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A B S T R A C T

Serine palmitoyltransferase (SPTase), the first enzyme of the sphingolipid biosynthesis pathway, produces 3-
ketodihydrosphingosine by a Claisen-like condensation/decarboxylation reaction of L-Ser and palmitoyl-CoA (n-
C16-CoA). Previous structural analysis of Sphingomonas paucimobilis SPTase (SpSPTase) revealed a dynamic active
site loop (RPPATP; amino acids 378–383) in which R378 (underlined) forms a salt bridge with the carboxylic
acid group of the PLP : L-Ser external aldimine. We hypothesized that this interaction might play a key role in
acyl group substrate selectivity and therefore performed site-saturation mutagenesis at position 378 based on
semi-rational design to expand tolerance for shorter acyl-CoA’s. The resulting library was initially screened for
the reaction between L-Ser and dodecanoyl-CoA (n-C12-CoA). The most interesting mutant (R378 K) was then
purified and compared to wild-type SpSPTase against a panel of acyl-CoA’s. These data showed that the R378 K
substitution shifted the acyl group preference to shorter chain lengths, opening the possibility of using this and
other engineered variants for biocatalytic C-C bond-forming reactions.

1. Introduction

Sphingolipids are a class of natural lipids that has drawn significant
attention because they control fundamental cellular processes such as
regulating cell growth, death, senescence, inflammation, angiogenesis,
and intracellular trafficking. Deficiencies in sphingolipid synthesis
pathways contribute to several diseases including diabetes, cancer,
Alzheimer's disease, and others. [1–3] This has made sphingolipid
metabolites, their analogs and the corresponding enzymes important
targets for mechanistic studies as well as potential disease treatments.
Simple synthetic routes to these compounds as well as their analogs
would therefore be highly valuable, prompting us to explore biocata-
lytic strategies.

Serine palmitoyltransferase (SPTase, EC 2.3.1.50), a member of the
α-oxoamine synthase (AOS) family, catalyzes the first step in de novo
sphingolipid biosynthesis. This pyridoxal 5′-phosphate (PLP)-dependent
enzyme performs a Claisen-like condensation/decarboxylation reaction
between L-Ser and palmitoyl-CoA (n-C16-CoA) to produce the sphingo-
lipid precursor, 3-ketodihydrosphingosine (KDS) (Scheme 1A). Eu-
karyotic SPTases are heterodimeric, membrane-bound enzymes that
have proven difficult to overexpress and characterize. In 2001, how-
ever, Ikushiro et al. purified a water-soluble, homodimeric SPTase from
Sphingomonas paucimobilis EY2395T (SpSPTase) [4] and successfully

overexpressed this enzyme in E. coli [5]. Although further study re-
vealed that some bacterial SPTases are also membrane-associated,
SPTases from S. multivorum, S. spiritivorum, and Bdellovibrio stolpii were
all water-soluble, which significantly improves their ease of study. [6]
As SpSPTase shows highest activity out of all characterized bacterial
SPTases, we selected SpSPTase for our protein engineering studies.

Apo- and PLP-bound holo-forms of SpSPTase were first crystallized
by Yard et al., [7] and their structural information has been used to
model eukaryotic SPTases [8–11]. SpSPTase and some mutants have
been crystallized with ligands to yield the PLP : L-Ser external aldimine
intermediate and the PLP : decarboxymyriosin, PLP-inhibitor complex.
These structures have contributed greatly to our understanding of the
reaction mechanism and the roles of highly conserved residues.
[8,12–15]

