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ABSTRACT. Serine palmitoyltransferase (SPT) is a key enzyme in sphingolipid biosynthesis and catalyzes
the decarboxylative condensation iokerine and palmitoyl coenzyme A to 3-ketodihydrosphingosine.

We have succeeded in the overproduction of a water-soluble homodimeric SPTSphimgomonas
paucimobilisEY2395 in Escherichia coli The recombinant SPT showed the characteristic absorption
and circular dichroism spectra derived from its coenzyme pyridoxahbsphate. On the basis of the
spectral changes of SPT, we have analyzed the reactions of SPT with compounds relegedrte and
product, and showed the following new aspects: First, we analyzed the bindingsefine and
3-hydroxypropionate and found that the spectral change in SPT by the substrate is caused by the formation
of an external aldimine intermediate and not by the formation of the Michaelis complex. Second, various
serine analogues were also examined; the data indicated thatdhooxyl group of-serine was quite
important for substrate recognition by SPT. Third, we focused on a series of SPT inhibitors, which have
been used as convenient tools to study the cell responses caused by sphingolipid depletion. The interaction
of SPT with myriocin suggested that such product-related compounds would strongly and competitively
inhibit enzyme activity by forming an external aldimine in the active site of the enzgh@hloro4 -

alanine and.-cycloserine were found to generate characteristic PLP-adducts that produced inactivation
of SPT in an irreversible manner. The detailed mechanisms for the SPT inactivation were discussed. This
is the first analysis of the inhibition mechanisms of SPT by these compounds, which will provide an
enzymological basis for the interpretation of the results from cell biological experiments.

Sphingolipids are ubiquitous constituents of membrane making a backbone structure called the long-chain base
lipids in mammalian cells, and are also widely distributed (LCB) in the sphingolipid biosynthesis. SPT is thought to
in other animals, plants, and microbel.(In eukaryotes, be a key enzyme regulating the cellular sphingolipid content
sphingolipids, such as sphingosine, sphingosine-1-phosphatebecause its activity is lower than those of other enzymes
and ceramide, are known to play important roles as secondinvolved in the sphingolipid biosynthesi, @). Genetic and
messengers in various cellular events including proliferation, biochemical studies of the yeaSaccharomyces cersiae
differentiation, senescence, apoptosis, and immune responsand Chinese hamster ovary (CHO) cell mutants demonstrated
(2). Serine palmitoyltransferase (SPT: EC 2.3.115fjta- that eukaryotic SPTs function as a heterodimer composed
lyzes a pyridoxal 5phosphate (PLP)-dependent condensation of two subunits, named LCB1 and LCB2-10).

reaction ofL-serine with palmitoyl coenzyme A (CoA) to Various chemical compounds have been employed to study
generate 3-ketodihydrosphingosine (KDS), which is shown e intracellular functions of sphingolipids in model cell

in Scheme 1. This reaction is the first committed step in systems, such as yeast and mammalian culture cells. Many
of them are specific inhibitors of the sphingolipid metabolic
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Scheme 1: Reaction Catalyzed by Serine Palmitoyltransferase
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lipids in intact cells {7—20). Although there are studies on MATERIALS AND METHODS

SPT inhibitors by Hanada et al., where a series of sphingo- ) , . i )

fungins and their stereoisomers were synthesized and their Chemicals.Sphingofungin B was a kind gift from Dr.
inhibitory activities were examined in vivo and in vitrd¥— Kentaro Hanada of the National Institute of Infectious
23), the molecular mechanisms of the SPT inactivation still Diséases in Tokyo, Japan-Serine andp-serine were
remain elusive. Detailed studies, including a three-dimen- Obtained from Nacalai Tesque (Kyoto, Japan). Palmitoyl CoA
sional structural analysis of the SPTRhibitor complexes, ~ Was from Funakoshi (Tokyo, Japan). Myrioc®;phospho-
should not only be essential to understand the cellular effectst-Serine,f-chloroL-alanine fCA), L-cycloserine p-sphin-

of these inhibitors, but will also be helpful in designing new 90sine, and isopropyl 1-thif-p-galactoside (IPTG) were
drugs directed at SPT. The latter would be of particular TOmM Sigma.o-Methyl-L-serine was from Acros Organics
interest because of the recent discovery that the human(Neéw Jersey, USA). Serinol and serinamide were from
hereditary sensory neuropathy type | is caused by mutations”ldrich. 3-Hydroxypropionic acid (30OHP) was from Tokyo
in the gene encoding the Lcb pl subunit of SPB, (25). Kasei Kogyo (Tokyo, Japan). Dihydrosphingosine was
However, it has been very difficult to obtain a sufficient rom Biomol (Pennsylvania, USA). 4-(2-Aminoethyl)-ben-
amount of the purified enzyme for a detailed analysis becausez€nesulfonyl fluoride (AEBSF) and lactate dehydrogenase

eukaryotic SPTs are unstable membrane-bound proteins of(rabbit muscle) were f_rom Roche Molecular Biochemicals.
extremely low cellular content£6). B-NADH was from Oriental Yeast (Tokyo, Japan). PD-10

