, 28, 29), we speculated that SPHK1 or SPHK2
may be involved in the phosphorylation of CS-0777. Surpris-
ingly, however, we identified two unrelated kinases, fruc-
tosamine 3-kinase (FN3K) and FN3K-related protein (FN3K-
RP), as the principal enzymes responsible for CS-0777
activation in blood. We report here the identification of FN3K
and FN3K-RP as CS-0777 kinases and explore the kinase sub-
strate specificity for a number of related compounds identified
in the search for a selective S1P; modulator.
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EXPERIMENTAL PROCEDURES

Chemicals—All chemical compounds were synthesized in
Daiichi Sankyo Co., Ltd. Chemical structures are illustrated in
Fig. 1 and supplemental Fig. 1.

Preparation of Human RBC Lysates—Human blood speci-
mens were obtained from healthy volunteers according to a
protocol approved by the Research Ethics Committee at Daiichi
Sankyo Co., Ltd. All procedures below were conducted at 4 °C.
Equal amounts (100 ml) of blood from five subjects were com-
bined and mixed, and 3.2% (w/v) of sodium citrate was added as
an anticoagulant. Blood was centrifuged at 1,600 X g for 5 min,
and the precipitated RBCs were collected. RBCs were washed
four times with 20 mm HEPES, pH 7.4, containing 138 mMm
NacCl, 3.3 mm NaH,PO,, 2.9 mm KCl, 1 mm MgCl,, and 1 mg/ml
glucose and hemolyzed with 20 mm HEPES, pH 7.4, containing
3.3 mMm NaH,PO,, 2.9 mm KCl, 5 mm MgCl,, 1 mg/ml glucose,
1 mm DTT, and a protease inhibitor mixture (complete EDTA-
free, Roche Applied Science). The hemolysate was centrifuged
at 100,000 X g for 1 h, and the supernatant (designated human
RBC lysate) was used for subsequent experiments. The lysate
was aliquoted, quickly frozen by liquid nitrogen, and stored at
—80 °C until use. Rat RBC was prepared using similar methods.

Assay for Phosphorylation of CS-0777 and Related Com-
pounds—Whole blood, RBCs, or RBC lysate samples were incu-
bated at 37 °C for 3 h with CS-0777 or related compounds in 5
mm MgCl,, 1 mm DTT, 5 mm ATP, and 0.5% CHAPS in 250 ul
of 100 mm HEPES, pH 7.4. The concentrations of test com-
pounds are provided for each experiment in the figure legends.
The sample was mixed with 500 ul of methanol to stop the
reaction and centrifuged, and 20 ul of the supernatant was sub-
jected to reversed-phase chromatography (YMC-pack ODS
A-312 column, 6.0 mm internal diameter X 150 mm length) at
40 °C. The substrate and product were separated with a linear
gradient elution of acetonitrile in 0.1% TFA at a flow rate of 1
ml/min. The gradient slope was modified depending on the
compound studied. Absorbance at 230, 254, or 295 nm was
monitored, and phosphorylation of CS-0777 and related
compounds was determined by measuring the peak area of
the phosphorylated compound. For FTY720 and sphingo-
sine, which lack UV absorbance, the phosphorylated product
was quantitated by liquid chromatography equipped with
tandem mass spectrometry (LC-MS/MS) (API4000, Applied
Biosystems).

RST-7501 Kinase Assay for Protein Purification—RST-7501,
a closely related analog of CS-0777 (Fig. 1), was selected for the
purification of the CS-0777-related kinase because of the high
level of UV absorbance of phosphorylated RST-7501 and hence
its amenability to easy detection during fractionation and puri-
fication steps. Samples were incubated at 37 °C for 1 h with 100
pg/ml RST-7501, 1 mm ATP, and 0.5% CHAPS in 75 ul of 100
mwm HEPES, pH 7.0. In some experiments, 1-deoxy-1-morpho-
linofructose (DMF) (Sigma) was added at a final concentration
of 1 mM to inhibit FN3K activity. To stop the reaction, the
sample was mixed with 150 ul of methanol, and 10 ul of the
filtrate (0.45 wm, Millipore) was subjected to reversed-phase
chromatography (TSK-gel ODS-100S column, 4.6 mm internal
diameter X 150 mm length) at 40 °C. The substrate and product
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were separated by isocratic elution with 40% acetonitrile con-
taining 0.1% TFA at a flow rate of 1 ml/min. Absorbance at 295
nm was monitored, and RST-7501 kinase activity was deter-
mined by measuring the peak area of RST-7501-phosphate.
One unit of RST-7501 kinase activity was defined as the activity
required for 1 ug/ml production of RST-7501-phosphate under
these experimental conditions.