The currently accepted catalytic mechanism for SpSPTase is shown
in Scheme 1B. Catalytic cycles of PLP-dependent enzymes of the AOS
family are accompanied by significant conformational changes, en-
abling the enzymes to control substrate orientation and thereby en-
hance the rates of individual steps. [16–19] Importantly, acyl-CoA
substrate binding often induces conformational changes that increase
catalytic activity. For example, formation of the PLP : Gly external al-
dimine in aminolevulinate synthase is accelerated by at least two orders
of magnitude in the presence of succinyl-CoA [20]. Recently, Harrison
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and co-workers used L-Ser isotopologues to show that α-carbon depro-
tonation to form the substrate quinonoid intermediate is rate de-
termining in SpSPTase [21] and that the hydrogen-deuterium exchange
rate was increased 100-fold when S-(2-oxoheptadecyl)-CoA (a non-hy-
drolysable analog of n-C16-CoA) was present. [22–24] The coupling
between catalysis and acyl-CoA binding makes it challenging to
broaden the substrate range of an SpSPTase, and we are unaware of any
prior successful reports in this area. It is noteworthy, however, that
Ferreira and co-workers were able to alter the substrate preference of a
related AOS (aminolevulinate synthase), [25] suggesting that SpSPTase
might also be amenable to similar alterations. SpSPTase strongly prefers
n-C16-CoA; however, other SPTases sometimes show highest activities
with n-C14-CoA or n-C18-CoA. [4,9,26,27] The details that underlie their
very slightly different preferences, however, remain unknown.

An active site Arg in SpSPTase (R378), found at the start of a flexible
loop that binds the carboxylate of the external aldimine, likewise un-
dergoes large movement during catalytic cycles. [8,28] Raman et al.
proposed that R378 plays an important role in stabilizing the enzyme
intermediate formed by binding of both L-Ser and n-C16-CoA. This was
supported by the observation that the R378A variant was unable to
form a quinonoid intermediate in the presence of S-(2-oxoheptadecyl)-
CoA. [8]

SpSPTase shares high overall sequence similarity (73 %) with other
bacterial SPTases and two key active site residues are conserved (H159
and K265), although R378 is not (Fig. 1; Figure S1). The guanidinium
group of R378 forms a hydrogen bond with Q357 (also not conserved),
which is approximately 15 Å away from the active site in the apo-form

of the enzyme (Fig. 1A). In the holo-form crystal structure, H159 par-
ticipates in π-π stacking interactions with the pyridinium ring of PLP,
and the ε-amino group of K265 forms the Schiff’s base with PLP in the
internal aldimine (Fig. 1B). In this form, the side chain of R378 remains
in the swung-out position. By contrast, this side chain moves to the
swung-in position within the active site, forming a salt bridge with the
carboxylate group of L-Ser in the PLP : L-Ser external aldimine bound
structure (Fig. 1C). In the crystal structure of the K265A SpSPTase
mutant with a bound product analog (decarboxymyriosin), the R378
residue reorients to point out of the active site, thereby reestablishing
the hydrogen bond with Q357 (Fig. 1D). Raman et al. proved R378
plays a crucial role in the substrate quinonoid intermediate (III) stabi-
lization resulting in a high catalytic activity (Scheme 1B); [8] however,
the non-conserved Arg is not essential since R378A and R378 N mu-
tants, in which interaction with the quinonoid intermediate was not
possible, had 15- and 35-fold lower catalytic activities, respectively,
when tested with the normal substrates.

Here, our goal was to obtain SpSTPase variants with even broader
substrate tolerance toward shorter acyl-CoA’s to enable the synthesis of
sphingolipid analogs with shorter and potentially functionalized alkyl
chains. Due to the shorter alkyl chain backbones of KDS analogs,
sphingolipids derived from the analogs have a higher aqueous solubi-
lity, and the modification of the backbone might affect various prop-
erties such as cell-permeability and apoptosis-inducing activity. We
hypothesized that mutating R378 might affect acyl-CoA substrate spe-
cificity as well as catalytic activity since both this residue and the acyl-
CoA play important roles in substrate positioning during the catalytic

Scheme 1. Reaction and proposed catalytic mechanism of SpSPTase. [21,22,43] A. Reaction. SpSPTase catalyzes the Claisen-like condensation/decarboxylation
reaction between L-Ser and palmitoyl (n-C16)-CoA. B. Reaction mechanism. The Schiff base formed between PLP and the ε-amino group of K265 is in equilibrium
between the enolimine and ketoaldimine, forms (internal aldimine, I). External aldimine (II) is formed by transaldimination, and the substrate quinonoid (III) is
formed by deprotonation of the L-Ser Cα. The product quinonoid (IV) is formed by acylation and decarboxylation. Reprotonation at the Cα position forms the product
aldimine (V). The initial internal aldimine (I) is regenerated by releasing 3-ketodihydrosphingosine (KDS) via transaldimination.

