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Broadening the Substrate Range of Serine Palmitoyltransferase by 
Protein Engineering and Applications to 3-Keto-
Dihydrosphingosine Analogs
Hyunjun Choe,a Minsun Cha, a Ahram Kim a and Jon D. Stewart *, a

Serine palmitoyltransferase produces 3-keto-dihydrosphingosine (KDS) in a single step by a Claisen-like condensation / 
decarboxylation reaction between L-Ser and palmitoyl-CoA (n-C16-CoA).  Unfortunately, the enzyme’s synthetic potential is 
limited by its highly restricted substrate range (n-C14-CoA to n-C18-CoA).  We previously reported that the R378K variant of 
Sphingomonas paucimobilis serine palmitoyltransferase (SpSPTase) preferred slightly shorter acyl chain length substrates 
such as n-C12-CoA.  While this represented an improvement, we sought to broaden the biocatalyst’s substrate range further 
to allow the synthesis of a much wider range of KDS analogs.  Starting from the R378K mutant, we prepared twenty second-
generation site-saturation mutant libraries targeting residues lining the active site.  Screening with L-Ser and n-C8-CoA as 
substrates revealed that mutations at only one of the twenty positions yielded improved variants (Tyr 73). Both the acyl-
CoA substrate range as well as the interactions with the PLP : L-Ser external aldimine were significantly altered.  The best 
double mutant (R378K / Y73N) showed superior catalytic activity for n-C8-CoA (kcat = 0.44 s-1) while also retaining wild-type 
thermostability.  It even accepted n-C6-CoA and several functionalized acyl-chains, demonstrating the substantially 
broadened substrate range.  Finally, to demonstrate the practical utility of our best variant, we used the R378K / Y73N 
double mutant to synthesize a short-chain KDS analog on a preparative scale.

Introduction

Serine palmitoyltransferase (SPTase) catalyzes the first step 
in de novo sphingolipid biosynthesis, condensing L-Ser and 
palmitoyl-CoA (n-C16-CoA) to form 3-keto-dihydrosphingosine 
(KDS) (Figure 1).1  KDS is subsequently converted to ceramide, 
the hub of sphingolipid metabolism.  Sphingolipids and their 
associated metabolic pathways have attracted a great deal of 
attention since they serve vital roles in cell growth, death, 
senescence, adhesion, migration, inflammation, and 
intracellular trafficking.2, 3  Metabolites and enzymes in these 
pathways are also associated with several pathologies including 
Alzheimer’s and Parkinson's diseases.4-6  Sphingolipid analogs 
have therefore been suggested as potential therapeutic agents 
(Figure 1).7, 8  Fingolimod (FTY720), a sphingosine analog 
immunosuppressive drug, was first synthesized in 1992 by 
modifying the fungal natural product myriocin (ISP-I) and was 
approved in 2010 by the FDA for treating multiple sclerosis.9, 10  
Cell-permeable, short-chain ceramide analogs (C2-, C6-, and C8-
ceramides) have been used to studyceramide-mediated 

mammalian cell death and its role in neurodegeneration.11-14  
For example, Azuma et al. showed that short-chain 3-
ketoceramide analogs (C2-3-ketoceramides) have even stronger 

a.Department of Chemistry, 126 Sisler Hall, University of Florida, Gainesville, FL 
32611 USA.  Phone 352.846.0743.  E-mail jds2@chem.ufl.edu 

Electronic Supplementary Information (ESI) available:  DNA sequence of optimized 
SpSPTase gene, Lineweaver-Burk plots for acyl-CoA substrates, spectral data for 3-
keto-C10-dihydrosphingosine, thioesterase activities for acyl-CoA substrates, 
overexpression data for R378K / Y73X library members, thermal stabilities of 
mutants, NMR data for 3-keto-C8-dihydrosphingosine racemization studies and 
mutant primers used for libraries. . See DOI: 10.1039/x0xx00000x

Figure 1.  Reaction catalyzed by SPTase and structures of two KDS analogs.
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apoptosis-inducing activity in human leukemia HL-60 cells than 
conventionally used C2-ceramide.15

