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Abstract 

Sphingolipids (SLs) are essential components of cellular membranes formed from the condensation of L-

serine and a long-chain acyl thioester. This first step is catalysed by the pyridoxal 5 -phosphate (PLP)-

dependent enzyme serine palmitoyltransferase (SPT) which is a promising therapeutic target. The fungal 

natural product myriocin is a potent inhibitor of SPT and is widely-used to block SL biosynthesis despite a 

lack of a detailed understanding of its molecular mechanism. By combining spectroscopy, mass spectrometry, 

x-ray crystallography and kinetics we have characterised the molecular details of SPT inhibition by myriocin. 

Myriocin initially forms an external aldimine with PLP at the active site and a structure of the resulting co-

complex explains its nanomolar affinity for the enzyme. This co-complex then catalytically degrades via an 

unexpected ‘retro-aldol like’ cleavage mechanism to a C18 aldehyde which in turn acts as a suicide inhibitor 

of SPT by covalent modification of the essential catalytic lysine. This surprising dual mechanism of inhibition 

rationalises the extraordinary potency and longevity of myriocin inhibition. 
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Serine palmitoyltransferase, pyridoxal-5’-phosphate, sphingolipid, natural product, myriocin, suicide inhibi-

tion, alpha-oxoamine synthase. 
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resonance. 

 

Graphical abstract 

  



Page 2 of 23 

Introduction 

Sphingolipids (SLs) are a large sub class of lipids which are defined by the presence of an amino alcohol 

functionality of sphingosine (or similar).
1
 SLs have been implicated in a wide range of cellular functions and 

linked to diseases such as diabetes, Alzheimer’s and asthma.
2
 Controlling their production is under intense 

investigation as a new strategy in pharmaceutical therapy. For example, the drug fingolimod, which mimics 

sphingosine, is used for the treatment of multiple sclerosis and is the first SL-derived therapeutic agent used in 

the clinic.
3
 Serine palmitoyltransferase (SPT, EC 2.3.1.50) is a member of the α-oxoamine synthase (AOS) 

family of PLP-dependent enzymes along with 8-amino-7-oxononanoate synthase (AONS)
4
, 2-amino-3-

ketobutyrate ligase (KBL)
5
, 5-aminolevulinate synthase (ALAS)

6
 and cholera quorum-sensing autoinducer 

synthase CqsA
7
. SPT catalyses the first and rate-determining step in the SL biosynthetic pathway, the 

decarboxylative, Claisen-like condensation between L-serine (2) and an acyl-CoA thioester (4) to generate the 

long-chain base intermediate, 3-ketodihydrosphingosine (KDS, 9, Figure 1). The postulated mechanism 

involves a number of intermediates including a PLP-bound internal aldimine (1, also known as the holo-form), 

a PLP-L-serine external aldimine (3), a quinonoid or masked carbanion (6) and a key -keto acid 

condensation intermediate (8).
8 

 

Figure 1. The PLP-dependant catalytic mechanism of SPT. (A) The internal aldimine, 1 (holo-SPT) is 

displaced by L-serine, 2, to form the external aldimine, 3. Binding of the second substrate, palmitoyl-CoA, 4, 

causes conformational change to give the Dunathan intermediate, 5. This conformation allows deprotonation 

of Cα hydrogen by Lys265, forming the quinonoid, 6. This is followed by nucleophilic attack on the 
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palmitoyl-CoA thioester from Cα, releasing CoASH, 7, forming the β-keto acid intermediate, 8. This 

intermediate undergoes decarboxylation, before release of the product 3-ketodihydrosphingosine (KDS), 9, 

and regeneration of the internal aldimine, 1. (B) The natural product SPT inhibitor myriocin, 10.  

 

Over 160 PLP-dependent enzymes have been characterised
9
 and mechanistic studies of non-specific PLP 

inhibitors such as cycloserine, penicillamine, and β-chloro-alanine
10

 have greatly enhanced the understanding 

of PLP chemistry as well as highlighting the diversity of reactions that use this organic cofactor as a catalyst. 

Consequently, PLP-dependent enzymes are now recognised as attractive drug targets.
11

 Despite the importance 

of both PLP enzymes in general and SPT in particular, only a small number of SPT-specific inhibitors have 

been discovered, all of which are natural products - sphingofungins, viridiofungin A, lipoxamycin and 

myriocin (10, Figure 1B).
12

 Myriocin [(2S,3R,4R,6E)-2-Amino-3,4-dihydroxy-2-(hydroxymethyl)-14-oxo-6-

eicosenoic acid], also known as thermozymocidin and ISP-1, was first discovered in 1972 by two independent 

groups
13

 from the thermophilic moulds Myriococcum albomyces and Mycelia sterilia and both found the 

natural product to be a potent antifungal agent. It was re-isolated from the fungus Isaria sinclairii in 1994 and 

shown to be a potent immunosuppressant.
14

 Kawasaki and colleagues
12d

 determined an IC50 value of 15 nM, 

using the mouse cytotoxic T-cell line, CTLL-2 as a model for myriocin-dependent inhibition of cell growth 

and elimination of ceramide production. Since growth was restored by the addition of sphingosine, it 

suggested that SPT was the primary target of myriocin. In 1999 Schreiber and colleagues used a myriocin-like 

affinity resin to identify the two subunits of murine SPT (SPT1 and SPT2 encoded by the genes, lcb1 and lcb2 

respectively) as the primary targets of the natural product myriocin.
15

 

Myriocin remains the most valuable and widely used chemical probe in SL research; for example recent 

studies using the natural product in whole eukaryotic cells and cell extracts have revealed unexpected 

structural complexity in the membrane-bound SPTs from higher organisms.
2c, 16

 Despite its use, the molecular 

basis of myriocin inhibition of SPT is largely unknown. To shed light on the chemistry of this important 

enzyme:inhibitor complex we have used a soluble, recombinant form of the enzyme from the SL-producing 

bacterium Sphingomonas paucimobilis which has proven an informative model system. Here we present a 

detailed chemical analysis of the SPT:myriocin inhibition mechanism including a structural description of the 

covalent PLP:external aldimine of myriocin. We also reveal an unexpected, enzyme-catalysed myriocin 

degradation mechanism that generates a second species which acts as a suicide inhibitor of its enzyme target; 

thus we propose that myriocin acts as a novel dual-mode inhibitor of SPT. 