H. Choe, et al. Enzyme and Microbial Technology 137 (2020) 109515

2



cycle. We therefore performed site-saturation mutagenesis at position
378 based on semi‐rational design and tested the activities of the var-
iants with L-Ser and several acyl-CoA substrates. These efforts revealed
that the R378 K mutant showed higher activities and also preferred
shorter alkyl chains acyl-CoA’s (particularly n-C10 and n-C12) as com-
pared to wild-type SpSPTase.

2. Experimental

2.1. Materials

The SpSPTase gene (GenBank accession: AB055142) with flanking
restriction sites was synthesized without codon optimization by
GenScript and supplied in a pUC57 vector (although nucleotide 336T
was replaced with C to remove the internal NdeI restriction site without
a codon change). Phusion Hot Start II High-Fidelity DNA Polymerase,
restriction enzymes, T4 DNA ligase, and Color Prestained Protein
Standard, broad range (11–245 kDa) were purchased from New
England Biolabs. Primers were obtained from IDT and Ellman’s reagent,
L-Ser, and PLP were purchased from ACROS Organics™. Coenzyme A
(CoASH) was synthesized from pantethine (purchased from Jarrow
Formulas, Inc.) using three N-terminally His-tagged E. coli enzymes as
described previously. [29] Acyl-CoA’s were synthesized with anhy-
drides (purchased from TCI) and purified by adding MgCl2 [30,31]. The
synthesis of acyl-CoA’s was accelerated by sonication.

2.2. Cloning and site-saturation mutagenesis at position 378

A plasmid containing the complete SpSPTase gene with flanking
NdeI and XhoI restriction sites in pUC57 was transformed into E. coli
DH5α for amplification. The SpSPTase gene was isolated by digesting
with NdeI and XhoI, ligated between these sites in pET-22b(+) and then
the mixture was used to transform E. coli DH5α. Plasmid DNA was
isolated from randomly-chosen colonies and one with the desired
structure (confirmed by Sanger sequencing) was designated plasmid
pHC7 and used to transform E. coli BL21-Gold (DE3).

For creating a site-saturation library at position 378, mutagenic
primers were designed to have high Tm values based on the calculation

method previously reported [32] because of the very high GC content
(> 74 %) within the primer binding region (Tm=81.5+0.41 (%GC) –
(675/N) - % mismatch, where N is the primer length in bases and values
for % GC and % mismatch are whole numbers).

The primers used to generate the mutations at position 378 are
listed in Table S1. A two-step PCR protocol was performed in a 50 μL
total volume containing 5 × Phusion GC Buffer (10 μL), DMSO (10 %),
dNTPs (0.2 mM each), forward and reverse primers (0.5 μM each),
pHC7 template (2 ng/μL), and DNA polymerase (0.02 U/μL). The re-
action was subjected to an initial denaturation step of 98 °C for 30 s
followed by 16 cycles of 98 °C for 10 s and 72 °C for 210 s. The final
extension was performed at 72 °C (300 s). The reaction product was
purified with a Wizard PCR Clean-Up kit (Promega), and then treated
with DpnI at 37 °C for 2 h followed by inactivation at 80 °C for 20min.
The amplified DNAs were transformed into E. coli BL21-Gold (DE3).
Plasmids with the desired mutations were identified by Sanger se-
quencing.