Previously, we reported the purification, characterization, @nd Sephacryl S-200 HR were from Amersham Biothech.
and molecular cloning of SPT froiSphingomonas pauci- DEAE-Toyopearl 650M, and Butyl-Toyopearl 650M were
mobilis EY2395 (27). This bacterial enzyme shows about T0m Tosoh (Tokyo, Japank. coli BL21(DE3) pLysS and
30% homology with the enzymes of theoxamine synthase the plasmid pI_ET21b were from Novagen. All o_ther chemicals
family, and amino acid residues supposed to be involved in Were of the highest grade commercially available.
catalysis are conserve8phingomona$PT is a prototype Expression of the SPT Gene in Escherichia .cGlhe
of eukaryotic enzymes. Unlike the eukaryotic enzymes, internal Ndd restriction site ¥*ATGCAT) of SPT1was
SphingomonaSPT is a water-soluble homodimeric enzyme, changed to ATGCAC without changing the codons by site-
and therefore, is expected to provide a simple model systemdirected mutagenesis, and the new restriction sies, and
to study the enzyme reaction without a detergent micelle or Hindlll, were introduced intoSPT1 at the translation
lipid membrane. The SPT protein overproducedatheri- initiation and termination sites, respectively, by PCR. The
chia coli (E. coli) was found to be fully activeZ7). Thus, ~ modified SPT1(SP Tl was ligated into pET21b, and the
we could obtain a sufficient amount of the purified enzyme recombinant plasmid (PET215PT1n. was used to trans-
for spectroscopic studies. In the present study, we spectroform the E. coli BL21 (DE3) pLysS cells. The protein
scopically analyzed the reactions of the recombinant SPT expression was induced with 0.1 mM IPTG and continued
with L-serine and its analogues, and examined the molecularfor 4 h.
basis of activation of the substrate(s) and inhibition by  Purification of Recombinant SPAIl purification proce-
substrate analogues. dures were performed at 4C. The purification buffer
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containing 0.1 mM EDTA, 5 mM DTT, 0.1 mM AEBSF (a kDa 123456
protease inhibitor), and 20M PLP was used in all the 175 =

following procedures. The cells (10 g of wet weight) were = 5
suspended in 150 mL of 20 mM potassium phosphate buffer 83 - -
(pH 7.3) and sonically disrupted (Branson Sonic Power, 62 : b
Sonifier model 450) at 20 kHz for 9 min. The intact cells 48 ' i
and debris were removed by centrifugation (100§)080 e
min). The supernatant solution was applied to a DEAE- 33 pa
Toyopearl 650M column (2.5 20 cm) equilibrated with

the same buffer. The proteins were elutedwlitL of alinear 254 =

gradient from 0 to 500 mM NacCl. The fractions containing — - s

the SPT activity were collected. (NHSQs was added to Ficure 1: SDS-polyacrylamide gel electrophoresis at various steps
30% saturation, and the solution was applied onto a Butyl- in the SiDT purification. Lanes 1 and 6, molecular mass standard

Toyopearl 650M column (2.5 20 cm) equilibrated with  (prestained protein marker, broad range, from New England
the same buffer containing 30%-saturated (NHO,. The Biolabs); lane 2, crude extract after sonication and centrifugation
enzyme activity was eluted Wit L of linearly decreasing ~ at 10000 (20 ug of protein); lane 3, DEAE-Toyopearl column
(NH.),SO; concentrations (30 to 0%). The pooled active (°490f pmt‘f"”)’ 'Eli”e 4, b”ty'I'TOVOpearf' columng %f prme'”?’
fractions were concentrated and then applied to a Sephacryl a 5 Sephacryl S-200 column (4 of protein). The samples

n app : P Y{10uL) were analyzed by SDSpolyacrylamide gel electrophoresis
$-200 HR column (1.6< 80 cm) equilibrated with 50 MM on a 10% gel and stained with Coomassie Brilliant Blue R-250.
potassium phosphate buffer (pH 7.3) containing 0.1 mM
EDTA and 150 mM NaCl. The active fractions were RESULTS
combined, concentrated to 5 mL, filtered, and stored at 4

°C. The final sample contained 70 mg of a pure preparation ~ Purification of Recombinant SPT from E. colihe SPT
of SPT. produced irE. coliamounted to about 2€20% of the total

protein in the crude extract of the. coli cells (Figure 1).
The growth rate oE. coliwas not inhibited after the protein
expression was induced. When tBecoli cells expressing
SPT were incubated witH{C]-serine, the accumulation of
[1“C]-3-ketodihydrosphingosine (KDS), the reaction product
of SPT, in the host cells was detected. This result indicates
that the overproduced SPT was catalytically active. It also

Spectrometric MeasurementBhe absorption and fluo-
rescence spectra of SPT were recorded with a Hitachi
spectrophotometer U-3300 and a Hitachi spectrofluorometer
model 850, respectively, at 2%. The circular dichroism
(CD) spectra of SPT were recorded with a Jasco spectropo-
larimeter J720-W!I at 28C. The stopped-flow spectropho-
tometry was performed on an Applied Photophysics SX.18MV jjies that KDS is not toxic to thE. coli host. The enzyme

system (Leatherhead, U.K.) at 26. The dead time was ;a4 nurified to homogeneity by column chromatography in
2.3 ms under a gas pressure of 500 kPa. The exponentialy, e steps. The purified SPT showed a single protein band

absorption changes were analyzed with the control software, ;i an apparen; of about 50 000 on SDSPAGE (Figure
provided with the apparatus. The apparent rate constantsl)_ About 70 mg of the protein could be obtained from a

obtained were then analyzed for their dependency on the, | ojture. As previously reported, the catalytic properties
substrate concentration by nonlinear regression with the of the recombinant SPT was the same as those of the native
software Igor Pro (Ver. 4.01, WaveMatrics, Lake Oswego, spT: there was no significant difference between the two

OR). The time-resolved spectra were collected on the gnzymes with respect to their steady-state kinetic parameters
SX.18MV system equipped with a photodiode array acces- (27); Kn(ser)= 10 mM, Kn(palmitoyl CoA) = 0.86 mM,
sory and the XScan (version 1.08) control software. Ex- 5nq keat = 180 s for the recombinant SPT.

trapolation of the spectra to= 0 or to infinite concentration
of L-serine was carried out by global fitting analysis using s
the kinetic parameters obtained from the single wavelength
experiment described above and the program Pro-Kll (Ap-
plied Photophysics). The buffer solution for the spectrometric
measurements contained 50 mM HEPB&OH (pH 7.5),
150 mM KCI, and 0.1 mM EDTA. SPT was equilibrated