Purification of FN3K and FN3K-RP—All purification proce-
dures were conducted at 4 °C. Human RBC lysate was mixed
with ammonium sulfate to reach 10% saturation, stirred for 3 h,
and centrifuged at 6,700 X g for 30 min. The resultant superna-
tant was further mixed with ammonium sulfate to reach 50%
saturation, stirred for 3 h, and then centrifuged at 12,000 X g for
30 min. The precipitate from the second centrifugation (desig-
nated 10-50% saturated ammonium sulfate precipitate) was
collected and stored at —20 °C until use.

For FN3K, a sample of 10 -50% saturated ammonium sulfate
precipitate equivalent to 75 ml of human RBC lysate was dis-
solved in 100 ml of 20 mm HEPES, pH 7.0, containing 1 mm
DTT and 5 mm MgCl, (HMD buffer) and dialyzed against 5
liters of HMD buffer containing 2 M NaCl. The dialyzed sample
was centrifuged at 12,000 X g for 15 min, and 5-10 ml of the
supernatant was filtered and loaded onto a hydrophobic inter-
action chromatography (HIC) column (5 ml of HiTrap phenyl-
HP, GE Healthcare). Bound proteins were eluted using a linear
gradient from 2 to 0 M NaCl in HMD buffer, and samples from
each fraction were tested for RST-7501 kinase activity. The
active fractions were combined (total volume, 60 ml) and dia-
lyzed against 2 liters of HMD buffer containing 0.5% CHAPS
(HMDC buffer). The sample was then loaded onto a dye-affin-
ity column (two columns linearly connected, HiTrap Blue HP, 1
ml, GE Healthcare). Bound proteins were eluted using a linear
gradient of 0—2 M NaCl in HMDC buffer. Active fractions were
combined (4 ml), dialyzed against 500 ml of HMDC buffer, and
then loaded onto an anion-exchange column (1 ml of Resource
Q, GE Healthcare). The effluent from the Resource Q column
was then loaded onto a cation-exchange column (1 ml of
Resource S, GE Healthcare), and proteins were eluted using a
linear gradient of 0—2 M NaClin HMDC buffer. Active fractions
(4 ml) were dialyzed against 500 ml of HMDC buffer and loaded
onto a high resolution cation-exchange column (Mono S PC
1.6/5, GE Healthcare) and proteins were further eluted as
above. A portion of the active fraction (50 ul) from the Mono S
column was loaded onto a gel filtration column (Superdex 75
PC 3.2/30, GE Healthcare) equilibrated with HMDC buffer
containing 150 mm NaCl. Samples (10 ul) from the active and
adjacent fractions were subjected to SDS-PAGE (10-20% gra-
dient gel, Bio-Rad) under reducing condition. The gel was
stained with a fluorescent dye, SYPRO® Ruby (Molecular
Probes) according to the manufacturer’s protocol, and band
intensity was quantified using a fluorescent scanner, Molecular
Imager FX (Bio-Rad) using Quantity One software (Bio-Rad).

For purification of FN3K-RP, a sample of the 10-50% satu-
rated ammonium sulfate precipitate equivalent to 50 ml of
human RBC lysate was dissolved in 50 ml of 20 mm HEPES, pH
9.0, containing 1 mm DTT, 5 mm MgCl,, and 0.5% CHAPS
(HMDC9 buffer) and dialyzed against 2 liters of HMDC9
buffer. The dialyzed sample was centrifuged at 12,000 X gfor 10
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min, and the supernatant was loaded onto an anion-exchange
column (HiPrep Q 16/10 XL, GE Healthcare). Bound proteins
were eluted using a linear gradient of 0—1 M NaCl in HMDC9
buffer. Eluted fractions were tested for RST-7501 kinase activ-
ity with or without addition of 1 mm of DMF. DMF-insensitive
active fractions were combined (total volume of 10 ml), dia-
lyzed against 500 ml of HMDC buffer, and loaded onto a dye-
affinity column (1 ml, HiTrap Blue HP, GE Healthcare). Bound
proteins were eluted with HMDC buffer containing 1 m NaClL
Active fractions (total, 1.5 ml) were dialyzed against 500 ml of
20 mm Tris/Bis-tris propane, pH 6.0, containing 1 mm DTT, 5
mm MgCl,, and 0.5% CHAPS (TMDC6 buffer) and loaded onto
the high resolution cation-exchange column (Mono S PC 1.6/
5). A portion of the active fraction (50 ul) from the Mono S
column was loaded onto a gel filtration column (Superdex 75
PC 3.2/30) equilibrated with HMDC buffer containing 150 mm
NaCl. Samples (10 ul) from the active and adjacent fractions
were subjected to SDS-PAGE, stained with fluorescent dye, and
analyzed as above.