We hypothesized that KDS and its analogs could be 
synthesized directly by using SPTase to condense L-Ser and the 
appropriate acyl-CoA.  In addition to being efficient, this route 
would require no protecting groups.  SPTase is a member of the 
α-oxoamine synthase (AOS) family that rely on a pyridoxal 5′-
phosphate (PLP) cofactor.  For synthetic applications, an SPTase 
with both high activity and broad substrate tolerance is 
required.  Unfortunately, naturally-occurring SPTases strongly 
prefer long-chain acyl-CoAs (n-C16-CoA and n-C18-CoA) and 
activity drops off dramatically as the length of acyl-chain 
becomes shorter than 14 carbons.22  While a viral SPTase does 
accept a range of acyl-CoAs from n-C4-CoA to n-C18-CoA, its 
extremely low catalytic activity (0.1-11.0 × 10-6 U/mg) makes it 
impractical for preparative use.23

We selected the SPTase from Sphingomonas paucimobilis 
(SpSPTase) as the starting point for our synthetic strategy.  In 
addition to its high activity, SpSPTase is soluble (rather than 
membrane bound), which allows much greater protein 
overexpression.  Its strong preference for long-chain acyl-CoA 
substrates (n-C16-CoA is optimal) is its major deficiency.  To help 
overcome this problem, we developed the R378K variant of 
SpSPTase that provided higher activities as well as an altered 
substrate preference that favored somewhat shorter-chain 
acyl-CoA substrates (n-C10-CoA and n-C12-CoA).24  While this was 
an improvement, the mutant was still incapable of preparing 
the full range of desirable short-chain KDS analogs needed for 
sphingolipid studies.

The goal of the present study was to develop SpSPTase 
variants that would accept an even broader substrate range 
that encompassed short-chain acyl-CoAs and to demonstrate 
the utility of this tool by synthesizing an important KDS analog.  
We applied a semi-rational strategy using site-saturation 
mutagenesis25 along with a colorimetric, medium-throughput 
screening methodology based on Ellman’s reagent26 to twenty 
active site amino acids.  These efforts yielded a significantly 
improved double mutant (R378K / Y73N) with both a broad 
substrate range and a preference for shorter-chain acyl-CoAs 
(n-C6-CoA and n-C8-CoA).  This represents a significant alteration 
in the substrate preference of SpSPTase.

Results and discussion

To develop SpSPTase variants that accepted short, 
functionalized, and thus more synthetically useful acyl-CoA 
substrates, we identified twenty residues lining the active site 
and the alkyl-chain binding tunnel using the crystal structure of 
the enzyme complexed with product analog decarboxymyriocin 
(Figure 2A).35  We applied site saturation mutagenesis to these 
positions individually in an R378K background and assessed the 
libraries, seeking double mutants with even greater catalytic 
activity for short-chain acyl-CoAs as compared to the R378K 
parent.  The starting variant showed 3.8- and 3.2-fold higher 
activities for n-C10-CoA and n-C12-CoA, respectively compared to 
the wild-type but very low activities for < C10 acyl substrates.24

We used PCR-based site saturation mutagenesis with an 
NNK doping scheme for the randomized codon.25  The native 
SpSPTase gene contains regions with high GC content (up to 
82%), which made PCR amplifications difficult.24  We therefore 
used a sequence optimized, synthetic SpSPTase gene with the 
R378K mutation incorporated as the template for all twenty 
libraries.  The diversity of each library at the randomized codon 
was assessed by quantitatively analyzing DNA sequencing data 
as described previously.25  In all cases, the Qpool scores ranged 
between 0.79 and 0.93, indicating high quality libraries with 
very little contamination by artifacts such as primer 
concatamers, template carryover, etc.  Each of the twenty 
libraries was screened in an individual 96-well plate (ca. 3-fold 
over sampling) with n-C8-CoA as the acyl donor.  Ellman’s 
reagent was used to detect free CoASH by-product of the 
Claisen condensation / decarboxylation reaction.24

Of the twenty libraries screened, nineteen showed no 
significantly improved double mutant variants.  By contrast, one 
quarter of the double mutants in the R378K / Y73X library 
showed higher absorbance signals than the single mutant 
parent (R378K) (Figure 2B).  This was not a screening artifact 
since other libraries showed only low levels of free CoASH due 
to spontaneous thioester hydrolysis and / or E. coli 
thioesterases; rather, one or more replacements for Tyr 73 
provided SpSPTase double mutants with higher activities for n-