2.3. Wild-type and mutant SpSPTase activity screening with cell lysates

One microliter aliquots of overnight-cultured mutant cells were
transferred to a 96-well plate containing ZYM-5022 autoinduction
media 1mL per well (Table S2), supplemented with ampicillin. The
plate was incubated at 30 °C and 350 rpm for 20 h. Cells were harvested
by centrifuging 2600 × g, then lysed by three cycles of freezing at
-80 °C and thawing at 37 °C in 1mL of lysis buffer (50mM KPi, pH 7.5,
150mM NaCl, and 10 μM PLP). The cell debris was pelleted by cen-
trifugation at 2600 × g for 30min at 4 °C and supernatants were used
for SDS-PAGE analysis and an enzyme activity screening with n-C12-
CoA. Reactions were carried out on a 96-well plate by adding 10 μL of
the cell lysate to 0.2mL of reaction buffer (500mM KPi, pH 7.5,
150mM NaCl, 20mM L-Ser, 1 mM EDTA, 10 μM PLP, 0.5 mM n-C12-CoA
and 0.3mM Ellman's reagent). The plate was incubated at 37 °C and
A412 was monitored for 6 h. Error bars represent standard deviation of
duplicate measurement.

Fig. 1. Structural comparison of
SpSPTase in the presence of PLP, PLP
: L-Ser, and PLP : decarboxymyriosin.
The non-conserved R378 on the mobile
loop (RPPATP) as well as highly con-
served residues are shown. A. SpSPTase
without cofactor (PDB 2JGT). [7] B.
SpSPTase with PLP (PDB 2JG2). [6] C.
SpSPTase with PLP : L-Ser (PDB 2W8J).
[8] D. SpSPTase with PLP : decarbox-
ymyriocin (PDB 4BMK,). [15].
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2.4. Enzyme activity assays of purified wild-type and R378 K mutant
SpSPTases

Wild-type and mutant SpSPTase proteins were overexpressed and
purified using Ni-NTA column chromatography as previously reported.
[7] All purification steps were performed at 4 °C. Activity assays were
performed without removal of imidazole, and UV–vis spectral analysis
was performed with holoenzyme (PLP-bound form) obtained by dialysis
against 20mM KPi, pH 7.5, 150mM NaCl, 10 μM PLP. Enzyme con-
centrations were determined by the Bradford method [33] using bovine
serum albumin as a standard protein and enzyme activity was detected
by measuring the free thiol group of CoASH using Ellman's reagent
[34]. Enzyme kinetic assays were performed in a reaction buffer
(100mM KPi, pH 7.5, 150mM NaCl, 50mM L-Ser, 10 μM PLP and
0.2 mM Ellman's reagent) at 25 °C. Purified enzymes (final concentra-
tion of 1.0–2.6mM) were used for the activity assays and the A412 was
monitored. All measurements were carried out at 25 °C. Various con-
centrations of acyl-CoA substrates were used (75–400 μM n-C10-CoA,
50–400 μM n-C12-CoA, 20–200 μM n-C14-CoA, and 25–200 μM C16-CoA)
at a fixed concentration of L-Ser (50mM). Error bars represent standard
deviation of duplicate measurements.

2.5. Spectral characterization of wild-type and mutant SpSPTases

UV-Vis spectra were recorded at room temperature in 20mM KPi
buffer (pH 7.5) containing 150mM NaCl, 10 μM PLP and 10 μM en-
zyme. Changes in A425 were plotted against the concentration of L-Ser,
then fitted to a hyperbolic saturation curve.
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where ΔA425
obs and ΔA425

max represent the observed and maximal absor-
bance change at 425 nm, respectively, [L-Ser] is the concentration of L-
serine, and KD,L-Ser is the dissociation constant for this ligand.

3. Results and discussion

To determine whether the residue at position 378 can impact sub-
strate specificity and catalytic activity, all possible variants at this po-
sition were created and screened along with wild-type SpSPTase using L-
Ser and n-C12-CoA as substrates. SDS-PAGE showed that all proteins
were produced at similar levels in ZYM-5022 autoinduction media
(Figure S2), so that any changes in catalytic efficiency observed in
crude extracts could be ascribed to altered enzyme properties, rather
than to differential overexpression levels. Wild-type SpSPTase shows
only 18 % relative activity with L-Ser and n-C12-CoA as compared to L-
Ser and n-C16-CoA; [4] our goal was to identify variants with enhanced
activity for shorter-chain acyl-CoA’s, if possible. After investigating
several possible assay methods, we performed the reactions in the
presence of Ellman's reagent (5,5′-dithiobis-2-nitrobenzoate, DTNB),
which reacts with the free CoASH thiol liberated by the Claisen con-
densation [35,36]. Cell lysates were used for screening on a 96-well
plate (Fig. 2). Although a number of native esterases and thioesterases
are also produced in our E. coli host, [37] control experiments showed
that background hydrolysis of n-C12-CoA in crude extracts was negli-
gible, likely because of the high overexpression level of SpSPTase. In the
initial screen with n-C12-CoA, the A412 value for the R378 K variant was
ca. 3-fold higher than the wild type enzyme; all other variants showed
similar or lower activities. To ensure that the proteins were not in-
activated by the high concentration of DTNB used (homodimeric
SpSPTase has 10 Cys residues, but they are at least 12 Å away from the
active site), [38] the A412 values were observed over 6 h. The reason-
able linearity of these data supports the notion that DTNB inactivation
was not a significant problem (Fig. 2, inset). Based on these results, the
R378 K variant was selected for further characterization.