Identification of FN3K and FN3K-RP by Mass Spectrometry—
To identify the kinases responsible for phosphorylation of
CS-0777 and related compounds, bands from the SDS-poly-
acrylamide gels correlating with kinase activity were excised
and destained at 30 °C for 30 min twice with 20 mm NH,HCO,,
pH 8, containing 50% acetonitrile. The gel pieces were dehy-
drated with acetonitrile and dried completely using a centrifuge
evaporator. Dried gel pieces were rehydrated in 20 mm
NH,HCO,, pH 8, containing 10 mM DTT and incubated at
50 °C for 30 min to reduce protein disulfides. The gel pieces
were then cooled to 20 °C and soaked for 20 min at 20 °C in the
dark in 20 mm NH,HCO,, pH 8, containing 55 mm iodoace-
tamide to alkylate free sulthydryls to prevent further disulfide
formation. The gel pieces were further dehydrated with aceto-
nitrile and rehydrated with 20 mm NH,HCO;, pH 8, and
washed at 20 °C for 15 min. After washing, the gel pieces were
dehydrated with acetonitrile and dried completely using a cen-
trifuge evaporator. Dried gel pieces were then rehydrated and
incubated for 12 h at 37 °C in 20 mm NH,HCO;, pH 8, contain-
ing 10 ng/ul trypsin (modified trypsin, Promega) to digest pro-
teins. The resulting peptides were extracted once with formic
acid/H,O buffer (0.05% formic acid) and twice with formic
acid/acetonitrile buffer (0.05% formic acid in acetonitrile) for 5
min each. The collected extracts were evaporated to ~20 ul and
then analyzed by LC-MS/MS.

LC-MS/MS was carried out using a modified LC-MS/MS
system as described previously (30, 31). A Q-TOF2 mass spec-
trometer (Waters) was equipped with a direct flow nano-liquid
chromatography system (Rencon, NanoSolution) (32). A
homemade electrospray ionization tip column (150 wm inter-
nal diameter X 50 mm length) was packed with reversed-phase
C,5 resin (ODS-HG-3, Nomura Chemical). Elution of peptides
was carried out using a linear gradient of acetonitrile in formic
acid/H,O buffer, with a 5-ul sample volume and a flow rate of
100 nl/min. The MS/MS spectra were searched against the
GenBank™ nonredundant protein data base compiled by the
National Center for Biotechnology Information using the Mas-
cot program (Matrix Sciences).
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Protein Assay—Total protein concentrations were deter-
mined using a modified Bradford assay (Coomassie Plus Pro-
tein Assay, Pierce) with bovine serum albumin as a standard.

Expression of Recombinant Human FN3K-RP and FN3K—A
c¢DNA containing the open reading frame (ORF) of the
full-length human FN3K-RP gene was obtained from Invitro-
gen (clone ID 3351601). The ¢cDNA was subcloned into
pcDNA3.1(+) (Invitrogen) between the Xhol and EcoRI sites.
The nucleic acid sequence in the expression vector was con-
firmed by DNA sequencing to be a perfect match with the
FN3K-RP sequence submitted to GenBank™™ (accession num-
ber BC007611).

The ¢cDNA clone for human FN3K was obtained from
GeneCopoeia (catalog number GC-W1392). Unexpectedly,
DNA sequencing of this cDNA revealed a missense mutation at
amino acid 153 (F153S). Therefore, we back-mutated this site
using QuickChange multisite-directed mutagenesis kit (Strat-
agene). The ORF for the full-length human FN3K was sub-
cloned into pcDNA3.2-DEST using mammalian expression
system with Gateway technology (Invitrogen). The nucleic acid
sequence of the expression vector was confirmed to be a perfect
match at the amino acid level with the FN3K sequence submit-
ted to GenBank™ (accession number NM_022158).

The above expression vectors were transfected into HEK293
cells at 80% confluence using Lipofectamine Plus (Invitrogen)
according to the manufacturer’s protocol. Transfected cells
were cultured for 27 h, washed twice with PBS, and lysed with
80 mm HEPES, pH 7.4, containing CelLytic-M (Sigma), 1 mm
DTT, and a protease inhibitor mixture (complete EDTA-free).
The cell extracts were centrifuged, and the supernatants (cell
lysates) containing FN3K or FN3K-RP were used in additional
assays of the phosphorylation of CS-0777 and related
compounds.

Statistical Analysis—Comparisons of two groups were ana-
lyzed using two-tailed unpaired Student’s ¢ tests.

RESULTS

CS-0777 Phosphorylation Is Independent of SPHKI and
SPHK2—W e first considered whether CS-0777 and structur-
ally related compounds were phosphorylated by SPHK1 or
SPHK?2, because these enzymes are responsible for phos-
phorylation of sphingosine to S1P and phosphorylation of
the prodrug FTY720 to its active metabolite. We first pre-
pared cells stably expressing human SPHK1 and SPHK2, but
the cytosolic fractions obtained from these cells showed only
slight phosphorylation activity for CS-0777 (data not shown),
suggesting that a different kinase was responsible for the acti-
vation/phosphorylation of CS-0777.