Absorption, CD, and Fluorescence Spectra of Recombinant
PT.The absorption spectrum of SPT showed maxima at
338 and 426 nm (Figure 2A, line 1). The absorption spectrum
did not change in the pH range of 6.0 and 8.0, indicating
that the two absorption bands (426- and 338-nm bands) do
not represent different protonated states of the PLP aldimine
X . o ) of SPT. Instead, these molecular species are considered to
with this buffer by gel filtration using a PD-10 (Sephadex e the enolimine and ketoenamine forms, respectively, of
G-25) column prior to the measurements. the aldimine formed between PLP and a lysine residue,
Other MethodsThe SPT activity was measured according Lys265, of SPT 27, 31). There is another possibility that
to the previously described method&7). The protein the 338-nm species is a substituted aldamine. It is known
concentration during the purification procedure was deter- that the enolimine structure gives a maximum emission either
mined with a BCA protein assay kit (Pierce Chemical) using at around 510 or 410 nm, whereas the substituted aldamine
bovine serum albumin as a standard. The protein concentraemits very strong fluorescence with maximum intensity at
tion of purified SPT was determined spectrophotometrically around 390 nm when excited at 330 nra9( 30). A
using a molar extinction coefficient of 2.8310* M~ cm™? fluorescence emission maximum was observed at 510 and
at 280 nm for the PLP form of the enzym27). SDS- 400 nm upon excitation at 330 nm (Figure 3, line 1). When
polyacrylamide gel electrophoresis (SBBAGE) was car-  the fluorescence was monitored at 510 nm, the fluorescence
ried out with the SDS-Tris system using 10% polyacrylamide excitation spectrum (Figure 3, line 3) was similar to the
gel according to the procedure described by Laem#8).( absorption spectrum in Figure 2, having the maxima at
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78 ' Ficure 3: Fluorescence spectra of SPT. The buffer system was
B 50 mM HEPES-NaOH (pH 7.5) containing 150 mM KCl and 0.1
mM EDTA. The measurements were done at°’25 The enzyme
concentration was 1@M. Line 1 (solid), fluorescence emission
5.0 - spectra upon excitation at 330 nm; line 2 (dashed), fluorescence
- emission spectra upon excitation at 420 nm; line 3 (dasketted),
§ fluorescence excitation spectra upon emission at 510 nm; line 4
g (dotted), fluorescence excitation spectra upon emission at 400 nm.
£
© 25 - Table 1: Dissociation Constants of SPT
compounds K3 (mM)
L-serine 1.4+0.1
| 3-hydroxypropionate 12689
0.9, 25 50 o-methyl+-serine 61+ 4
Serine [mM] O-phosphoserine >100
L-serinol >100
5 T T T L-serinamide 382
L-serine methyl ester 251
D-serine 10+ 2
L-threonine 3.8:1.0
myriocin (ISP-1) 0.0013: 0.0002
sphingofungin B >0.02

2 The obtainedi’"values forO-phosphoserine andserinol under
the experimental condition significantly exceeded 100 mNhe K™
value for sphingofungin B could not be determined because of the low
solubility of this compound in water.

concomitant decrease at 338 nm (Figure 2A). These spectral
changes showed a hyperbolic dependency on the concentra-
tions ofL-serine (Figure 2B), and the apparent dissociation
constant K§™) for L-serine was calculated to be 1.4 mM

FIGURE 2: Absorption and CD spectra of SPT in the presence of (Table 1). The CD spectrum of SPT in the presence of a
L-serine. The buffer system was 50 mM HEPB$aOH (pH 7.5) saturating amount af-serine showed a negative band at 426
containing 150 mM KCl and 0.1 mM EDTA. The measurements nm (Figure 2C).
were done at 28C. The enzyme concentration was A0. (A) . . . )
Absorption spectra in the presence of 0, 0.20, 0.50, 1.0, 2.0, 3.9, Spectral Transition of SPT upon Reaction witserine.
7.7, 17, 32, and 45 mM af-serine (lines +10, respectively). (B) The reaction ofL-serine with SPT was analyzed using a
Titration curve of the molar extinction coefficient at 422 nm. (C) stopped-flow spectrophotometer. When the SPT (26/6
CD spectra in the absence (line 1) and presence (line 2) of 45 mM was reacted with.-serine, an increase in the 426 nm
L-serine. . .

absorbance and a concomitant decrease in the 338 nm

wavelengths corresponding to the absorption maxima of SPT.absorbance were observed (Figure 4A). The change in the
These observations indicate that the enolimine tautomericSpectrum was a single-exponential process. The reaction was
form of the aldimine is responsible for the 338-nm species. followed by monitoring the absorbance at 426 nm at the
The CD spectrum of SPT showed positive bands at 338 andL-serine concentration from 0.25 to 100 mM. The apparent
426 nm, corresponding to the absorption spectrum (Figurerate constantskap, for absorption change clearly showed
2C, line 1). saturation kinetics (Figure 4B), and the reaction could be
Interaction of SPT with-Serine.The absorption and CD  analyzed by assuming the following scheme:

spectra of SPT were measured in the presence of various
concentrations of the substrateserine. The absorption at

Kd k+2
426 nm increased upon the binding ofserine with a E+S‘—E81‘EESZ (1)
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Ficure 4: (A) Time-resolved spectra for the reaction of SPT and
L-serine at pH 7.5. Enzyme (864/) andL-serine (10 mM) were
reacted in 50 mM HEPESNaOH (pH 7.5) containing 150 mM
KCl and 0.1 mM EDTA at 25C. Bold dotted line represents the
spectrum of SPT in the absencere$erine. After the addition of
L-serine, spectra were taken between 1.28 and 49.92 ms at 2.56constantK;) for 30OHP was calculated to be 120 mM (Table

ms intervals. (B) Dependency on theserine concentration of the
apparent rate constankaf) for the absorption change. Thegy,

values were obtained by fitting the absorption change at 426 nm
to the single-exponential equation. The solid line represents the

Ikushiro et al.

constant and the rate constants for the indicated reaction
steps. The apparent rate constamtg, can be expressed
using the kinetic parameters shown in eq 1 to be

[S]
I%pp Kd + [S]k+2 + k*Z (2)
The kinetic parameters in eq 1were obtained by fitting the
data of Figure 4B to eq 2Ky = 53.9+ 8.7 mM, ky, =
1016.6+ 68.2 s, k., = 32.6 + 11.2 s'. The apparent
dissociation constan&3™, obtained from the static spec-
troscopic analysis (Figure 2A,B) is related to the above
kinetic parameters as follows:

K_a
app _

Kd - k+2 + k_de (3)

The calculated apparent dissociation const&dt? = 1.7

mM, was close to the experimental value of 1.4 mM, thus
supporting the validity of the above kinetic analysis. Each
set of time-resolved spectra at different substrate concentra-
tions was extrapolated tb= 0, and then extrapolated to
[L-serine] = o using K¢ = 53.9 mM. This calculated
absorption spectrum of ESvas very similar to the initial
spectrum of SPT except for a slight blue shift in the
ketoenamine peak position (Figure 4C, lines 1 and 2). On
the other hand, extrapolation to-§erine]= o of the final
spectra yields the spectrum of the equilibrium mixture of
ES, and ES (Figure 4C, line 3). The absorbance value of
the mixture, designated &s,ix is expressed as follows:

A= i e FhoAes) (@)

where Ags, and Ags, are the absorbance values ofE$id
ES, respectively. AsAgs and the kinetic parameters are
already known, the absorption spectrum of,E8uld be
calculated using eq 4, and is shown in Figure 4C (line 4).
Interaction of SPT with 30OHPAs shown in Scheme 2,
30OHP is a desamino analogue of serine that cannot form an
aldimine with PLP. The addition of 30OHP to SPT did not
cause any changes in the absorption and CD spectra (data
not shown). These findings indicate that 30OHP does not bind
to SPT or that the binding of 30OHP does not cause any
spectral changes. To distinguish the two possibilities, SPT
was titrated with L-serine in the presence of various
concentrations of 30OHP. 30HP was found to competitively
inhibit the binding ofL-serine to SPT, and the inhibition

1).
Interaction of SPT with Other Serine Analogues and
Natural Amino AcidsThe addition ofa-methyl+-serine,

best fit curve using eq 2. (C) Calculated absorption spectra basedO-phosphoserine, arserinol to SPT caused spectral changes
on the analysis of the time-resolved spectra. Line 1, the initial similar to those observed withrserine; the 426-nm peak

spectrum of SPT; line 2, the spectrum of ;E&btained from
extrapolation of the time-resolved spectratte 0 and [-serine]
= oo; line 3, the spectrum of the equilibrium mixture of E&hd
ES; obtained from extrapolation of the final spectra tesgrine]
= o0; line 4, the spectrum of ERalculated from lines 2 and 3 and
the kinetic parameters (see text).

Here E denotes SPT, and S.iserine, and ESand ES are
complex speciesKy, ki2, andk-, denote the dissociation

increased with the substrate concentration but the 338-nm
peak did not change its intensity (data not shown). Kifé

for a-methyli-serine was 61 mM, and those fdD-
phosphoserine and-serinol exceeded 100 mM (Table 1).
L-Serinamide and-serine methyl ester having aramino
group did not show obvious spectral changes, but they
competitively inhibited the binding af-serine to SPT with
inhibition constants of 38 and 25 mM, respectively (Table
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Ficure 5: Absorption and CD spectra of SPT in the presence of . . .
p-serine. The conditions were the same as those in Figure 2. (A) FIGURE 6: Absorption and CD spectra of SPT in the presence of

Absorption spectra in the presence of 0, 2.5, 5.0, 9.9, 20, 48, 91, myriocin. The conditions were the same as those in Figure 2. The
and 130 mM ob-serine (lines +8, respectively). (B) CD spectra concentration of the SPT was Qu8/1. (A) Absorption spectra in

; ; : : the presence of 0, 0.25, 0.50, 0.74, 0.99, 1.2, 1.5, 2.0, 2.9, and 4.8
in the absence (line 1) and presence (line 2) of 130 mbérine. M of myriocin (lines 10, respectively). (B) CD spectra in the

1). L-Threonine caused remarkable spectral changes with highabsence (line 1) and presence (line 2) of 4\8 myriocin.

affinity (Kg” = 3.8 mM, Table 1).L.-Cysteine caused a analogue, also caused similar spectral changes (data not
spectral shift to 330 nm, suggesting the formation of the shown). In this case, the absorbance at 426 nm linearly
inactive complex, thiazolidine, with PLP of the enzyme. increased up to 20M. Thus, theK$™ value > 20 uM
Other natural amino acids did not cause remarkable spectralTable 1), although the exact value could not be determined
changes of SPT in range of the examined concentrationpecause of the low solubility of this compound. Both 22.5
(=10 mM). uM bp-sphingosine and 1@M dihydrosphingosine caused
Interaction of SPT wittp-Serine.A previous study has  slight spectral changes in SPT like sphingofungin B, but
shown thab-serine was not metabolized Bphingomonas  further analysis was impossible because of the insolubility
SPT @7). However, inhibition of the SPT activity in CHO  of these compounds.
cells by p-serine has been reported and it was postulated Reaction of SPT witff-Chloro--Alanine.When 5 mM
that p-serine binds to the SPT active site to form a Schiff g-chloro+-alanine BCA) was added to SPT, the 426-nm
base 4, 21, 22). Therefore, we examined the interaction of peak decreased, and the 338-nm peak increased (Figure 7A).
SPT witho-serine using the purified bacterial enzyme. The The absorbance below 300 nm also significantly increased.
absorption and CD spectra of the SPT showed significant The absorption band around 330 nm indicates the formation
changes in the presencemferine (Figure 5). The binding  of a PLP adduct. Because the absorbance below 300 nm is
of p-serine to SPT increased the absorption at 426 nm with not derived from eithefCA or PLP, it is considered that
aKiPvalue of 10 mM (Table 1). The absorption at 330 nm BCA was metabolized by SPT to give rise to a reaction
also slightly increased. The complex of SPT witiserine product that shows the observed absorbance. To ascertain
showed negative CD bands at around 420 and 330 nm.  the formation of the PLP adduct and identify the reaction
Interaction of SPT with Myriocin, Sphingofungin B, and product, the reaction mixture was separated into the protein
Other Product Analoguesyriocin caused spectral changes fraction and the small-molecule fraction using the VIVASPIN
in SPT basically similar to those observed witkserine ultrafiltration device with a molecular weight cutoff of 10 000
(Figure 6A). TheKi® value for myriocin obtained by (Sartorius). The protein fraction retained the absorption
spectrophotometric titration using a low concentration of SPT spectrum in the region above 300 nm after the removal of
was 1.3uM (Table 1). The complex of SPT with myriocin  small molecules (Figure 7B, line 1), implying that the
showed a negative CD at 426 nm, as in the case of the-SPT changes in PLP caused BZA are irreversible and the PLP
L-serine complex (Figure 6A). Sphingofungin B, another adduct is still bound to the enzyme. The PLP adduct was
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FiIGURE 8: Reaction of SPT with-cycloserine. The conditions were
the same as those in Figure 2. Absorption spectra of SPT before
addition (line 1), after 5 min (line 2), and 10 min (line 3) after the
addition of 5 mMc-cycloserine.