Figure 2.  Library construction and screening of SpSPTase double mutant libraries.  
Library construction and screening of SpSPTase double mutant libraries. A) Active site 
of SpSPTase complexed with PLP : decarboxymyriosin (PDB code 4BMK).35 Twenty 
target residues in the active site selected for NNK site-saturation mutagenesis as well 
as Arg 378 are shown in sticks, and the ligand is shown in ball-and-stick. Residues 
shown with purple carbons and labels in italics are from the second subunit.  B) 
Screening data from the R378K / Y73X mutant library using L-Ser and n-C8-CoA.  Error 
bars represent differences from duplicate measurements.
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C8-CoA.  Sequencing positives with higher absorbance signals 
than the starting protein revealed Ala, Gly, Met, Asn, and Ser at 
position 73.  To ensure that all variants at position 73 were 
tested, each was prepared individually and a time course was 
measured for each using n-C8-CoA (Figure 3).  Although the 
negative control gave a small signal resulting from self-
hydrolysis of n-C8-CoA and esterases and thioesterases present 
in E. coli cell lysates,36 the background activities were 
insignificant (0.002 U /mL) for all acyl-CoAs tested (from n-C4-
CoA to n-C16-CoA) (Figure S5).  SDS-PAGE analysis showed that 
all Tyr 73 variants were overexpressed well and at similar levels 
in the crude extracts (Figure S6).  In addition to the five 
successful amino acid substitutions detected in the initial library 
screen (Ala, Gly, Met, Asn, and Ser), the His replacement for Tyr 
73 also showed higher activity for n-C8-CoA as compared to the 
R378K parent.

One possible explanation for these results is that a smaller 
amino acid is required at position 73 for the enzyme to accept 
shorter acyl-CoAs.  Interestingly, Val, Thr, and Asp were not 
successful replacements for Tyr 73, despite being (apparently) 
appropriately sized.  A closer look, however, reveals that a β-
methyl would not fit within the small space (3.6 Å) between the 

Cβ of Tyr 73 and the Cγ of Lys 265 in the PLP : L-Ser external 
aldimine-bound form (Figure 4).  A negative charge at this 
position might also form strong salt bridges with either the 
guanidinium group of Arg 390 or the ε-amino group of Lys 265, 
both catalytically important residues, thereby hampering the 
catalytic cycle.37  It was also noteworthy that the R378K / Y73S 
double mutant showed the second highest activity for n-C8-CoA 
but the analogous Cys double mutant showed no activity.  This 
might be due to enzyme inactivation by the bulky adduct 
formed between Ellman’s reagent and the Cys thiol moiety.38  
For example, clostridial glutamate dehydrogenase was 
inactivated by Ellman’s reagent (1 : 1 stoichiometry on a subunit 
basis) due to the presence of the non-catalytic Cys 320 close to 
the active site.  As expected, the C320S mutant was unaffected 
by Ellman’s reagent.39, 40

Based on our screening results, the three double mutants 

with the highest activities were purified and characterized 
further (R378K / Y73G, R378K / Y73N, and R378K / Y73S). The 
specific activities of each double mutant for a series of acyl-
CoAs (n-C4-CoA to n-C8-CoA) were compared with the 

corresponding single mutants (R378K, Y37G, Y37N, and Y73S) 
(Figure 5).  The R378K / Y73N double mutant showed the 
highest activity for n-C8-CoA, which mirrors the result obtained 
from studies with cell lysates (Figure 3).  None of the single 
mutants showed higher activity than the corresponding double 
mutants, and the mutations at Arg 378 and Tyr 73 position 
showed a slight synergistic effect in case of the R378K / Y73N 
and R378K / Y73S double mutants.

Active site structures of SpSPTase in the absence and 
presence of the PLP : L-Ser external aldimine are shown in 
Figure 4.22, 41  The positions of most residues within 7 Å of the 
external aldimine were unchanged, but three (Arg 378, Arg 390, 
and Tyr 73) noticeably reoriented upon external aldimine 
formation.  These changes are likely mechanistically important 
since enzymes in the AOS family control substrate orientations 
during catalytic cycles by enzyme conformational changes.42, 43  
Our protein engineering results demonstrated that two of these 
three residues (Arg 378 and Tyr 73) also play key roles in acyl-
substrate preference and can be altered without loss of catalytic 
activity.24  The side-chain of Arg 378 plays an important role in 
the catalytic cycle by stabilizing a quinonoid intermediate43 and 
we found that Lys substitution at this non-conserved position 
altered the substrate preference.24

Residues at positions 390 and 73 (SpSPTase numbering) 
cooperate closely in the catalytic cycle.  In AOS family members, 
Arg is almost universally conserved at position 390 and Asn is 
the most common residue at position 73, although it is occupied 

Figure 3.  Time course for R378K / Y73X SpSPTase mutants using L-Ser and n-C8-CoA as 
substrates.