 

Experimental section 

Chemicals and Molecular Biology Tools. Plasmids and competent cells were purchased from Novagen. All 

buffers and reagents were from Sigma. Palmitoyl-CoA was purchased from Avanti Lipids, and myriocin was 

purchased from Sigma. 
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Gene cloning and mutagenesis. The S. paucimobilis SPT used in this study is in vector pET28a and contains 

a six histidine tag at the N-terminus. This generates an SPT of 441 amino acids with a short extension at the 

N-terminus containing the His tag and a 12 amino acid linker. The K265A mutant was made using the Liu 

mutagenesis protocol
17

 with the following primers:  

5’-gtcggcactttctctgcgtctgttggaactgttggc-3’ (Forward),  

5’-acccgccaacagttccaacagacgcagagaaagtgccgac-3’ (Reverse).  

The bases mutated are shown in bold and the isolated SPT K265A clone was verified by DNA sequencing. 

Mass spectrometry analysis of both wild type and K265A mutant SPTs showed the proteins to be intact with 

only the N-terminal methionine removed. To avoid confusion and allow comparison with previous data we 

number the N-terminally-tagged SPT using the same sequence as before.
8
 Key active site residues are His159, 

Asp231, His234, and Lys265. 

Expression and purification of SPT WT and SPT K265A mutant. Expression and purification of the WT 

protein has been reported previously.
8
 A single colony of pET-28a SPT BL21 (DE3) (or SPT K265A mutant) 

was used to inoculate 250 ml of LB media with kanamycin (30 μg mL
-1)

 and grown overnight to saturation. 

This culture was diluted 1:100 in fresh LB / kanamycin and grown to an OD600 of 0.6 before expression was 

induced with 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). Protein expression continued for 5 

hours at 30 °C, 200 rpm. Harvested cells where re-suspended in lysis buffer 20 mM KPhos, pH 7.5, 150 mM 

NaCl, 10 mM imidazole, 25 μM PLP and complete protease inhibitor cocktail (Roche) and lysed by sonication 

(Soniprep 150, 15 cycles of 30 sec on followed by 30 sec off) on ice. The resulting lysate was centrifuged for 

30 mins at 47000 g. The supernatant was incubated with Ni resin (Ni-NTA Superflow, Qiagen) for 1 hour at 4 

°C. The resin was removed, washed and the protein eluted in lysis buffer supplemented with 300 mM 

imidazole. Imidazole was removed by dialysis of the protein into 20 mM KPhos, pH 7.5,150 mM NaCl, 25 

μM PLP before a final gel filtration purification step using a Superdex S200 column (GE Healthcare) 

equilibrated and eluted with 20 mM Tris, pH 7.5,150 mM NaCl, 25 μM PLP buffer. The purity of the eluted 

protein was checked by SDS PAGE and the protein identity confirmed by mass spectrometry. 

UV-vis Spectroscopic Measurements. All UV-visible spectra were recorded on a Cary 50 UV-visible 

spectrophotometer (Varian) and analyzed using Cary WinUV software (Varian). Immediately prior to 

enzymatic assays, SPT was converted to the holo-form by dialysis against freshly-prepared 20 mM KPhos 

(pH 7.5) containing 150 mM NaCl and 25 μM PLP for 1 h at 4 °C. Excess PLP was removed by passing the 

protein through a PD-10 (Sephadex G-25M) desalting column (GE Healthcare) before concentration to 40 μM 

using a VivaSpin 30 kDa cut-off concentration filter. For UV-visible analysis, the concentration of 

recombinant SPT was 40 μM, and the spectrophotometer was blanked with 20 mM potassium phosphate (pH 

7.5) containing 150 mM NaCl. The spectrophotometer was maintained at a constant temperature throughout 

all time-dependant assays using a Cary PCB-150 single cell Peltier. 
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SPT Activity Assay. SPT activity was measured using a previously published method that uses a continuous 

spectrophotometric assay to monitor the release of CoASH from acyl-CoA substrates and reaction with 5,5′-

dithiobis-2-nitrobenzoic acid (DTNB).
8b

 Assays were performed on a 250 μL scale on a 96-well format in a 

Biotek Synergy HT plate reader. The enzyme was incubated with L-serine and myriocin in a buffered solution 

containing DTNB, and the assay was started by the addition of the second substrate, palmitoyl-CoA. The 

CoASH thiol product was monitored by observation of the TNB
−
 anion at 412 nm (εmax = 14,150 M

−1
 cm

−1
) 

for 45 minutes. A typical experiment contained 0.2 μM SPT, 20 mM L-serine, 250 μM palmitoyl-CoA, and 0.2 

mM DTNB in 100 mM HEPES, pH 8.0. Kinetic constants were calculated using GraphPad Prism 6 software. 

Km and competition experiments where performed and calculated using Michaelis-Menten kinetics.  