We then investigated the source of CS-0777 kinase activity in
human blood, because FTY720 kinase activity was reported to
be concentrated in platelets (33, 34). Interestingly, CS-0777
kinase activity was found only in the RBC fraction, with little or
no kinase activity measurable in platelets, plasma, or lympho-
cytes (Fig. 2A4). In addition, the amount of CS-0777 kinase activ-
ity in RBCs was comparable with that in whole blood, suggest-
ing the majority of CS-0777 kinase activity in blood was located
in the RBC fraction. These findings further indicated a potential
difference between CS-0777 and FTY720 kinase activities.
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FIGURE 2. Characterization of CS-0777 and RST-7501 kinase activity in
human blood. A, human blood from healthy volunteers was fractionated
into plasma, RBC, platelets, and lymphocytes. Whole blood and plasma were
diluted 1.1-fold. RBCs, platelets, and lymphocytes were adjusted to a concen-
tration consistent with that in 1.1-fold diluted blood. Production of CS-0777-
phosphate was measured following incubation of each sample with CS-0777
(100 wg/ml) for 3 h. B, RBCs were lysed and separated into soluble (lysate) and
membrane fractions. Membrane precipitate was suspended in buffer con-
taining 20 mm HEPES, pH 7.4, 138 mm NaCl, 3.3 mm NaH,PO,, 2.9 mm KCl, 1 mm
MgCl,, and 1T mg/ml glucose of the same volume of the lysate. Production of
RST-7501-phosphate was measured following incubation of each sample
with RST-7501 (10 wg/ml) for 1 h.RST-7501 kinase activity was found mainly in
the lysate fraction. G, human RBC lysates were tested for RST-7501 kinase
activity in the presence or absence of DMS, a specific inhibitor of sphingosine
kinases. There was no significant effect of DMS on the production of RST-
7501-phosphate. Concentration of RST-7501 was 10 ng/ml, and the reaction
time was 3 h. Results in all panels are expressed as means £ S.D. (n = 3).

N,N-Dimethylsphingosine (DMS) is known to inhibit both
SPHK2 and SPHKI activity (8, 35). Therefore, we considered
whether DMS would inhibit phosphorylation of CS-0777 in
human blood. We chose RST-7501, a close structural derivative
of CS-0777, for this and subsequent experiments because of its
strong UV absorbance, which allows for sensitive and rapid
monitoring without requirement for LC-MS. As for CS-0777,
RST-7501 kinase activity was mainly observed in the RBC but
not in platelets or lymphocytes (data not shown). The RST-
7501 kinase activity was predominantly in the soluble lysate
fraction compared with the membrane fraction of RBC (Fig.
2B). We found that RST-7501 kinase activity in the RBC lysate
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was not inhibited in the presence of DMS up to 500 uM, a con-
centration at which both SPHK1 and SPHK?2 are inhibited (Fig.
2C). Together with the results described above, these data
strongly suggested that SPHK1 and SPHK2 were not responsi-
ble for the phosphorylation of CS-0777 or structurally related
compounds and that a different kinase must be involved.

Purification and Identification of FN3K as a Candidate
CS-0777 Kinase—To identify potential kinases responsible for
CS-0777 activation, we purified RST-7501 kinase activity from
RBC lysates using a stepwise chromatographic approach. Pre-
liminary experiments revealed the following. 1) The activity
started to precipitate at 10% saturation with ammonium sul-
fate, and most of the activity was precipitated at 50% saturation.
2) The activity was inhibited by EDTA. 3) EDTA inhibition was
rescued by adding an excessive amount of Mg?". 4) Iodoacet-
amide inactivated the activity, which indicated that the reduc-
ing conditions were preferable for maintaining activity. 5) The
activity was inactivated under acidic conditions (pH =5) and
was stable under basic conditions (up to pH 10). 6) The esti-
mated molecular weight by gel filtration chromatography was
20-32 kDa. 7) The detergent CHAPS stabilized the activity
(data not shown).

Taking advantage of these biochemical properties, we puri-
fied the RST-7501 kinase activity by ~10,000-fold using seven
successive purification steps (Fig. 34). We chose HIC as the first
step because it had the greatest purification yield among the
various methods tested in preliminary experiments (data not
shown). RST-7501 kinase activity was detected as a single peak
following each chromatography step (data not shown). Using
SDS-PAGE, we identified a band at 35 kDa that correlated with
RST-7501 kinase activity following the sixth (supplemental Fig.
2, A and B) and the final (Fig. 3, B and C) purification steps. We
analyzed this band by nano-LC-MS/MS, and fructosamine
3-kinase (FN3K, National Center for Biotechnology Informa-
tion accession number 11545906) was identified with a highly
confident overall Mascot score of 164, based on tandem mass
spectra (MS/MS) identification of five peptides (supplemental
Fig. 2C).