Figure 4.  Stereoview of SpSPTase with the PLP internal aldimine versus the PLP: L-Ser 
external aldimine.  The PLP-bound structure (PDB: 2JG2)41 and the external aldimine-
bound structure (PDB: 2W8J)22 are shown in gray and green, respectively.  Ligands 
(PLP and the external aldimine), catalytically important residues (Lys 265, His 159, and 
Arg 390), Arg 378 on the flexible loop, and Tyr 73 are depicted with sticks.   Other 
residues within 7 Å distance from the external aldimine are shown with lines and polar 
contacts are shown by dashed lines.

Figure 5.  Specific activities of purified SpSPTase mutants with n-acyl-CoAs.
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by Tyr in SpSPTase and some other bacterial SPTases including 
S. wittichii as well as in human SPTases.44  Ikushiro et al. 
proposed that Arg 390 interacts with the carboxyl group of the 
external aldimine by hydrogen bonding and ionic interactions, 
thereby fixing its position so that the H-Cα bond is almost 
perpendicular to the PLP plane (Dunathan conformation).37  In 
addition to interactions with the external aldimine, the side-
chain of Arg 390 also interacts with the amino acid at position 
73, sometimes with intervening water molecules.45  For 
example, in the structure of Sphingobacterium multivorum 
SPTase, Asn 52 interacts indirectly with Arg 367 and the PLP : L-
Ser external aldimine via water molecules, and both residues 
are thought to cooperate in fixing the carboxylate of L-Ser 
during the catalytic cycle.46  Tyr at position 73 allows direct 
hydrogen bonding with Arg 390 in the absence of intervening 
water molecules, as seen in the structures of the bacterial 
SPTases from S. paucimobilis and S.wittichii.  The precise role of 
Tyr 73 in SpSPTase remains undefined.  It may help fix the 
location of Arg 390 or it may interact with a quinonoid 
intermediate by stacking parallel to the plane formed by the 
guanidinium group of Arg 390 and the carboxyl group of L-Ser.46  
The positions of Arg 390 and Tyr 73 in SpSPTase are nearly the 
same as those of Arg 390 and Asn 73, respectively, in other AOS 
family members, suggesting a conserved role in all of these 
enzymes47 (Arg 374 and Asn 54 in Rhodobacter capsulatus 5-
aminolevulinate synthase, ALAS;48, 49 Arg 361 and Asn 47 in E. 
coli 8-amino-7-oxononanoate synthase, AONS).45  Based on our 
results from site-saturation mutagenesis at position 73, a Tyr at 
this position in SpSPTase is clearly not essential for the catalytic 
activity.  Furthermore, both the wild-type and the R378K / Y73N 
double mutant are stable at 45 °C, arguing against a major role 
in stabilizing the enzyme’s structure (Figure S7).

Since Tyr 73 in SpSPTase lies near the L-Ser moiety of the 
external aldimine, we suspected that mutating this residue 
might also affect L-Ser binding.  We measured UV-Vis spectra, 
which probe several aspects of substrate binding such as the 
enolimine / ketoenamine tautomeric equilibrium as well as 
intermediate states during catalytic cycles of PLP-dependent 
enzymes.50, 51  Wild-type SpSPTase and the R378K mutant 
showed little difference in spectral profiles or KD values for L-Ser 
(1.4 and 1.2 mM for wild-type and R378K, respectively).24  By 
contrast, spectra of the PLP-bound holo-forms of the R378K and 
R378K / Y73N variants were quite different, with shifted λmax 
values (Figure 6).  Absorbance maxima of the enolimine and 
ketoenamine forms generally appear at 330-340 nm and 410-
430 nm, respectively, although alterations in the active site 
environment can affect these values.52  The enolimine and 
ketoenamine λmax values for the internal aldimine state (PLP-
bound holo-form) of the R378K single mutant were 335 and 425 

nm, respectively.  By contrast, these peaks were slightly red-
shifted in the R378K / Y73N double mutant to 337 and 431 nm.  

In addition, the enolimine / ketoenamine tautomeric 
equilibrium was notably shifted toward the ketoenamine in the 
R378 / Y73N double mutant, suggesting a more polar 
environment.  These results clearly showed that Asn at position 
73 alters the active site microenvironment, which would affect 
interactions with PLP and the PLP : L-Ser external aldimine.  The 
3-fold decrease in the KD value for L-Ser in the R378K / Y73N 
double mutant also supports the hypothesis (Table 1).