Inhibition Studies. Due to the tight binding nature of myriocin, it was necessary to calculate inhibition 

kinetics using the regimen described by Williams and Morrison.
18

 The Michaelis-Menten equation can not be 

used as the assumption that the free inhibitor concentration is equal to the total inhibitor concentration is not 

valid; instead the Ki is calculated using the quadratic Morrison equation. The Km for L-serine was calculated 

from rates measured with increasing concentrations of L-serine (0.1-40 mM) while maintaining the palmitoyl-

CoA concentration at 250 μM in excess of its Km (35 μM). Similarly, the Km for palmitoyl-CoA was calculated 

from rates measured with increasing concentrations of palmitoyl-CoA (2.5-1500 μM) and excess L-serine (20 

mM). 

In order to determine the type of inhibition between SPT and myriocin, IC50 values for the inhibitor were 

determined in the presence of a number of different substrate concentrations (both L-serine and palmitoyl-

CoA). During these experiments the enzyme concentration remained fixed at 200 nM. In order to ensure 

solubility of myriocin in the assay mixture, myriocin was dissolved in DMSO then diluted to its final desired 

concentration with the DMSO concentration at less than or equal to 1%. For the experiments varying 

palmitoyl-CoA concentration it was necessary to add L-ser and palmitoyl-CoA prior to addition of myriocin. 

The resulting IC50 values were plotted against substrate concentrations in a manner described by Cha, 

Williams and Morrison 
19

. All kinetic experiments were performed in triplicate.  

To determine the reversibility of inhibition, 40 μM SPT was treated with 200 μM myriocin and incubated for 

either 10 minutes or 16 hours at 25 °C. Excess inhibitor was then removed by extensive dialysis against 20 

mM KPhos, 150 mM NaCl, pH 7.5 with 25 μM fresh PLP. Aliquots were then removed at specific timepoints 

and assayed for SPT activity as above.  

Mass Spectrometry. All mass spectra were acquired using a 12 Telsa SolariX FT-ICR mass spectrometer 

equipped with an electrospray ion source (Bruker Daltonics). LC-MS experiments were performed using an 

Ultimate 3000 HPLC system (Dionex). 

For the detection of the PLP-myriocin aldimine (11) and the PLP-decarboxymyriocin aldimine (15), samples 

were prepared by incubating myriocin (200 μM) with either wildtype or K265A SPT (40 μM) at 25 °C. At 
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specific time points, aliquots were removed and analysed by LC-MS using a Phenomenex C18 Aeris 

Widepore 50 x 2.1mm column, operating at a flow rate of 150 μl/min. A gradient of 2 to 98% acetonitrile was 

performed over 20 minutes. In order to preserve the acid labile imine bond, no acidic modifiers were added to 

either mobile phase. For single ion monitoring, the mass resolving quadrupole was set to a specific m/z, with a 

10 m/z window, and ions were typically accumulated for 2000 milliseconds.  

For intact protein mass spectrometry, LC-MS was performed using a monolithic PS-DVB (500 μm x 50 mm) 

reverse-phase analytical column (Dionex). Protein (100 pmoles) was loaded onto the column (maintained at 

60 °C) followed by a 10 min linear gradient from 2 to 95% acetonitrile (flow rate 20 μl/min). Mass spectra 

were collected every 200 ms between m/z 600-2500. Data analysis was performed using DataAnalysis 

software (Bruker Daltonics). Neutral spectra were created using Maximum Entropy deconvolution. 

Peptide Mass Mapping. For peptide mass mapping, SPT (40 μM) was treated with 200 μM myriocin. 

Derivitization was allowed to proceed for 18 hours at 25 °C, whilst being monitored by UV-vis spectroscopy. 

After loss of the peak at 430 nm in the UV-vis spectrum, the sample was chemically reduced by treatment 

with 10 mM NaBH4. Finally, this sample was treated with the protease trypsin (Promega, sequence grade) for 

18 h at 37 °C at an enzyme:protein ratio of approximately 1:20 by weight. The resulting peptide mixture was 

analysed by LC-MS using a monolithic PS-DVB (500 μm x 50 mm) reverse-phase analytical column 

(Dionex). The column was maintained at 60 °C, and a linear gradient of 5-70% acetonitrile was performed 

over 30 minutes.  

The resulting data was analysed by DataAnalysis software (Bruker Daltonics). A mass list was created using 

the SNAP 2.0 algorithm (Bruker Daltonics) and searched against the known primary sequence of SPT using 

the MS-Fit software (University of California). For data searching, error tolerances were set to 10 ppm.  

Structural Biology. Protein for crystallization was concentrated to 20 mg mL
-1

 and incubated with 5 

equivalents of myriocin immediately prior to crystallization trials. Crystals of K265A SPT were grown by 

vapour drop diffusion at 20 °C over the course of two weeks and are readily reproducible. The optimum 

growth conditions are 32% PEG MME 2000, 0.1 M HEPES pH 7.5 and a protein:precipitant ratio of 1:1. Prior 

to data collection the crystals were cryo-cooled in mother liquor doped with 20% glycerol. Data were 

collected at Beamline I04-1 at the Diamond synchrotron light source, Oxfordshire, England and processed in 

an automated manner using Xia2.
20

 The structure was solved by molecular replacement using PHASER
21

 and 

PDB code 2JG2 as a model. The myriocin dictionary was created using PRODRG.
22

 The model was refined 

using REFMAC5
23

 with TLS. COOT
24

 was used for manual manipulation of the structure and model quality 

was assessed throughout with MOLPROBITY
25

. Data collection and refinement statistics can be found in 

supplementary Table 2. 