Both the wild-type and the R378 K variant were purified by Ni-NTA

chromatography. The formation of the expected product, 3-keto-C14-
dihydrosphingosine, from n-C12-CoA and L-Ser by the R378 K mutant
was confirmed by MS analysis (Figure S3). A range of acyl-CoA’s (n-C8-
CoA to n-C16-CoA) were also tested with the purified proteins to de-
termine how the R378 K mutation impacted substrate selectivity
(Fig. 3). As previously reported, [8] wild-type SpSPTase strongly pre-
ferred longer-chain acyl-CoA’s (particularly n-C14-CoA and n-C16-CoA).
By contrast, the R378 K mutant showed lower specific activities for n-
C14-CoA and n-C16-CoA but greater efficiencies for n-C10- and n-C12-
CoA’s (Fig. 3). These data confirm that the R378 K mutation affects not
only catalytic activity but also substrate preference, shifting this to
shorter acyl-CoA’s. To the best of our knowledge, this is the first ex-
ample of an engineered SPTase that prefers shorter-chain acyl-CoA’s.

The UV–vis spectra of PLP-dependent enzymes serve as useful
probes for alterations in the PLP binding site including the enolimine/
ketoenamine tautomeric equilibrium as well as intermediate states
during catalytic cycle (Fig. 4A). [22,39] The enolimine form of PLP is
favored by a nonpolar environment and the complex has an absorption
maximum at 330−340 nm while the ketoenamine form prefers a more
polar environment and the complex shows an absorption maximum at
410−430 nm [40]. Altering the polarity of the PLP environment by
mutations can change the enolimine and ketoenamine absorbance
maxima as well as substrate binding. For example, the N100W and
N100Y SpSPTase mutants not only showed shifts in absorbance peaks,
but also alterations in the enolimine/ketoenamine tautomeric equili-
brium as indicated by a dominant ketoenamine peak at 415 nm as
previously described. [8] In contrast to the wild-type SpSPTase, the
G385 F mutant showed a noticeable blue shift with maximum absor-
bance values of 330 nm and 410 nm and 4-fold higher Kd value for L-
Ser. [28]

To determine the effects of mutations at position 378 on PLP-

Fig. 2. Activity screening of wild-type SpSPTase and R378X mutants with n-
C12-CoA.

Fig. 3. Specific activities of purified wild-type SpSPTase and the R378 K mutant
with various n-acyl-CoA’s. Reactions were performed by adding the enzymes
(final concentration of 50 ng/μL) to a reaction solution containing the specific
n-acyl-CoA (1.0 mM) along with Ellman’s reagent. The reaction was performed
at room temperature and the absorbance of DTNB was monitored at 412 nm.
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binding, the UV–vis spectra of PLP-bound holo-forms were compared
for purified wild-type, the R378 K and the R378A SpSPTase variants
(Fig. 4B-D, respectively). The spectra were also recorded in the pre-
sence of increasing L-Ser concentrations to determine its binding

properties. While the maximum absorbance peaks of the R378A
SpSPTase were 339 and 423 nm, the corresponding values for both the
wild-type and the R378 K SpSPTases were 335 and 425 nm, indicating
formation of the internal aldimine (PLP-bound form). The similar