Steady-state kinetic parameters for the R378K / Y73N 
SpSPTase double mutant are listed in Table 1, and a comparison 
of kcat values for the double mutant, wild-type and R378K single 
mutant SpSPTases are shown in Figure 7.  The R378K / Y73N 
double mutant had an expanded substrate range with activities 
(0.24-0.44 s-1) that encompassed shorter acyl-CoAs (n-C6-CoA to 
n-C8-CoA), substrates for which wild-type and R378K SpSPTases 
are barely active.  Furthermore, the double mutant accepted 
functionalized short chain acyl-CoA substrates as shown in 
Figure 8.  Despite having little effect on kcat values for long acyl-
CoAs (n-C14-CoA and n-C16-CoA, Figure 7), the Y73N substitution 
dramatically decreased the KM values for smaller acyl-CoAs (n-
C10-CoA to n-C16-CoA; up to 40-fold lower) as well as the KM 
value for L-Ser as compared to the previously reported value for 
the R378K SpSPTase (7-fold lower).24

Figure 6. A) Structures of enolimine and ketoenamines in SpSPTase.  B) Absorbance 
spectra for R378K SpSPTase (left) and ΔA425 (right) in the presence of varying 
concentrations of L-Ser.  C) Absorbance spectra for R378K / Y73N SpSPTase (left) and 
ΔA429 (right) in the presence of varying concentrations of L-Ser.  In all spectra, the solid 
line was obtained from the holo-forms in the absence of L-Ser and the dotted and 
dashed lines were obtained with increasing concentrations of L-Ser (0.1, 0.2, 0.5, 1, 2, 
5, 10, 20, and 40 mM).  Error bars are standard deviaions derived from triplicate 
measurements.

Page 4 of 10Catalysis Science & Technology



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

To investigate the synthetic utility of the best double 
mutant, we synthesized the KDS analog 3-keto-C10-
dihydrosphingosine 1 from L-Ser and n-C8-CoA (Figure 9).  
Product instability is an issue in these reactions since the 
desired α-amino-ketone product dimerizes to form 2,5-
dihydropyrazine 2 under neutral to alkaline conditions, and this 
dimer can be irreversibly oxidized to pyrazine 3 by O2 or H2O2.53, 

54  To avoid the latter problem, we carried out the reaction 
under Ar.  Both the rate of dimerization and the equilibrium 
position between the desired α-amino-ketone monomer 1 and 
the unwanted 2,5-dihydropyrazine 2 are strongly affected by 
pH,55 and the dimer could be hydrolyzed to 1 under acidic 
conditions.56  The target was therefore isolated by incubating 
the product mixture under acidic conditions followed by solvent 
extraction.  The purified product was obtained as a racemic 
mixture whose measured optical rotation was zero.  To 
determine whether this reflected a lack of stereoselectivity by 
the enzyme or post-synthesis spontaneous racemization, 1 was 
incubated under both acidic and neutral conditions in 
deuterated buffer.  The compound showed rapid exchange of 
the Cα-H peak at neutral pH, but not under acidic conditions 
(Figure S8).  It therefore appears likely that racemization 
occurred during synthesis.  It may be possible to engineer an 
SpSPTase variant for activity under acidic conditions.  Another 
possibility might be to couple the SpSPTase reaction product 
with a stereoselective ketoreductase.  The rapid racemization of 
the SpSPTase product should allow for a dynamic kinetic 
resolution.57

Figure 8. Relative activities of R378K / Y73N SpSPTase for functionalized acyl-CoAs.

Experimental

Materials
Enzymes for cloning and protein molecular weight standards 

were purchased from New England Biolabs.  Wizard PCR Clean-
Up kits were purchased from Promega.  Primers were obtained 
from IDT (Integrated DNA Technologies) and Ellman’s reagent, 
L-Ser, and PLP were purchased from ACROS Organics™.  
Pantethine was purchased from Jarrow Formulas, Inc.  Acid 
anhydrides were purchased from TCI.  Phusion® Hot Start II 
High-Fidelity DNA polymerase and charcoal decolorizing agent 
(S25245) were purchased from Fisher Scientific.

Figure 7.  Comparison of turnover numbers for the R378K / Y73N SpSPTase mutant 
with the wild-type and parent R378K enzymes.  Because of low activities for shorter 
chain acyl-CoAs (n-C4-CoA to n-C8-CoA), activities of the wild-type, R378K and R378K / 
Y73N SpSPTases were determined in the presence of 5 mM substrates (for the R378K / 
Y73N variant, this was only required for n-C4-CoA).