Accession codes. Protein Data Bank (PDB): The crystallographic data for the SPT -PLP:decarboxymyriocin 

structure is deposited under accession code 4BMK. 
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Results 

Formation of a PLP-myriocin aldimine in wild-type SPT. Holo-SPT (1) displays a characteristic UV-vis 

spectrum for a PLP-containing protein with absorption maxima at 333 nm and 420 nm (Figure 2A), 

corresponding to the equilibrium between the ketoenamine and enolimine forms of PLP.
8b

 Addition of fivefold 

molar excess of myriocin to holo-SPT led to an immediate increased absorbance with a maximum at 430 nm 

and loss of the 333 nm peak as previously observed by Ikushiro et al.
12b

 Hanada et al. proposed that this 

species corresponds to a PLP-myriocin aldimine (11) formed as a result of transimination (Figure 2B) that 

acts as a stable mimic of the β-keto acid intermediate (8) in the SPT mechanism (Figure 1).
26

 LC ESI-MS 

analysis detects a species of monoisotopic mass 631.30153 Da consistent with the PLP-myriocin aldimine (11) 

(Predicted monoisotopic mass 631.29902 Da; [(C29H47N2O11P)+H]
+
) (Figure 2C). Attempts to trap the 

reduced form of (11) using NaBH4 were unsuccessful. 

 

 

Figure 2. SPT inhibition occurs via formation of a PLP-myriocin aldimine. (A) UV-Vis spectrum of 40 μM 

SPT before (solid line) and after 200 μM myriocin addition (dotted line). (B) The proposed structure of the 

inhibitory complex - a PLP-myriocin aldimine, 11. (C) Detection of the PLP-myriocin aldimine by LC-MS. 

Top, Extracted Ion Chromatogram at m/z 631. Bottom, high resolution mass spectrum of the PLP-myriocin 
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aldimine, obtained by summing the spectra between t = 8-12 minutes. ([M+H]
+
 C29H48N2O11P; predicted m/z 

631.29902; observed error 4.0ppm). * denotes a contaminant. (D) Inhibition of SPT by myriocin, data fitted 

using the Morrison equation. The Ki obtained for the PLP-myriocin aldimine is 967 ± 98 nM. 

 

Using the method by Cha,
19a

 IC50 values for the inhibitor were determined at fixed enzyme concentrations 

whilst systematically varying each substrate concentration. IC50 values increase linearly with varying L-serine 

and palmitoyl-CoA concentration, establishing myriocin as a competitive inhibitor for both L-serine and 

palmitoyl-CoA substrates (Supplementary Figure 1). The Morrison equation
19b

, yields a Ki for myriocin of 

967 ± 98 nM (Figure 2D). 

 

The PLP-myriocin inhibitory complex undergoes slow catalytic degradation. The PLP-myriocin aldimine 

(11) at 25 
o
C was stable for 90 minutes before a slow spectral transition took place over 16 hours (decrease at 

430 nm and a concomitant increase at 331 and 400 nm) (Figure 3A); indicating conversion of 11 to a 

previously unseen PLP aldimine. To our surprise the new species remained catalytically compromised, 

indicating the new PLP aldimine is also inhibitory. Immediately after addition of myriocin only 7.7% of 

enzyme activity remains (as expected); however after complete conversion (judged by no further change in the 

UV-vis spectrum) activity remained low at 10.1% relative to the starting value (Figure 3B). Lowering the 

temperature to 4 °C arrested the decomposition of the PLP-myriocin aldimine (Supplementary Figure 2). 

Interestingly, a catalytically-inactive mutant, SPT K265A, displayed two peaks with λmax values of 326 nm 

and 402 nm, consistent with PLP bound non-covalently as the aldehyde (Figure 3C). Upon incubation with 

five-fold molar excess of myriocin we observed a large shift to a single absorbance maximum at 425 nm 

similar to that observed in the wild type SPT. In contrast to the wild-type incubation this spectrum remained 

unchanged over 16 hrs at 25 °C indicating a stable PLP-myriocin external aldimine. Taken together, these 

intriguing observations suggest that the initial SPT:PLP-myriocin inhibitor complex breaks down to form a 

second species that also inhibits SPT. 

To test the reversibility of inhibition we first generated the SPT:PLP-myriocin complex by incubation of SPT 

with the inhibitor for 10 minutes and 16 hrs at 25 °C. After this incubation period the temperature was 

was performed for 24 hours. Aliquots were removed from the dialysate at specific time points (0, 3 and 24 

hours) and assayed for SPT activity (Figure 3D). For the enzyme incubated with myriocin for the shorter time 

(10 mins), then dialysed for 3 hours, no significant activity was recovered; however, dialysis for 24 hours 

recovered 60% enzymatic activity (Figure 3D, white bars). This regain in enzymatic activity was also 

accompanied by a change in the UV-vis spectrum back to the internal aldimine form – i.e. λmax 333 and 420 

nm (data not shown). Taken together, this data from short, 10 minute incubations of SPT with myriocin is 
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consistent with the formation of an initial enzyme-inhibitor complex which is noncovalent in nature and 

reversible, albeit with a very slow off rate (koff). Thus this analysis supports our assignment of the PLP-

myriocin aldimine (11) as the initial inhibitory species. In contrast, for the enzyme preincubated with myriocin 

for 16 hours, no detectable regain in activity was observed after dialysis either at 3 or 24 hours (Figure 3D, 

grey bars); indicating that this second, newly-formed species acts as an irreversible inhibitor of SPT. 