Identification of FN3K-RP as the Principal CS-0777 Kinase in
Blood—To assess the contribution of FN3K to phosphorylation
of CS-0777 and structurally related compounds, we investi-
gated the effect of a competitive inhibitor of FN3K, DMF (36),
on RST-7501 kinase activity in RBC lysates and partially puri-
fied material from the initial purification steps (Fig. 44). We
were surprised to find that DMF did not appreciably inhibit the
kinase activity in RBC lysates or the ammonium sulfate precip-
itate, whereas DMF did inhibit kinase activity in fractions
obtained following the initial HIC purification step (Fig. 4A).
This observation suggested that the enzyme purified using the
above scheme was FN3K but that another kinase (or kinases)
insensitive to DMF probably existed and principally contrib-
uted to the activity, and this other kinase(s) was likely depleted
or inactivated by the HIC purification step.

To identify this other kinase(s), we excluded the HIC purifi-
cation step and found in exploratory studies that anion-ex-
change chromatography at pH 9.0 was able to separate DMF-
sensitive and -insensitive kinase activity. RST-7501 kinase
activity bound tightly to the anion-exchange column at pH 9.0
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A

Protein Total Total Specific Overall Overall
Activity Volume
Step conc. protein activity  activity fold  recovery
[U/mI]! [ml]
[ug/ml] [mg] [U] [Umg] change  [%]
Lysate 83,000 3.2 50 4,100 160 0.039 1.0 100
1) (NH 4)2S0s precipitation 9,000 7.3 50 450 367 0.81 21 230
2) Hydrophobic interaction 170 1.7 60 10 100 10 260 63
3) Blue dye affinity 870 5.1 4.0 3.5 20 59 150 13
4) Anion exchange 210 2.1 10 2.1 21 10 260 13
5) Cation exchange 87 2.8 4.0 0.35 1 32 820 6.9
6) Cation exchange 10 71 0.20 0.0020 1.4 710 18,000 0.88
7) Gel filtration 4.0 1.6 0.10 0.00040 0.16 410 10,000 0.10
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FIGURE 3. Purification of FN3K from human RBCs. 4, steps in the purification of FN3K, starting from human RBC lysate. ', 1 unit/ml activity was defined as the
concentration required for production of 1 ug/ml RST-7501-phosphate (see “Experimental Procedures”). B, RST-7501 kinase activity was purified; the active
fractions in the final purification step were subjected to SDS-PAGE, and the gel was stained using a fluorescent dye. Bands at 35 kDa (indicated by arrowheads)
correlated with kinase activity. C, kinase activity (solid line) and fluorescent intensity of bands shown in B (bars).

and formed a single broad activity peak on elution. Kinase activ-
ity in the initial fractions from this peak was insensitive to DMF,
whereas activity in fractions obtained from the tail of the peak
showed sensitivity to DMF (Fig. 4B).

Thus, to purify the DMF-insensitive kinase, we exchanged
HIC for anion-exchange chromatography at pH 9.0 as the first
step, and the kinase activity in the eluted fractions was mea-
sured with and without DMF. Fractions containing DMF-in-
sensitive activity were collected and subjected to subsequent
purification steps. DMF-insensitive RST-7501 kinase activity
formed a single peak after each chromatography step (data not
shown). As a result of five purification steps, the activity was
purified more than 16,000-fold (Fig. 54), and a band at 33 kDa
was identified by SDS-PAGE that correlated well with the
DMF-insensitive activity following the fourth (supplemental
Fig. 3, A and B) and final purification steps (Fig. 5, B and C).
Nano-LC-MS/MS identified this protein as FN3K-RP
(National Center for Biotechnology Information accession
number 13959372) with a highly confident overall Mascot score
of 209, based on MS/MS identification of seven peptides (sup-
plemental Fig. 3C).

Assessment of Kinase Activity for CS-0777 and Related Com-
pounds Using Recombinant FN3K and FN3K-RP—To deter-
mine the role of human FN3K and FN3K-RP in the phosphor-
ylation of CS-0777 and related compounds, including FTY720
and sphingosine, we expressed recombinant full-length FN3K
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and FN3K-RP in a human embryonic kidney cell line (HEK293)
and tested cell lysates in our kinase activity assay. Significant
RST-7501 kinase activity was observed using lysates from cells
overexpressing FN3K and FN3K-RP as compared with lysates
from untransfected cells (Fig. 6A). Lysates from these cells were
also able to induce phosphorylation of FT'Y720, but the relative
activity for FTY720 was extremely weak (Fig. 6B, note differ-
ence in y axis scale with Fig. 6A4). Neither cell lysate could sig-
nificantly induce phosphorylation of sphingosine compared
with the negative control (Fig. 6C).