nm decreased, and the 338-nm peak concomitantly increased.
During the course of the reaction, an absorption band
transiently appeared at 380 nm.

DISCUSSION

Overproduction of SPT for Detailed Spectroscopic Analy-
sis. SphingomonaSPT overproduced i&. coli was active
both in vivo and in vitro. The catalytic and spectroscopic
properties of the recombinant SPT were indistinguishable
from those of the native SPRT, Figure 2A). The establish-
ment of this system enabled us to do detailed analyses of
the reactions of SPT with inhibitors.

L-Serine Forms a Stable External Aldimine with SPT
Which Is Accompanied by a Large Conformational Change
of the Coenzymd&he internal aldimine of SPT exists as the
mixture of approximately equal amounts of the enolimine
and ketoenamine tautomers (Figure 2A). The binding of
L-serine produced a spectrum that shows the presence of an
aldimine with ketoenamine as the dominant form. This
indicates that the PLP aldimine is placed in an environment
that is more polar than that around the internal aldimine.

FiGurRe 7: Reaction of SPT witlBCA. The conditions were the  Two possibilities are considered as the cause of this change
same as those in Figure 2. (A) Absorption spectra of SPT in the i, the polarity. Firsty-serine forms a Michaelis (adsorption)

absence (line 1) and presence (line 2) of 5 PEA. (B) Absorption . .
spectra of PLP adduct before (line 1) and after (iine 2) the alkaline COMPlex with the enzyme, and placement of the hydrophilic

treatment. (C) Absorption spectra of the authentic pyruvate (line @mino acid beside the internal aldimine causes the equilib-
1) and the small-molecule fraction after the reaction \Wi@A (line rium shift to the ketoenamine form. Seconeserine forms

2). an aldimine with PLP to form the external aldimine complex,
released from the enzyme by alkaline treatment, and its and, as the serine-PLP aldimine carries hydrophilic carbox-
absorption spectrum had maxima at 295 and 420 nm (Figureylate and hydroxyl groups, the environment of the aldimine
7B, line 2). On the other hand, the small-molecule fraction is more polar than that of the internal aldimine.
had an intense absorbance below 300 nm with a peak at 320 To resolve the two possibilities, we carried out two
nm (Figure 7C, line 2). This absorption spectrum was very experiments. The first is a transient kinetic analysis of the
similar to that of pyruvate (Figure 7C, line 1). To confirm reaction of SPT with-serine. Two intermediates, which are
this assignment, NADH and lactate dehydrogenase wereinterpreted to be the Michaelis complex and the external
added to the small-molecule fraction, and the conversion of aldimine, were obtained, and the kinetic parameters con-
NADH to NAD ™" was spectrophotometrically monitored and necting the species were determined. The equilibrium
quantified. Under the present experimental conditions, 1.1 between the Michaelis complex and the external aldimine is
mM pyruvate was accumulated when 3R SPT was shifted far toward the external aldiminle ¢/k—, = 31). This
completely inactivated by 5,10 or 20 mf§CA. indicates that the external aldimine occupies essentially the
Reaction of SPT with-Cycloserine.When 2 mM L- entire part of the complex of SPT withserine. The second
cycloserine was added to SPT, the following absorption is the binding study with 30OHP. This compound retains
changes occurred over 10 min (Figure 8): The peak at 426 hydroxyl and carboxylate groups ofserine, but lacks the
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amino group necessary to form an aldimine with PLP. The L-serine) or @ (L-threonine) and phosphorylation of the
30OHP-SPT complex is expected to mimic the Michaelis hydroxyl group O-phospho:-serine) did not significantly
complex of SPT withL-serine. Compared to the binding impair the binding of the amino acid to SPT. On the other
affinity for L-serine K§”® = 1.4 mM), that for 3OHP K> hand, modification of the carboxyl group afserine (-
= 120 mM) is similar to the<y value (54 mM) for Michaelis ~ serinol,L-serinamide, and-serine methyl ester) resulted in
complex formation of_-serine with SPT obtained by the a marked decrease in the binding ability. These results show
transient kinetic analysis. Furthermore, the observation thatthat SPT has a site that specifically recognizesittoarboxyl
the absorption spectrum of SPT does not essentially changegroup of the amino acid substrate, whereas the site for the
upon the binding of 30HP is consistent with the result that side chain of the amino acid is not very strict and allows
the obtained spectrum of the Michaelis complex witerine significant modification. It is interesting to note that
shows only little change from that of the unliganded SPT threonine binds to SPT more tightly th@phospho:-serine
(Figure 4C). On the basis of these results, we concluded thatand rivals the natural substrateserine, but is not metabo-
the spectra of SPT in the presence of a saturating concentralized at all by the enzyme where@sphospho:-serine is a
tion of L-serine represent the spectra of the external aldimine. weak substrate of SPRT). This suggests that thizbranched
The CD spectra provide important information on the Structure of the amino acid causes an unfavorable interaction

structure of the external aldimine. In aspartate aminotrans-With the enzyme in the reaction steps after the external
ferase, the transaldimination reaction from the internal @ldimine.