 

 

 

Figure 3. The PLP-myriocin aldimine undergoes SPT-catalysed degradation to form a second inhibitory 

species. (A) UV-vis analysis of the degradation of the PLP-myriocin external aldimine in wild-type SPT. The 

PLP-myriocin external aldimine (solid line) is stable for 90 minutes, before a decrease at 430 nm is observed, 

which is accompanied by a concomitant increase at 331 and 400 nm over 16 hours (dotted and dashed lines). 

(B) Relative activity of wild-type SPT after incubation with myriocin. A, wild type SPT activity (100%). B, 

wild-type SPT activity after 10 minutes incubation with 200 μM myriocin (7.7%). C, wild-type SPT activity 

after 16 hour incubation with 200 μM myriocin (10.1%). (C) UV-vis analysis of SPT K265A (40 μM) showed 

two absorbance maxima at 326 and 402 nm (solid line). Upon addition of 200 μM myriocin, an immediate 

shift to a single peak at 425 nm occurred (dotted line), indicating the formation of a PLP-myriocin aldimine 

complex. Over 16 hours this spectrum remains unchanged (dashed line), indicating that the PLP-myriocin 

aldimine complex is not degraded by this mutant enzyme. (D) Relative enzymatic activity after removal of 

inhibiting species by dialysis. SPT was inhibited with 200 μM myriocin and incubated for 10 minutes (white 

bars) or 16 hours (grey bars) at 25 °C before removal of myriocin by extensive dialysis. The enzymatic 

activity was then determined at 0 hours, 3 hours, and 24 hours after dialysis. 
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SPT-catalysed myriocin degradation occurs via a ‘retro-aldol-like’ mechanism. Our spectroscopic and 

kinetic observations, coupled with a detailed understanding of the mechanism of SPT and other PLP-

dependant enzymes
7
, allowed us to consider possible breakdown mechanisms of the SPT:PLP-myriocin 

complex. We postulated that a slow, “retro-aldol like” process occurs during prolonged enzyme-inhibitor 

incubations (Figure 4). To test this hypothesis we used mass spectrometry analysis to attempt the detection of 

the low molecular weight products of the reaction. Unfortunately, using several derivatisation methods 

(Girard’s Reagent T; 2,4-dinitrophenylhydrazine), we were unable to capture the putative long chain 

octadecenal product (12). 

 

Figure 4. The proposed “retro-aldol like”mechanism for the observed degradation of the PLP-myriocin 

aldimine. Myriocin, 10, undergoes fast transamination with the internal aldimine, 1, releasing Lys265 and 

forming the PLP-myriocin aldimine inhibitory complex, 11. This inhibitory complex is slowly degraded by 

deprotonation of the myriocin C3-hydroxyl, with C2-C3 bond cleavage and movement of electrons into the 

pyridine ring of PLP. This results in the formation of a 2-hydroxyl-C18 aldehyde species, 12, and a PLP-D-

serine aldimine, 13. 
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The reason for this became clear after intact protein mass spectrometry analysis of the SPT:myriocin reaction 

after 16 hrs incubation at 25 °C (Figure 5). We detected a covalent adduct of SPT (14) with a mass matching 

that of the wild-type enzyme modified by a condensation with the predicted octadecenal (12) (47,509 Da, 

Δmass +278 Da, Figure 5A). This condensation product (14) was susceptible to NaBH4 reduction which led 

to an increase in mass of the adduct by 4 Da (47,513 Da, Supplementary Figure 3); consistent with chemical 

reduction of a covalent SPT-octadecenal imine adduct as well as reduction of the ketone at position 12 of the 

carbon chain in (14). Peptide mass fingerprinting identified Lys265 as the site of modification (Figure 5B and 

supplementary Table 1). After trypsin digest and MS analysis, three peptide species were observed which 

displayed monoisotopic masses consistent (within error 4ppm) with Lys265 modified by Δmass +282.24 Da 

(+C18H34O2) (Supplementary Figure 4). This observation of a myriocin-derived adduct at Lys265 of SPT 

provides convincing evidence for our proposed retro-aldol like breakdown of the PLP-myriocin aldimine to a 

reactive product which selectively covalently modifies an essential residue in SPT. The formation of this 

adduct also accounts for the irreversible nature of inhibition observed during prolonged SPT:myriocin 

incubations. 

 

 

Figure 5. Mass spectrometry analysis of the myriocin-derived covalent modification of SPT. (A) Intact 

protein mass spectrometry of SPT (40 μM) before (top) and after (bottom) 16 hour treatment with 200 μM 
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myriocin at 25 °C. SPT displays an average neutral mass of 47231 Da. After myriocin treatment a prominent 

new species of average mass 47509 is observed (Δmass +278 Da). Minor peaks highlighted by * arise from α-

N-gluconoylation of the His-tag. (B) Sequence coverage achieved when analysing myriocin-modified SPT 

enzyme. Amino acids highlighted in bold were observed in the peptide mass fingerprint (see also 

supplementary Table 1). The myriocin derived modification was isolated to a single site between Glu245 and 

Lys280 (underlined); this sequence contains a single internal lysine residue, Lys265 (highlighted by the 

arrow). (C) The myriocin-derived modification displayed a Δmass + 282.24 Da (after hydride reduction; see 

also Supplementary Figure 4), this is consistent with condensation of the C18-aldehyde (12) onto the amine 

of Lys265 forming the imine (14), with subsequent chemical reduction of the imine and ketone functional 

groups (+C18H34O2).  