We assessed the kinase activity of rat RBC lysates and lysates
from cells expressing human FN3K and EN3K-RP on 17
CS-0777-related compounds (supplemental Fig. 1), including
CS-0777 itself and ROX-2127, another S1P,-selective agonist
with a chemical structure similar to CS-0777. Cell lysates from
FN3K- and FN3K-RP-transfected cells phosphorylated
CS-0777, ROX-2127, and other CS-0777-related compounds,
with a similar preference for phosphorylation by FN3K-RP
among compounds (supplemental Fig. 5, A and B). The relative
degree of phosphorylation and preference for FN3K-RP in
transfected cell lysates was similar to that for rat erythrocytes
(supplemental Fig. 5C). Correlations between the amount of
phosphorylated product obtained using rat RBCs and FN3K-
and FN3K-RP-transfected cell lysates were very high (FN3K-
RP, * = 0.8153, and FN3K, * = 0.7737; shown in supplemental
Fig. 6), suggesting that FN3K-RP is principally responsible for
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FIGURE 4. Characterization of DMF-sensitive and -insensitive RST-7501 kinase activity. A, RST-7501 kinase activity in RBC lysate, reconstituted ammonium
sulfate precipitate (from the 1st purification step), and active fractions from the second purification step (hydrophobic interaction chromatography), measured
in the presence and absence of indicated concentrations (conc.) of DMF. Enzyme activity was normalized to that of the sample without DMF. B, RST-7501 kinase
activity was separated by anion-exchange chromatography at pH 9.0 after ammonium sulfate precipitation of RBC lysate. Activity in the presence and absence
of 1 mm DMF is indicated by open triangles and filled diamonds, respectively. The ratio of the enzyme activity with 1 mm DMF to that without DMF is indicated

by bars and is expressed as residual activity (%).

phosphorylation of CS-0777 and structurally related com-
poundsin blood. The substrate preferences of FN3K, FN3K-RP,
and rat RBC lysates also suggested that introduction of a sub-
stituted group on 3-carbon of N-methylpyrrole or thiophen
diminished phosphorylation efficiency (detailed structure-ac-
tivity relationships will be described elsewhere).

DISCUSSION

In this study, we identified the activating enzymes of
CS-0777, a selective S1P; modulator prodrug, in human blood.
We found that CS-0777 kinase activity was distinct from that
for FTY720, which was reported to be phosphorylated predom-
inantly by SPHK2 in platelets (33). We undertook a biochemical
strategy coupled with proteomics technology to identify the
kinase(s) responsible for CS-0777 phosphorylation in blood.
Surprisingly, the kinases purified from human RBCs, FN3K and
FN3K-RP, are known to phosphorylate protein-bound sugar
moieties that are structurally distinct from the hydrophobic
molecules represented by CS-0777 and related compounds
(Figs. 3 and 5). Experiments using recombinant FN3K and
FN3K-RP suggested FN3K-RP is the principal kinase responsi-
ble for phosphorylation of CS-0777 in blood, with significantly
less activity toward FTY720 and no activity on sphingosine (Fig.
6). Correlations between substrate preferences using a large
number of CS-0777-related compounds also support FN3K-RP
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as the principal kinase responsible for activating CS-0777 in
blood (supplemental Fig. 6).

We purified FN3K and FN3K-RP from small amounts of
human RBC lysates by more than 10,000- and 16,000-fold,
respectively. The original biochemical purification of FN3K
from human erythrocytes was performed by monitoring fruc-
tosamine kinase activity, with much larger amounts of starting
material. Delpierre et al. (37) purified FN3K 2,500-fold, starting
with 4,970 ml of human hemolysate, using successive chroma-
tography steps of dye affinity, anion-exchange, and gel filtra-
tion. Szwergold et al. (38) purified FN3K from 160 g of human
RBC lysate by successive chromatography steps of anion
exchange, gel filtration, affinity chromatography, and isoelec-
tric focusing. Both FN3K purification schemes were similar to
ours, except that we used HIC as the first step, and we started
with only 5.2 g of human RBC lysate. Significant improvements
in mass spectrometry-based proteomics technology allowed us
to identify the candidate protein(s) from SDS-PAGE bands
containing as little as nanograms of protein, without requiring
purification to homogeneity. Using a similar strategy, our group
successfully purified and identified platelet-derived growth fac-
tor BB as a new osteoblast differentiation inhibitory factor,
starting with conditioned medium from cultured osteoclasts
(39), and a key enzyme involved in the interferon-induced anti-
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A

Protein Total Total Specific Overall Overall Residual
Activity Volume
Step conc. protein activity activity  fold recovery Activity
[UmI]"  [ml]
[ug/ml] [mg] [U]  [U/mg] change  [%] [%]?
Lysate 100,000 3.0 50 5,200 150  0.029 1.0 100 81
1) (NH 4)2804 precipitation 9,100 5.0 50 460 250 0.55 19 170 89
2) Anion exchange 640 55 10 6.4 55 8.7 300 36 98
3) Blue dye affinity 310 10 1.0 0.31 10 32 1,100 6.6 110
4) Cation exchange 50 85 0.20 0.00010 1.7 1700 58,000 1.1 98
5) Gel filtration 30 14 0.10 0.00030 0.14 450 16,000 0.090 n.d.?
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FIGURE 5. Purification of FN3K-RP from human RBCs. A, steps in the purification of FN3K-RP, starting from human RBC lysate. !, 1 unit/ml activity was defined

as the concentration required for production of 1 ug/mlRST-7501-phosphate.