aldimine to the external aldimine causes rotation of the PLP  p-Serine Also Binds to SPB-Serine is physiologically
ring and change in the conformation (especially the imine- found in the braind7, 38), where sphingolipids are abundant.
pyridine torsion angle) of the PLP aldimin83). The CD Recently, Hanada et al. found timaserine inhibited the KDS
spectrum of the unliganded enzyme shows a positive Cottonformation in CHO cells with an 1§ of ~0.3 mM using a
effect, but during the transaldimination, it shows inversion competition assay4( 22, 23). To clarify the mechanism of

of the Cotton effect31). Thus, the change in the orientation inhibition, we studied the reaction ofserine withSphingo-
and/or the conformation of the PLP aldimine is reflected in monasSPT. The addition ob-serine caused a shift in the
the CD spectrum. A quite similar change in the CD spectrum absorption spectrum and an inversion of the CD spectrum
is observed for the binding af-serine to SPT (Figure 2), similar to that ofL-serine. Therefore, it is considered that
whereas no CD spectral change is observed for binding of p-serine forms the external aldimine. As shown above, the
30HP. These findings strongly suggest that, upon the a-carboxyl group of the amino acid substrates is the critical
formation of the external aldimine with-serine, the PLP  structure for binding to SPT. Therefore, in the external
aldimine of SPT undergoes structural changes similar to thosealdimine, thea-carboxylate groups af-serine and-serine
observed for aspartate aminotransferase. The spectroscopiare considered to be fixed to the same active site residues.
measurements described above can be considered to be @he hydroxymethyl group ob-serine would then occupy
convenient and reliable method to detect the formation of the place where the-proton of L-serine normally exists,
the external aldimine. and conversely, tha-proton ofp-serine in the place of the

No Apparent Formation of the Quinonoid Species from hydroxymethyl group of-serine. Thex-proton oft-serine
L-Serine AloneThe catalytic reactions of most PLP enzymes, of the external aldimine will be in a position favorable for
including SPT, involve the removal af-H. However, for activation, at least after the binding of the second substrate
both the static (Figure 2A) and transient (Figure 4A) (see the previous discussion). Accordingly, itis expected that
measurements, no apparent absorption is observed at arount€ a-proton ofp-serine would not be in a position suitable
500 nm, indicating that the-deprotonated species (quinon- for deprotonation 32). This explains the observation that
oid intermediate) does not accumulate in the reaction of D-serine is not the substrate of SPA2(23, 27). The larger
L-serine with SPT. Generally, the observation that the fraction of the enolimine form of the SP3-serine complex
quinonoid intermediate is not detected indicates either thatas compared to that of the SPT-serine complex (Figure
the species is not involved in the reaction, as has beend) suggests a difference in the pattern of the hydrogen bonds
observed for the reactions of cytosolic aspartate aminotrans-involving the substrate hydroxymethyl group and the catalytic
ferase with aspartat@®8) and dialkylglycine decarboxylase ~amino group of Lys265, which affects the tautomerism of
with aminoisobutyrate34), or that the breakdown of the the external aldimine.
species is much faster than its formation. In the case of the Myriocin and Sphingofungin B Are Strong Inhibitors of
reaction of SPT, which is a bisubstrate enzyme, there is SPT That Will Mimic the Reaction Intermediadyriocin
another possibility that the binding of the second substrate, inhibited the SPT activity of the CTLL-2 cell line with an
palmitoyl CoA, may cause alterations in the electronic nature apparent; value of 0.28 nM {6). In addition, Hanada et
or the conformation of the external aldimine, and generate al. reported that M myriocin almost completely inhibited
the quinonoid species. If this is the case, we can also the de novo synthesis of sphingolipids in the CHO céllf (
spec_ulate that suppressing the q_uinonoid formation un_til the For SphingomonaSPT, the myriocin bound to the enzyme
binding of the second substrate is a valuable mechanism toforming the external aldimine with KEPP value of 1.3uM
minimize side reactions, such as transamination;sérine. (Figure 6, Table 1). Although the inhibition of SPT activity

Carboxylate Group Is Required for the Binding of Amino of the CTLL-2 cell line by myriocin has been considered to
Acid SubstrateTo determine the molecular aspects of the be noncompetitivel(6), the binding reaction of-serine to
substrate recognition of SPT, the binding reactions of a seriesSphingomonaSPT was competitively inhibited by myriocin.
of serine analogues and natural amino acids to SPT wereThe affinity of myriocin is 16 fold higher than that of
examined. The presence of a methyl group at(@-methyl- L-serine. Evidently, the presence of the large hydrophobic
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Scheme 3: Proposed Reaction Mechanism of SPT g@hA, Based on the Spectral Characteristics of the PLP-adduct and the
Studies on Aspartate Aminotransferase
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chain of myriocin, which would interact with the palmitoyl on SPT activity in vitro with rat liver microsomes and in
group-binding site of SPT, produces the tight binding of vivo with intact CHO cells and concluded thaCA acted
myriocin. The chemical structure of myriocin is analogous on SPT as a “suicide” inhibitor2Q). We showed that SPT
to the direct condensation productieserine and palmitoyl  was irreversibly inactivated h§CA to produce a PLP adduct
CoA, and differs in the presence of hydroxyl and keto groups and pyruvate using the purified bacterial enzyme (Figure 7).
and an unsaturated bond at the aliphatic side chain, andSimilar phenomena were found in the reactions of aspartate
reduction of theB-keto group. The present study did not aminotransferase with varioys-substituted amino acids
determine whether myriocin in the external aldimine under- including BCA, and mechanisms have been proposed to
goes decarboxylation. However, the absence offketo explain these reaction89—42). On the basis of the spectral
group is considered to be a drawback to the decarboxylation.characteristics of the PLP-adduct and the studies on aspartate
The K& value of the bacterial SPT for myriocin was aminotransferase, the reaction mechanism of SPT #GtA
greater than the appardft(0.28 nM) or 1Go (15 nM) value is proposed as shown in Scheme 3. First, the external
of the eukaryotic enzymed§). This finding might simply aldimine intermediate is formed betwef8A and the PLP
reflect the differences in the character of the proteins from of SPT. After thea-proton of JCA is subtracted by Lys265
different sources. Alternatively, the true dissociation con- of SPT, elimination of the chloride ion occurs to form the
stants of the eukaryotic SPTs for myriocin might be greater aminoacrylate-PLP aldimine. Aminoacrylate is released and
than the apparent ones. Because the experiments on théhe internal aldimine is regenerated by transaldimination.
eukaryotic enzymes were done using whole culture cells, There are two possible pathways after this step. One is the
membrane preparations such as microsomes, or the reconregeneration of the active enzyme via dissociation of the
stituted micelle system, myriocin, a very hydrophobic aminoacrylate, which is hydrolyzed to pyruvate and ammonia
compound, would be enriched in the lipid bilayer, where the in aqueous solvent. The other is the irreversible inactivation