 

Structure of a SPT K265A:PLP-myriocin external aldimine complex. We were unable to prepare crystals 

of the wild type SPT:PLP-myriocin aldimine complex, most likely due to aldimine degradation. However 

crystals of SPT K265A were obtained that diffracted to 1.6 Å resolution and contained a canonical dimer in 

the asymmetric unit (Figure 6A). The mobility/flexibility of the acyl chain prevented us from assigning a 

structure beyond carbon 9 of myriocin. Nevertheless difference electron density revealed a PLP-myriocin 

aldimine complex had formed (Figure 6B). The myriocin stereochemistry is retained - the Z configuration of 

the double bond at position C6 and cis diol geometry at positions C3 and C4. We were surprised to discover 

that the density indicates that myriocin had undergone loss of the carboxylate from the C2 position to form a 

PLP-decarboxymyriocin aldimine (15). We built the model reasoning the replacement of the carboxylate with 

a proton (sp
3
 hybridised carbon) but the resolution on its own is not sufficient to distinguish an sp

3
 from an sp

2
 

carbon (Figure 6B). As had been noted previously
8b

 residues from both SPT subunits are involved in PLP 

binding and the active site is at the dimer interface (Figure 6C). 
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Figure 6. The structure of SPT K265A PLP-decarboxymyriocin aldimine inhibitory complex. (A) The 

biological SPT dimer of the decarboxylated myriocin complex. The protein is shown as a cartoon with one 

subunit colored pale green and the other pale blue. The PLP external aldimine of the decarboxylated myriocin 

(15) is shown in space fill with carbons colored yellow, nitrogen blue, phosphorous orange. The N terminii are 

marked as dark blue spheres and C-terminii as red spheres. (B) Left, The Fo-Fc map (blue chicken wire 

contoured at 1.8σ, carve radius 1.5Å) calculated from a model which had never contained either PLP or 

myriocin. Atoms are colored as figure 6A. Right, the final Fo-Fc map contoured at 0.85σ with a carve radius 

1.8Å. (C) Detailed representation of the active site interactions, carbon atoms are colored yellow and shown in 

sticks for the PLP-decarboxymyriocin aldimine 15. Carbon atoms in protein side chains are shown as white 

sticks, others atoms are colored as figure 6A. The hydrocarbon chain of the myriocin inserts into a 

hydrophobic pocket. (D) Superposition of the PLP-decarboxymyriocin external aldimine (colored as before) 

with the PLP-L-serine external aldimine 2W8J (cartoon pale orange, protein side chain carbons dark grey, 

aldimine carbons colored green, other atoms are colored as before). The key catalytic Lys265 residue is 

mutated to Ala in the decarboxylated myriocin complex. (E) Decarboxylation mechanism to account for PLP-

decarboxymyriocin external aldimine observed in the crystal structure of SPT K265A. 
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Comparison of this complex with the wild type SPT:PLP-L-serine external aldimine complex (PDB code 

2W8J)
8b

 reveals essentially the same positioning of the PLP rings in both structures (Figure 6D). Moreover, 

many key active site residues (His159, Asp231, His234) adopt similar positions. However Arg378, which is 

involved in a key electrostatic interaction with the carboxylate of L-serine in the SPT:PLP-L-serine external 

aldimine structure, is swung out of the active site with concomitant change in the important mobile loop 378 

RPPATP 383; both the loop and Arg378 are partially disordered in the new complex. These changes are the 

result of accommodating the extended hydrophobic tail of 15. We also note that Arg390, a conserved residue 

which is required for product formation in the SPT catalytic cycle
27

, adjusts its side chain conformation and 

makes interactions with both Tyr73 and the C4 hydroxyl of myriocin. In the experimental maps the aromatic 

portion of the side chain of Tyr73 is not visible in the experimental density despite other plausible 

conformations being precluded by packing. We confirmed by DNA sequencing and mass spectrometry the 

residue was tyrosine.  

 

Discussion 

Natural products and their derivatives are responsible for over half of all Food and Drug Administration 

(FDA)-approved drugs
28

 and continue to provide excellent lead molecules.
29

 Natural products also serve as 

excellent chemical probes that can be used to tease out the fine details of biochemical pathways and 

networks.
30

 Myriocin, as well as possessing potent antifungal, antibacterial and immune suppression activity, 

is also a valuable chemical tool. Recently Breslow et al. used myriocin to probe the multi-protein, membrane-

bound SPT complex (denoted SPOTs) from the endoplasmic reticulum (ER) of yeast that contains SPT1, 

SPT2, TSC3P, ORM proteins and Sac1 phosphatase.
2c

 The SPOTs complex is now known to be central to SL 

biosynthesis in higher organisms acting as a metabolic rheostat.
31

 SLs are now recognised as important in the 

aetiology of many significant human diseases. The pro-drug fingolimod, 2-amino-2-[2-(4-

octylphenyl)ethyl]propane-1,3-diol, becomes phosphorylated and mimics sphingosine 1-phosphate (S1P) in 

the body. The drug suppresses the immune system and is used in the treatment of relapsing remitting multiple 

sclerosis where it is thought to work by binding to S1P receptors. There is now widespread interest in 

regulating the production of SLs in the body and the most obvious target is the SPOTs complex which 

contains SPT. There are two related obstacles to progress, firstly the human SPOTs complex is not currently 

tractable to biochemical study and there is very limited understanding of how the exemplar inhibitor myriocin 

works at a molecular level. To overcome these obstacles we have employed the bacterial SPT homolog to 

reveal the molecular details of myriocin inhibition for the first time. 