2, residual activity was defined as the ratio of activity in the presence of 1 mm DMF

tothatinitsabsence.? n.d. means not determined. B, active and surrounding fractions from the final purification step were subjected to SDS-PAGE, and the gel
was stained using a fluorescent dye. Bands at 33 kDa (arrowheads) correlated with kinase activity. C, kinase activity (solid line) and band intensity (bars) are

shown for respective fractions.

viral 2-5A system, starting from bovine liver (40). We antici-
pate that this strategy, using a combination of conventional
biochemistry and cutting edge technology, will contribute to
discoveries in a wide range of research activities in medicine
and biology.

The identification of FN3K and FN3K-RP as CS-0777 ki-
nases was entirely unexpected. FN3K is a 309-amino acid pro-
tein that phosphorylates fructosamines, ribulosamines, eryth-
rulosamines, and psicosamines (36, 37, 41, 42). The principal
physiological substrate of FN3K is believed to be glycated pro-
teins containing fructosamine, produced via spontaneous
interaction between a carboxyl group of glucose and a primary
amine on a lysine residue or an N-terminal amino acid (i.e.
protein glycation). The resulting Schiff base undergoes Ama-
dori rearrangement to produce a protein with covalently bound
fructosamine (supplemental Fig. 7). Phosphorylation of the
fructosamine residue by FN3K results in an unstable moiety
that spontaneously degrades to 3-deoxyglucosone, inorganic
phosphate, and the original protein-associated primary amine
(41, 42). This has led to the hypothesis that FN3K is a protein-
repair enzyme, responsible for “deglycating” proteins and pre-
venting formation of advanced glycation end products, which
may play an important role in diabetic complications (41, 42).

FN3K-RP is also a 309-amino acid protein with high homol-
ogy to FN3K in humans (64% identity at the amino acid level)
(43). EN3K-RP phosphorylates ribulosamines, erythrulosa-
mines, psicosamines, and glucitolamines but, unlike FN3K,
does not phosphorylate fructosamines (41, 44). FN3K-RP is not
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inhibited by DMF, a competitive inhibitor of FN3K (43). The
physiological role of FN3K-RP is not fully appreciated at pres-
ent, but similarly to FN3K, it is thought to contribute to repair
of glycated proteins containing ribulosamine, erythrulosamine,
or psicosamine (formed through protein glycation by ribose
5-phosphate and erythrose 4-phosphate and isomerization
from fructosamine, respectively) (41, 42, 45, 46). Despite the
relatively low levels of these rare ketoamines relative to fruc-
tosamine, the activity of FN3K-RP is severalfold higher than
that for FN3K in red blood cells (45), suggesting there may be
unknown substrates for FN3K-RP. Neither FN3K nor
FN3K-RP has been reported to phosphorylate lipids or drugs,
and there are no other reports concerning these enzymes in the
context of lipid or drug metabolism. The discovery that FN3K
and FN3K-RP are able to phosphorylate small hydrophobic
compounds such as CS-0777 may reveal novel roles of these
enzymes beyond that of protein deglycation. A search for other
endogenous or alimentary substrates for FN3K and FN3K-RP,
based on our findings, might lead to discovery of additional
physiological roles of these kinases.

Most drugs are considered xenobiotic and undergo metabo-
lism through similar pathways. Although numerous enzymes
involved in drug metabolism, such as the cytochrome P450s,
have been well studied and are routinely evaluated in the assess-
ment of new drugs, other drug-metabolizing enzymes remain
unidentified. In particular, knowledge of the enzymes involved
in the metabolic activation of prodrugs is critical for under-
standing the pharmacokinetic and pharmacodynamic proper-
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ties of such a drug. Because activation pathways may be unique
for each prodrug, the enzyme(s) involved may be difficult to
anticipate based on the drug’s chemical structure or activity.
The recent identification of carboxymethylenebutenolidase as
an activating enzyme for olmesartan medoxomil (an angioten-
sin receptor blocker used in treatment of hypertension) is
another example of an unexpected prodrug activation pathway
(31). We believe it would have been impossible to predict FN3K
and FN3K-RP as candidates for CS-0777 activation or phos-
phorylation using in silico approaches. Thus, an unbiased
approach, including biochemical purification and expression
cloning, may be necessary to identify metabolic enzymes, espe-
cially those involved in prodrug activation.