Figure 9.  Synthesis of short-chain KDS analog 1.
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Table 1.  Steady-state kinetic parameters for R378K / Y73N SpSPTase with various chain length acyl-CoAs. Error bars reflect 
differences between duplicate measurements.

Substrate kcat KM,acyl-CoA KM,L-Ser kcat / KM,acyl-CoA KD,L-Ser

(s-1) (µM) (mM) (M-1s-1) (mM)

n-C4-CoA 0.020 ± 0.0002 7,400 ± 30 2.7

n-C6-CoA 0.24±0.01 7,800± 500 31

n-C8-CoA 0.44±0.01 730 ± 40 600

n-C10-CoA 0.20±0.004 85 ± 4 2,400

n-C12-CoA 0.22±0.002 150 ± 2 1,500

n-C14-CoA 0.20±0.001 39 ± 0.4 5,100

n-C16-CoA 0.12±0.001 2.4 ± 0.1

0.84±0.03a

50,000

0.43 ± 0.1

aKM,L-Ser was obtained using n-C8-CoA

Cloning and NNK Saturation Mutagenesis
A sequence optimized, wild-type SpSPTase gene was 

synthesized by Genscript (Figure S1), cloned into pET-22b (+) 
and designated plasmid pHC9.24  The R378K mutation was 
incorporated into pHC9 by site-directed mutagenesis using 
forward (TG AAT ATG GCC AAACCA CCT GCA ACT CCT GCA GGA 
ACC) and reverse (GT TGC AGG TGG TTT GGC CAT ATT CAC GTA 
TAA TCC TCC) primers.  The resulting plasmid (pHC9-R378K) was 
used as a template for generating all the double mutant 
libraries.  Site saturation mutagenesis was performed with 
degenerate primer mixtures (Table S1) using an NNK mixture at 
the randomized codon (N = A, C, G or T and K = G or T).  Each 
PCR reaction (total volume 100 µL) containing 5 × Phusion HF 
Buffer (20 µL), pHC9-R378K template (5 ng), forward and 
reverse primers (0.5 µM each), dNTPs (200 µM each), and DNA 
polymerase (2 U) was subjected to an initial denaturation step 
of 98°C (30 s) followed by 18 cycles of 98°C (10 s), 62°C (30 s), 
and 72°C (210 s).  The final extension was performed at 72°C for 
300 s.  The amplification product was purified with a PCR clean-
up kit, eluted with 30 µL nuclease-free water, and treated with 
DpnI (20 U) overnight at 37°C.  The nuclease was inactivated at 
80°C for 20 min, then the DNA was purified again using the same 
kit, eluting with 30 µL of nuclease-free water.  The purified DNA 
(2-3 µL) was used to transform E. coli ElectroTen-Blue 
competent cells (50 µL) by electroporation at a voltage of 2.5 kV 
(E = 12.5 kV/cm).  Immediately after electroporation, 0.4 mL of 
warm SOC medium was added and cells were incubated at 37°C 
for 1 h prior to spreading onto LB agar plates containing 
ampicillin (50 µg/mL).  Plates were incubated at 37°C for 14-16 
h, then colonies were collected from the plates and combined 
for pooled plasmid DNA isolation.  The pool was used to 

transform E. coli BL21-Gold (DE3) cells (50 µL) by 
electroporation as described above.  After incubating for 1 h in 
SOC media at 37°C, 10-20 µL aliquots were spread on agar plates 
containing ampicillin (50 µg/mL) for preparing mutant libraries.  
Another aliquot (100 µL) was added to 5 mL of LB medium 
containing ampicillin (100 µg/mL).  After shaking overnight at 
37°C and 200 rpm, plasmid DNA was isolated from the pooled 
cells.  The library quality (Qpool value) was assessed by Sanger 
sequencing as previously reported,25 and the values are shown 
in Table S1.  Primers used for site-directed mutagenesis at the 
Tyr 73 position are in listed in Table S2. 