We have experimentally confirmed the existence of the previously assumed SPT:PLP-myriocin external 

aldimine inhibitor complex (11) by mass spectrometry and spectroscopy (Figure 2B and 2C). We observed 

that myriocin (Ki 967 nM) was a potent competitive inhibitor for both L-serine and palmitoyl-CoA, an 

observation consistent with the ordered, bi-bi mechanism of AOS enzymes and the inhibitor acting as a 

intermediate mimic. Despite this nanomolar potency we were unable to completely abolish the activity of the 
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enzyme, our data suggest that this is because at the con-centration of the enzyme required for reliable assay, 

we cannot dissolve sufficient myriocin to saturate the binding site. In vivo, with endogenous SPT levels (found 

within an ER-bound, SPOTs complex) where the enzyme is in a hydrophobic lipid environment, this 

limitation is not expected to occur. The Schiff’s base external aldimine formed between PLP and myriocin 

(11) is analogous to that formed between PLP and D-serine, a known, but weak, SPT inhibitor.
32

 This 

inhibition should be reversible by incubation with fresh PLP which would displace the inhibitor and restore 

the holo, internal aldimine form. Indeed, this was the case but only if the PLP was added to the 

enzyme:inhibitor complex relatively soon after it was formed. However, addition of PLP could not rescue the 

enzyme if the SPT:PLP-myriocin complex was subjected to prolonged incubation. 

Coupled to this surprising result regarding the kinetics we also observed interesting, time-dependent 

spectroscopic changes of the SPT:PLP-myriocin external aldimine complex (11). This suggested to us that this 

initial complex was breaking down to an unanticipated second inhibitory species. We generated an inactive 

SPT (K265A) by removal of the key, conserved active site lysine which not only binds the PLP but also plays 

an essential role in acid/base catalysis during the mechanism. The SPT K265A mutant binds PLP (albeit non-

covalently) and forms the PLP-myriocin external aldimine 11 but it does not undergo the apparent breakdown 

observed with the wild-type enzyme suggesting Lys265 is crucial for this enzyme-catalysed reaction. Mass 

spectrometry and chemical reduction establishes that in the wild type SPT the PLP-myriocin external aldimine 

converts to a C18 imine adduct of Lys265, the key catalytic residue. This covalent modification results in 

irreversible inhibition of SPT that cannot be rescued by incubation with PLP. This result was entirely 

unexpected and suggested both a previously unsuspected catalytic activity of SPT, as well as a novel duel 

mechanism of action of SPT inhibition by myriocin.  

We were unable to obtain crystals of the wild-type enzyme with myriocin in the active site presumably 

because the PLP-myriocin aldimine degrades during the two week timescale of crystallisation. However, the 

catalytically inactive K265A mutant did allow us to capture an external aldimine complex; but even then the 

refined structure revealed that it had undergone a surprising decarboxylation leaving a PLP-

decarboxymyriocin aldmine 15 in the active site. To investigate the time-scale of this decarboxylation process 

we used mass spectrometry analysis of the SPT K265A:myriocin incubation and found that the PLP-myriocin 

aldimine (11) is stable at room temperature for at least seven days with decarboxylation only observed to 

occur after this time (Supplementary Figure 5).  

PLP is a versatile cofactor that can use the electron sink properties of the protonated pyridine ring to catalyse a 

wide range of reactions of amino acid substrates including racemisation and decarboxylation.
33

 These different 

chemical reactions proceed from the same key, PLP-amino acid external aldimine and are controlled by the 

architecture of the particular enzyme active site. Dunathan put forward a hypothesis that outlined the stereo-

electronic constraints that govern PLP-dependent enzymes.
34

 Modelling the SPT K265A PLP-myriocin 

external aldimine complex (11) places the carboxylate perpendicular to the PLP (“Dunathan conformation”) 
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that would allow decarboxylation by the mechanism proposed in Figure 6E. However, its extreme slowness 

relative to bone fide PLP-dependent decarboxylases, cautions that the PLP-myriocin aldimine in K265A is not 

optimally aligned for this reaction. It is worth noting here that the precise orientation of the PLP-myriocin 

aldimine required for decarboxylation may not be achievable to the wild type enzyme. In the wild type SPT 

the side chain of K265 would be very close to/clash with the carboxylate, perhaps distorting it out of the 

Dunathan conformation or stabilising the carboxylate by an ionic interaction. In our previous study of the 

SPT:PLP-L-serine external aldimine complex of S. paucimoblis SPT we revealed that the carboxylate group is 

held in a specific orientation by salt bridges with Arg378 and His159.
8b, 27

 In this arrangement decarboxylation 

is not favoured, rather deprotonation of the L-serine at C α by K265 is achieved only upon a conformational 

change caused by palmitoyl-CoA binding (Figure 1). 
8b, 35

 

An overlay of the wild-type PLP-L-serine and the K265A PLP-decarboxymyriocin structures reveals that the 

configuration of the SPT active site remains relatively well conserved (Figure 6D) as well as providing a 

molecular insight into why myriocin is a nanomolar inhibitor (Supplementary Figure S6a). Conserved 

residues His159, Asp231 and His234 are all in the same relative positions within the active site. Moreover, the 

CH2OH head group of myriocin interacts with the 5′-phosphate of PLP in the same manner as the hydroxyl 

group from L-serine (Supplementary Figure S6b). Of key note, the 3,4 cis diol of decarboxymyriocin makes 

hydrogen bonds to the protein, notably the 3-hydroxy of myriocin with the important catalytic residue His159; 

this interaction would be expected to be preserved in the wild type SPT:myriocin complex. The hydrogen 

bond network that surrounds and includes the 4-hydroxy of decarboxymyriocin may be changed by the 

presence of Lys265 but at least some of the same network seems certain to persist and this too involves the 

same residues that interact with the carboxylate of the PLP-L-serine external aldimine. These interactions 

rationalise the competitive inhibition with L-serine. Accompanying these interactions are movements of the 

side-chains of Tyr73, Arg378 and Arg390 as well as a displacement of a key conserved stretch of amino acids 

(RPPATP) that constitute a mobile loop that undergoes conformational changes during the catalytic cycle. The 

6,7 trans double bond geometry of myriocin is clearly defined and we can see electron density for the carbon 

chain up to C9 which sits in the hydrophobic cleft adjacent to PLP. The carbon tail of myriocin binds in a 

similar orientation to the decanoyl-tail of the PLP-product external aldimine observed bound in the crystal 

structure of the related AOS enzyme CqsA from Vibrio cholera (Supplementary Figure S7)
7
 consistent with 

our hypothesis that myriocin mimics the condensation intermediate.  