enzymes reside. via a nucleophilic attack of the bound aminoacrylate on the
Similar to myriocin, sphingofungin B inhibits yeast SPT internal aldimine. The partition coefficient between the two
activity with an 1Go of 20 nM (13). Although the K§> pathways was calculated as follows: [pyruvate accumulated]/

value for sphingofungin B could not be determined, its [enzyme in the reaction mixturet 1.1 mM/3.7uM = 300.
affinity for SphingomonasSPT was lower than that for This means that one SPT molecule is inactivated in 300
myriocin. cycles of the pyruvate-forming reaction. Although the
BCA Causes Suicide Inaetition of SPT.ACA and reaction ofL-serine does not accumulate the quinonoid
L-cycloserine have been frequently used as inhibitors of SPTintermediate, the deprotonated product from the external
in the experiments involving a cell culture systeh7<20), aldimine, the formation of pyruvate frofCA indicates that
even though the inhibition mechanisms of SPT by these SPT actually catalyzes the deprotonation atdeof SCA.
compounds are unclear and they are known to inactivate This strongly suggests that the substnaterine is fixed to
other PLP-dependent enzymes as well as 39740, 41). SPT like BCA, and thea-proton is subject to catalysis of
Medlock and Merrill have investigated the effectsgEA the active site residue(s) and PLP in the same wayGi.
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Scheme 4: Proposed Reaction Mechanism of SPT witkicloserine, Based on the Spectral Characteristics of the PLP-adduct
and the Studies on Aspartate Aminotransfetase

cycloserine
NH3+°
H‘l“f Lys

_NH HN-Q

Llys o) o=H

+ H-N +
/N'H > z Hc‘oN‘H
7S 0 ) 7S 0

AAAMAAAAAAS

426 nm

. external aldimine
ketoenamine

H,0
Lys H>N
o] (o] - o} HoN,
_~I_NH Lys Q Lys - o
o 2 N J (o
H,N KLO (o] HC\/\cI) o%(i:H )_\ O&TI)
N? + H,N NS H,N M
(S AW == PN ez == PN N
(o p o o o~
( TN TN T
380 nm 330 nm
oxime +
PMP

B-aminooxypyruvate
2 Refs 39, 40, and43.

The reactions of aspartate aminotransferase with variousACKNOWLEDGMENT
cyclic amino acids have also been investiga@d 40, 43). We thank Dr. K. Hanada of the National Institute of

L-Cycloserine irreversibly inactivated SPT via a transient Infectious Diseases for the kind aift of sphinaofunain B. We

intermediate with a characteristic absorption peak at 380 NM 150 thank Dr. T. Yano for the helg ful dislguss%ons agn d cﬁtical

(Figure 8). This intermediate is thought to be an oxime ; o . P . .
reading of the manuscript, and Professor S. Kominami of

formed between the coenzyme andycloserine 43). A Hiroshima University for his valuable suggestions concernin
possible reaction mechanism is shown in Scheme 4: The 99 9

first step is the formation of the external aldimine between

this research.

L-cycloserine and PLP of SPT. Decyclization of the isox- REFERENCES

azolidone ring ofi-cycloserine then takes place with the

liberation of an aminooxy group and the carboxylate group. 2 Merill, A, 3. and Jones, D. D. (199@iochim. Biophys. Acta

The preferable interaction of the librated carboxylate group
with the enzyme may promote this step. This molecular
species is either intramolecularly rearranged to an oxime of
PLP withg-aminooxyserine or hydrolyzed to pyridoxamine
5'-phosphate anfi-aminooxypyruvate. The hydrolysis pro-
ceeds more slowly than the rearrangement, leading to the
transient accumulation of the oxime.

As demonstrated abovesphingomonasSPT has been
proven to be an ideal system for studying this enzyme.
Although there are some differences between the prokaryotic
and eukaryotic SPTs in the subunit composition or intrac- g
ellular localization, it is expected that their active site

structures and reaction mechanisms are very similar to each 10.

other. In this study, we showed that some of the examined
compounds could mimic the reaction intermediate by forming
a complex with SPT. The X-ray crystallographic analysis
of SphingomonasSPT is now in progress by our group.
Therefore, by carrying out the structural analysis for the SPT-
substrate/product analogue complex, we expect to obtain the

molecular basis of the reaction mechanism of SPT soon. The 14.

elucidation of the structure and function of this enzyme
would facilitate our understanding of the sphingolipid
metabolism.

12.

15.

Karlsson, K. A. (1970Chem. Phys. Lipids,%—43.

1044 1-12.

Huwiler, A., Kolter, T., Pfeilschifter, J., and Sandhoff, K. (2000)
Biochim. Biophys. Acta 148%3—99.

Hanada, K. (2003Biochim. Biophys. Acta 16326—30.

. Buede, R., Rinker, S. C., Pinto, W. J., Lester, R. L., and Dickson,

R. C. (1991)J. Bacteriol. 173 4325-4332.
Pinto, W. J., Srinivasan, B., Shepherd, S., Schmidt, A., Dickson,
R. C., and Lester, R. L. (1992). Bacteriol. 174 2565-2574.