Chemical Synthesis of Acyl-CoAs
Coenzyme A disulfide dimer (CoA-S-S-CoA) was synthesized 

from pantethine using three His-tag-purified E. coli enzymes 
(pantetheine kinase, UniProt P0A6I3; phosphopantetheine 
adenyltransferase, UniProt P0A6I6; dephospho-coenzyme A 
kinase, UniProt P0A6I9) in the presence of ATP, then free CoASH 
was prepared by adding TCEP (1 equiv.) at room temperature.27  
Acyl-CoAs were synthesized using CoASH and the corresponding 
acid anhydrides at 25-35°C using literature methods.28-30  The 
successful synthesis of n-acyl-CoAs was verified by HPLC, and 
their concentrations were calculated using A260 values (free 
CoASH, ε260 = 16,400 M-1·cm-1).31

HPLC Methods
All acyl-CoAs (n-C4-CoA to n-C16-CoA) were analyzed by 

reversed-phase HPLC using a 150 × 4.6 mm Synergi Hydro-RP80 
Å column with KH2PO4 (25 mM) and acetonitrile (100%) 
employed as solvents A and B, respectively, at a flow rate of 1 
mL/min.  Initial conditions (0.6% solvent B) were maintained 
prior to the analysis.  After sample injection, a linear increase to 
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3.6% solvent B over 0.5 min was immediately followed by a 
linear increase to 5.6% solvent B over 1.5 min, then a linear 
increase to 17.8% solvent B over 2 min and 80% solvent B over 
2 min. After a 5 min hold at 80% solvent B, a linear decrease to 
0.6% solvent B over 1 min was followed by a 2 min hold at the 
initial conditions (0.6% solvent B).  The A260 value of the eluant 
was monitored.

Autoinduction and Screening Method
One microliter aliquots of overnight-cultured cells in LB 

medium supplemented with 100 µg/mL ampicillin were 
transferred to individual deep wells of a 96-well plate 
containing ZYM-5022 autoinduction medium (1 mL per well) 
supplemented with ampicillin (100 µg/mL) as previously 
described.24  The plate was incubated at 30°C and 350 rpm for 
20 h.  Cells were harvested by centrifuging at 2,600 × g and the 
supernatant was discarded.  To each well was added 50 μL lysis 
buffer (50 mM KPi, pH 7.5, 150 mM NaCl) containing 0.2 mM 
PLP.  The cells were lysed by three cycles of freezing for 90 min 
at -80°C and thawing for 90 min at 37°C.  The last freezing step 
was performed overnight.  An additional 950 μL of lysis buffer 
was added to each well after the final thawing step, then the 
cell debris was pelleted by centrifuging at 2,600 × g for 30 min 
at 4°C.  Enzyme activity screening assays were carried out in a 
96-well plate by adding 10 µL of the cell lysate to 190 µL of 
reaction buffer (500 mM KPi, pH 7.5, 150 mM NaCl, 20 mM L-
Ser, 1 mM EDTA, 10 µM PLP, 1 mM n-C8-CoA and 0.3 mM 
Ellman's reagent).  The plate was incubated at 37°C and A412 was 
monitored for 5 h.  Error bars represent differences between 
duplicate measurements.

Enzyme Activity Assays
The overexpression, purification and activity assays of 

SpSPTase mutants using Ellman’s reagent were performed as 
described previously.24  Specific activities were determined 
using His-tag-purified proteins (1.5 - 2.7 µM) and 1 mM n-acyl-
CoAs (C4-C8).  Reactions were followed by monitoring A412 and 
error bars represent differences between duplicate 
measurements.  Kinetic assays were performed by adding 
purified R378K / Y73N SpSPTase (0.14-6.4 µM) to a reaction 
mixture (100 mM KPi, pH 7.5, 150 mM NaCl, 50 mM L-Ser, 10 
µM PLP and 0.2 mM Ellman's reagent) containing n-acyl-CoAs at 
25°C.  Various concentrations of n-acyl-CoA substrates were 
used (1.0-5.0 mM n-C4-CoA, 0.75-5.0 mM n-C6-CoA, 0.25-3.0 
mM n-C8-CoA, 0.050-0.6 mM n-C10-CoA, 0.050-0.6 mM n-C12-
CoA, 0.010-0.30 mM n-C14-CoA, and 0.005-0.040 mM n-C16-
CoA).  Lineweaver-Burk plots are shown in Figure S2.

UV-Vis Spectral Analysis
UV-Vis spectra were recorded at room temperature in 

buffer (20 mM KPi, 150 mM NaCl,10 μM PLP, pH 7.5) containing 
SpSPTase (10 μM) after pre-incubating the mixture for 30 min.  
Changes in A425 or A429 were plotted against the concentration 
of L-Ser and fitted to a hyperbolic saturation equation:

∆𝐴obs =
∆𝐴max ∙ [L­Ser]

𝐾D,L―Ser + [L­Ser]
where ΔAobs and ΔAmax represent the observed and maximal 
absorbance change at 425 nm (or 429 nm), [L-Ser] is the 

concentration of L-serine, and KD,L-Ser is the dissociation 
constant for L-Ser.