The structure also rationalises the unexpected retro-aldol degradation of the PLP-myriocin external aldimine 

11 into the C18 aldehyde 12. This mechanism requires a base to abstract the proton from the 3-hydroxy of 

myriocin. Based on its role in the SPT reaction and the fact that a K265A mutant was unable to catalyse the 

retro-aldol myriocin degradation, Lys265 was a prime candidate for this role. However, structural overlay 

suggests that Lys265 would be on the wrong face to perform this role (Figure 6D). However, the absolutely 

conserved His159 is positioned 2.6 Å away from the 3-hydroxy of myriocin and we propose that it initiates 

the breakage of the C2-C3 bond with the electrons sinking into the PLP ring (Figure 4 and Supplementary 
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Figure S6a). Unfortunately, it is difficult to test this hypothesis using site-directed mutagenesis at this 

position since Ikushiro and colleagues showed that SPT His159 mutants are catalytically compromised 

enzymes that favour abortive transamination of L-serine.
36

 With respect to the role of Lys265 during the retro-

aldol reaction, we favour a mechanism in which it protonates the resulting formal carbanion at C2, acting as 

an acid. This would explain why the K265A mutant does not catalyse the retro-aldol reaction. Again we 

caution the slowness of the reaction indicates that the enzyme is not optimally arranged for this catalysis 

although it does occur over a timescale that we monitored spectroscopically. Having carried out this 

chemistry, the deprotonated lysine is perfectly positioned to attack the newly formed C18 aldehyde species 

(12) to form a covalent aldimine adduct (14) (Figure 7). Such a hydrophobic C18 molecule would be 

predicted to slowly dissociate and thus favour imine formation over release from the enzyme. Since this 

second inhibitor modifies the key catalytic lysine residue irreversibly, it will block access to the active site and 

prevent regeneration by PLP on a biologically-relevant timescale. Indeed, we show that the enzyme remained 

inhibited by this species 72 hours after extensive dialysis. The observed stability of the long chain imine (14) 

may well be due to the presence of the alpha hydroxyl; which will allow tautomerization to the alpha-

aminoketone via the amino-enolate. 

 

Figure 7. Summary of myriocin’s dual mode of action. Inhibitory species highlighted in boxes. Left. Myriocin 

reacts with PLP in the active site to form the inhibitory PLP-myriocin aldimine 11, this species is stable for 
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greater than an hour at physiological temperature with inhibition being reversible upon addition of excess 

PLP. Right. PLP-myriocin aldimine 11 decomposes over 16 hours, at physiological temperature, to produce a 

long chain aldehyde (12) that react with the active site lysine to form an imine, thus rendering the enzyme 

inactive. This covalent modification can be classed as suicide inhibition. 

 

Conclusion 

We set out to delineate the structural and mechanistic details of how myriocin inhibits SPT and in doing so we 

have revealed unexpected and hitherto unprecedented chemistry (summarised in Figure 7). Our results 

demonstrate that, as predicted, myriocin acts as a classical intermediate mimic inhibitor with nanomolar 

affinity for its target. However, once bound in the active site the inhibitory species is broken down by the 

enzyme to generate a reactive product which acts a suicide inhibitor by covalent modification of a key active 

site residue conserved in all SPTs. 

The PLP-catalysed retro-aldol reaction that breaks down the myriocin calls to mind other important PLP-

dependent enzymes that use the cofactor to catalyse C-C bond cleavage. Serine hydroxymethyltransferase
37

, 

which is involved in one carbon metabolism; and CqsA
7
, which produces quorum sensing molecules, both use 

a proposed retro-aldol mechanism to generate glycine from L-serine and L-threonine respectively. 

Furthermore, the proposed mechanism for myriocin degradation is reminiscent of the mechanism of the PLP-

dependent sphingosine-1-phosphate (S1P) lyase (S1PL), the terminal enzyme of SL biosynthesis that catalyses 

the breakdown of S1P.
38

 During the catalytic cycle of S1PL, the C3 hydroxyl group of the key PLP-S1P 

external aldimine is deprotonated, which leads to C2-C3 bond cleavage and production of hexadecenal and 

phosphoethanolamine. The similarity of the long chain aldehyde product of S1PL to the suicide-inhibitor 

produced by SPT-catalysed breakdown of myriocin, 12, is striking. This suggested to us a possible feedback 

mechanism whereby the end product of the SL pathway, hexadecenal, may regulate SL biosynthesis by 

inhibiting SPT, the enzyme that catalyses the first step in de novo SL synthesis. Indeed, in preliminary in vitro 

studies, we have found that hexadecanal inhibits SPT with an IC50 of 144 μM (Supplementary Figure S8). 

The high sequence homology between the SPTs from bacteria and other higher order species suggest that the 

mechanism of myriocin inhibition is conserved, and studies on the human enzyme are underway. The 

unprecedented combination of tight binding and mechanism-based inactivation within a single molecule 

described herein has the potential to inform the design of a new class of inhibitors for SPT and other PLP-

dependent enzymes. 
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