We have demonstrated that the kinases responsible for
FTY720 and CS-0777 activation in blood are distinct based on
differences in their cellular distribution (Fig. 2A4) and inhibitor
sensitivity (Fig. 2C) and ultimately by biochemical purification
of FN3K-RP as the principal enzyme involved in CS-0777 phos-
phorylation in human RBCs. Interestingly, the blood concen-
tration of CS-0777-phosphate in a phase I study in healthy vol-
unteers was more than 20-fold higher than that of CS-0777 (27),
whereas blood concentrations of FTY720 and FTY720-phos-
phate are reported to be roughly equal (47), suggesting differ-
ences in the phosphorylation kinetics of the two drugs. Thus, in
addition to S1P; selectivity, a more efficient phosphorylation of
CS-0777 could contribute to improved pharmacological or
therapeutic properties.

Our data indicate that FN3K-RP is the principal enzyme
responsible for CS-0777 activation in human blood, whereas
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FN3K has a minor role, based on three observations as follows:
(i) 80-90% of the activity in RBC lysates was insensitive to
DME, an FN3K-specific inhibitor (Fig. 4); (ii) the DMF-insen-
sitive activity formed a single peak in all the purification steps
for FN3K-RP (Fig. 5, supplemental Fig. 3, and data not shown);
and (iii) the substrate preference for both FN3K-RP and FN3K
showed good correlation with that of rat RBC lysates (supple-
mental Fig. 5 and Fig. 6). In addition, preliminary experiments
indicated that K, values for CS-0777 kinase activity from RBC
lysates and lysates from FN3K-RP- and FN3K-transfected cells
were in the same concentration range, supporting FN3K-RP as
the principal CS-0777 kinase (data not shown). We investigated
whether 1-deoxy-1-morpholinopsicose, reported to be a com-
petitive inhibitor for both FN3K-RP and FN3K (45), could
inhibit RST-7501 kinase activity in lysates from FN3K-RP- or
EN3K-transfected cells. However, 10 mMm 1-deoxy-1-morpholi-
nopsicose did not inhibit RST-7501 kinase activity (data not
shown), possibly due to the difference between substrates and
the relatively low K, values for these enzymes (43).

Our focus in this study was to determine the kinase(s)
responsible for phosphorylation of CS-0777 in blood, because
S1P and fingolimod are both reported to be produced, stored,
and released in blood (34). We cannot exclude the possibility
that other tissues, including other blood cells, can contribute to
activation of CS-0777 in vivo. FN3K is expressed in multiple
tissues, and FN3K-RP expression was observed in nearly all
tissues examined (except for skeletal muscle and intestinal
mucosa) (43, 45, 46). A hematopoietic source and a distinct
radiation-resistant source have been reported to contribute to
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blood and lymph S1P, respectively (48), and the resulting com-
partmentalization of S1P has an important role in lymphocyte
trafficking. Whether similar compartmentalization may exist
for phosphorylated metabolites of CS-0777 or FTY720 is cur-
rently unknown and deserves further investigation. Studies
involving conditional ablation of FN3K-RP in hematopoietic
tissues (using radiation) or tissue-specific knock-out of
FN3K-RP (using CRE recombinase) in mice would be useful to
address these questions.

We have not studied mechanisms for transport of CS-0777
or CS-0777-phosphate across RBC membranes. Despite the
importance of S1P as a signaling molecule, the mechanisms of
its export from RBCs and other cells are still unclear. Several
ABC transporters have been suggested as possible S1P trans-
porters, but S1P concentrations in blood are normal when these
transporters are knocked out in mice (49). A novel ATP-depen-
dent S1P transporter that does not require ATP hydrolysis was
recently reported in rat erythrocytes (50). This same group also
identified spinster-like protein 2 (SPNS2) as a transporter for
both S1P and FTY720-phosphate (23, 51), but the expression of
SPNS2 is low in hematopoietic and vascular tissues, as well as in
megakaryoblast and erythromyeloblastoid leukemia cell lines,
suggesting SPNS2 may not be responsible for S1P transport in
RBCs. Whether ABC transporters, SPNS2, or some other mem-
brane transporter may be involved in the export of CS-0777-
phosphate from RBCs requires further investigation.

Our data implicate RBCs as a likely determinant of blood
levels of CS-0777-phosphate in vivo and identify FN3K-RP as
the principal kinase involved in CS-0777 activation in blood.
This discovery was unexpected, because sphingosine and
FTY720 are both phosphorylated by sphingosine kinases; this
finding may help in understanding potential pharmacokinetic
and pharmacodynamic differences between CS-0777 and
FTY720.Identification of a novel xenobiotic metabolic pathway
involving FN3K and FN3K-RP may lead to a better understand-
ing of the biochemical and physiological roles of these enig-
matic “housekeeping” enzymes. As FN3K and FN3K-RP also
phosphorylated ROX-2127, an S1P receptor modulator with a
different chemical scaffold than CS-0777 (supplemental Figs. 1
and 5), these enzymes may contribute to metabolism or activa-
tion of other drugs with a potential role in treatment of auto-
immune diseases.
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