. Nagiec, M. M., Baltisberger, J. A., Wells, G. B., Lester, R. L.,

and Dickson, R. C. (1994roc. Natl. Acad. Sci. U.S.A. 91899
7902.

Hanada, K., Hara, T., Nishijima, M., Kuge, O., Dickson, R. C.,
and Nagiec, M. M. (1997). Biol. Chem. 27232108-32114.

. Hanada, K., Hara, T., Fukasawa, M., Yamaji, A., Umeda, M., and

Nishijima, M. (1998)J. Biol. Chem. 2733378733794.
Hanada, K., Hara, T., and Nishijima, M. (20QD)Biol. Chem.
275 8409-8415.

11. Nagiec, M. M., Nagiec, E. E., Baltisberger, J. A., Wells, G. B.,

Lester, R. L., and Dickson, R. C. (1999) Biol. Chem. 272
9809-9817.

Wang, E., Norred, W. P., Bacon, C. W., Riley, R. T., and Merrill,
A. H., Jr. (1991)J. Biol. Chem. 26614486-14490.

13. Zweerink, M. M., Edison, A. M., Wells, G. B., Pinto, W., and

Lester, R. L. (1992). Biol. Chem. 26,725032-25038.

Mandala, S. M., Frommer, B. R., Thornton, R. A., Kurtz, M. B.,
Young, N. M., Cabello, M. A., Genilloud, O., Liesch, J. M., Smith,
J. L., and Horn, W. S. (1994). Antibiot.(Tokyqg 47, 376-379.
Mandala, S. M., Thornton, R. A., Frommer, B. R., Dreikorn, S.,
and Kurtz, M. B. (1997)). Antibiot (Tokyg 50, 339-343.



1092 Biochemistry, Vol. 43, No. 4, 2004

16.

17.

18.
19.

20.
21.
22.
23.
24.

25.
26.
27.

28.
29.

30.
31.

Miyake, Y., Kozutsumi, Y., Nakamura, S., Fujita, T., and
Kawasaki, T. (1995Biochem. Biophys. Res. Commun. 2396—
403.

Sundaram, K. S., and Lev, M. (1983) Neurochem. 42577—
581.

Sundaram, K. S., and Lev, M. (198B)Lipid Res. 26473-477.
Williams, R. D., Sgoutas, D. S., Zaatari, G. S., and Santoianni,
R. A. (1987)J. Lipid Res. 281478-1481.

Medlock, K. A., and Merrill, A. H., Jr. (1988Biochemistry 27
7079-7084.

Hanada, K., Nishijima, M., Fujita, T., and Kobayashi, S. (2000)
Biochem. Pharmacol. 594211-1216.

Hanada, K., Hara, T., and Nishijima, M. (200&gBS Lett. 474
63—65.

Kobayashi, S., Furuta, T., Hayashi, T., Nishijima, M., and Hanada,
K. (1998)J. Am. Chem. Soc. 12008-919.

Bejaoui, K., Wu, C., Scheffler, M. D., Haan, G., Ashby, P., Wu,
L., de Jong, P., and Brown, R. H., Jr. (200M3t. Genet. 2,7261—
262.

Dawkins, J. L., Hulme, D. J., Brahmbhatt, S. B., Auer-Grumbach,
M., and Nicholson, G. A. (2001)at. Genet. 27309-312.
Mandon, E. C., Ehses, I., Rother, J., van Echten, G., and Sandhoff,
K. (1992)J. Biol. Chem. 26,711144-11148.

Ikushiro, H., Hayashi, H., and Kagamiyama, H. (2001Biol
Chem. 27618249-18256.

Laemmli, U. K. (1970Nature 227 680-685.

Ikushiro, H., Hayashi, H., Kawata, Y., and Kagamiyama, H. (1998)
Biochemistry 373043-3052.

Zhou, X., and Toney, M. D. (199Biochemistry 38311—-320.
Kallen, R. G., Korpela, T., Martell, A. E., Matsushima, Y., Metzler,
C. M., Metzler, D. E., Morozov, Y. V., Ralston, I. M., Savin, F.

32.

33.
34.
35.
36.
37.
38.
39.
40.

41.

43.

Ikushiro et al.

A., Torchinsky, Y. M., and Ueno, H. (1985) ifransaminases
(Christen, P., and Metzler, D. E., Eds.) pp-308, John Wiley

& Sons, New York.

Kirsch, J. F., Eichele, G., Ford, G. C., Vincent, M. G., Jansonius,
J. N., Gehring, H., Christen, P. (1983) Mol. Biol. 174 497—
525.

Julin, D. A., and Kirsch, J. F. (198®Biochemistry 283825-
3833.

Zhou, X., Jin, X., Medhekar, R., Chen, X., Dieckmann, T., and
Toney, M. D. (2001)Biochemistry 401367-1377.

Hayashi, H., Inoue, K., Mizuguchi, H., and Kagamiyama, H.
(1996) Biochemistry 356754-6761.

Zakomirdina, L. N., Sakharova, I. S., and Torchinsky, Y. M. (1990)
Eur. J. Biochem. 193243-247.

Nagata, Y. (1992Fxperientia 48 753—735.

Hashimoto, A., Nishikawa, T., Hayashi, T., Fujii, N., Harada, K.,
Oka, T., and Takahashi, K. (199EEBS Lett. 29633—36.
Morino, Y., and Tanase, S. (1985) Tmansaminase$Christen,

P., and Metzler, D. E., Eds.) pp 25265, John Wiley & Sons,
New York.

Soper, S. T., and Manning, J. M. (1985) Tmansaminases
(Christen, P., & Metzler, D. E., Eds.) pp 26884, John Wiley

& Sons, New York.

Likos, J. J., Ueno, H., Feldhaus, R. W., and Metzler, D. E. (1982)
Biochemistry 214377-4386.

. Morino, Y., Osman, A. M., and Okamoto, M. (1934 Biol. Chem.

249, 6684-6692.
Kovaleva, G. K., and Severin, E. S. (197B)okhimiya 37
1282-1290.

BI035706V