Relative Activities with Functionalized Substrates
Functionalized acyl-CoAs were synthesized by the W416G 

mutant of AMP-forming acetyl-CoA synthetase (EC 6.2.1.1) from 
Methanothermobacter thermautotrophicus (MT-ACS1).32, 33  
The N-terminally His-tagged protein was heterologously 
expressed in E. coli BL21-Gold (DE3) and purified as reported 
previously.34  The enzyme (final concentration 0.6 µM) was 
added to a reaction mixture containing 100 mM KPi, 150 mM 
NaCl, pH 7.5, 50 mM L-Ser, 2 mM CoASH, 10 mM MgATP and 20 
mM of the desired carboxylic acid.  The reaction was performed 
at 65°C until completion (as determined by measuring the 
residual free CoASH using Ellman’s reagent).  After removal of 
insoluble Mg2PPi by centrifugation, the supernatant was used 
directly for SpSPTase reactions.  To the acyl-CoA solution (175 
µL) was added EDTA (30 mM), PLP (10 µM), Ellman’s reagent 
(0.2 mM), and R378K / Y73N SpSPTase (2.9 µM) with a final 
reaction volume of 0.2 mL.  Enzyme activity with n-C6-CoA was 
set to 100% and error bars represent differences between 
duplicate measurements.

Production of 3-Keto-C10-dihydrosphingosine from L-Ser and n-
C8-CoA by R378K / Y73N SpSPTase

Purified R378K / Y73N SpSPTase (2 mg) was added to 20 mL 
of reaction buffer (50 mM KPi, 150 mM NaCl, 20 mM L-Ser, 10 
µM PLP, 2 mM n-C8-CoA, pH 7.5).  The mixture was incubated 
without stirring under Ar overnight at room temperature, then 
extracted with CHCl3 (3 × 20 mL).  The organic layers were added 
to a round bottom flask containing 10 mL of Ar-purged 0.1 M 
HCl and the mixture was vigorously stirred for 5 min, then the 
organic solvent was evaporated under reduced pressure at 35°C 
and the aqueous solution was stirred overnight at room 
temperature under Ar.  Water was removed under reduced 
pressure, then the residue was dissolved in 10 : 1 CHCl3 : MeOH 
and filtered through silica to remove salts.  After evaporating 
the solvent under reduced pressure, the desired product was 
obtained as solid (7.9 mg, 88%). The product structure was 
confirmed by NMR spectroscopy (Figure S3) and MS analysis 
(Figure S4).  1H NMR (300 MHz, CD3OD) δ 0.90 (t, J=6.8 Hz, 3 H) 
1.23 - 1.40 (m, 8 H) 1.63 (quin, J =7.0 Hz, 2 H) 2.64 (t, J =7.3 Hz, 
2 H) 3.98 (dd, J =12.2, 3.4 Hz, 1 H) 4.10 (dd, J=12.0, 4.2 Hz, 1 H) 
4.18 (t, J =3.8 Hz, 1 H) ppm. as appropriate.

Conclusions
Based on its three-dimensional structure, we subjected 20 

residues that lined the active site and acyl-CoA substrate 
binding region of SpSPTase to site-saturation mutagenesis.  
Surprisingly, changes at only one of these positions (73) altered 
acyl-CoA substrate binding properties.  The improvement 
benefited from synergistic non-additivity of mutational effects, 
a phenomenon that has been observed previously and reviewed 
recently by Hollmann et al.58  Several Tyr 73 variants accepted 
shorter acyl-CoA substrates and the Asn replacement proved 
best, with significantly better catalytic activities for shorter acyl-
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CoAs (n-C6-CoA to n-C8-CoA).  We also used UV-Vis spectroscopy 
and steady-state kinetics to probe the effect of substituting Tyr 
73 with Asn.  Our results underscore the importance of position 
73 in dictating substrate selectivity as well as in stabilizing the 
PLP : L-Ser external aldimine during the catalytic cycle of 
SpSPTase.  Moreover, the R378K / Y73N double mutant 
tolerated both alkenyl- and alkynyl-substituted acyl-CoAs, both 
of which could provide chemical handles for further synthetic 
manipulations.  These observations, as well as the successful 
preparation of 3-keto-C10-dihydrosphingosine by the double 
mutant opens many possibilities for preparing a range of KDS 
analogs that can in turn serve as building blocks for sphingolipid 
analogs.
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