Fig. 4. UV–vis spectral analysis of wild-
type SpSPTase and the R378 K and
R378A variants. A. Structures of en-
olimine and ketoenamines. B.
Absorbance spectra of wild-type
SpSPTase (left) and ΔA425 (right) in the
presence of varying concentrations of L-
Ser. C. Absorbance spectra of R378 K
SpSPTase (left) and ΔA425 (right) in the
presence of varying concentrations of L-
Ser. D. Absorbance spectra of R378A
SpSPTase (left) and ΔA425 (right) in the
presence of varying concentrations of L-
Ser. For spectra in B – D, the solid line
was obtained with holo-form enzymes
in the absence of L-Ser. The dotted and
dashed lines were obtained by in-
creasing the concentration of L-Ser (0.1,
0.2, 0.5, 1, 2, 5, 10, 20, and 40mM).
Spectra were recorded after incubating
the enzyme solutions at room tem-
perature for 30min.
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spectral profiles for all holo-form enzymes showed slightly higher
maxima at ca. 335 nm as compared to those at 425 nm, suggesting that
the PLP local environments were only slightly perturbed by mutations
at position 378. The KD,L-Ser values were calculated from the absorbance
changes at 425 nm. The value for wild-type SpSPTase was 1.4 mM, in
good agreement with the previously-reported value. [41] The R378 K
mutant showed a slightly lower KD,L-Ser value (1.2 mM), suggesting that
the Lys sidechain this location did not significantly stabilize the PLP : L-
Ser external aldimine. To investigate the stabilizing effect of the in-
teraction between position 378 and the external aldimine, the external
aldimine formation experiment was also performed with R378A mutant
(Fig. 4D). Despite lacking a hydrophilic side chain to hydrogen bond
with the external aldimine, the R378A mutant showed very similar KD,L-

Ser value (1.34 mM) as wild-type SpSPTase, in a good agreement with
the previous report. [8] While position 378 has a large impact on cat-
alytic activity by stabilizing the substrate quinonid intermediate (III),
the spectral profiles and KD,L-Ser values argue that the salt bridge be-
tween R378 and the L-Ser carboxylate (Fig. 1C) actually has little sta-
bilizing effect on the external or the internal aldimine.

We measured steady-state kinetic parameters for both wild-type and
the R378 K SpSPTases using a series of four acyl-CoA’s (n-C10-CoA, n-
C12-CoA, n-C14-CoA and n-C16-CoA) (Table 1). Values for the wild-type
enzyme with n-C16-CoA agreed well with previously-reported va-
lues.8,22 Its strong preference for n-C16- and n-C14-CoA’s are due to a
combination of lower KM,acyl-CoA values (41 and 80 μM, respectively)
and higher kcat values (0.85 and 0.76 s−1) when compared to shorter-
chain acyl-CoA’s. By contrast, the R378 K mutant had the highest kcat
value for n-C12-CoA although that for n-C10-CoA was only ca. 2.7-fold
lower. Its acceptance of shorter-chain acyl-CoA’s was largely due to its
higher kcat values as compared to the wild-type enzyme. This gave it a
broader substrate tolerance, although it preferred shorter-chain acyl-
CoA’s. Interestingly, the KM,L-Ser values for both the R378 K mutant and
the wild-type enzyme were very similar, showing that the mutation
altered acyl-CoA binding almost exclusively.

4. Conclusions

In summary, we have demonstrated that site-saturation mutagenesis
based on semi-rational design coupled with screening under auto-
induction conditions can be used to impact the substrate range of an
SPTase. This opens the possibility of tailoring these C-C bond-forming
enzymes for new biotechnology applications in chemical synthesis.
While other classes of PLP-dependent enzymes have become important
tools in chemical synthesis, [42] SPTases have lagged behind. Both
UV–vis spectroscopic and kinetic data showed that the R378 K mutation
with the flexible active site loop has no effect on PLP binding and ex-
ternal aldimine stabilization, but does significantly impact acyl-CoA
specificity as well as catalytic activity. It is hoped that crystallographic
studies will reveal the details of how this Lys side-chain controls sub-
strate preference.
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