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Structural insights into the catalytic mechanism of the yeast pyridoxal
5-phosphate synthase Snz1
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In most eubacteria, fungi, apicomplexa, plants and some meta-
zoans, the active form of vitamin B6, PLP (pyridoxal 5-phos-
phate), is de novo synthesized from three substrates, R5P (ribose
5-phosphate), DHAP (dihydroxyacetone phosphate) and ammo-
nia hydrolysed from glutamine by a complexed glutaminase.
Of the three active sites of DXP (deoxyxylulose 5-phosphate)-
independent PLP synthase (Pdx1), the R5P isomerization site
has been assigned, but the sites for DHAP isomerization and
PLP formation remain unknown. In the present study, we
present the crystal structures of yeast Pdx1/Snz1, in apo-, G3P
(glyceraldehyde 3-phosphate)- and PLP-bound forms, at 2.3, 1.8

and 2.2 Å (1 Å = 0.1 nm) respectively. Structural and biochemical
analysis enabled us to assign the PLP-formation site, a G3P-
binding site and a G3P-transfer site. We propose a putative
catalytic mechanism for Pdx1/Snz1 in which R5P and DHAP are
isomerized at two distinct sites and transferred along well-defined
routes to a final destination for PLP synthesis.

Key words: catalytic mechanism, crystal structure, isomerization,
pyridoxal 5-phosphate synthase, Saccharomyces cerevisiae,
site-directed mutagenesis.

INTRODUCTION

The active form of vitamin B6, PLP (pyridoxal 5-phosphate), is
an essential cofactor for numerous metabolic enzymes. PLP also
has an important role in amino acid and carbohydrate metabolism
[1,2]. To date, two pathways for the de novo biosynthesis of
PLP have been characterized that differ in their dependence on
DXP (deoxyxylulose 5-phosphate). The DXP-dependent pathway
is found in a small number of eubacteria that synthesize PLP
from DXP and 4-phosphohydroxy-L-threonine. This reaction is
catalysed by enzymes in the Pdx family (Pdx A, B, C, F, H, J and
GapA) [3] (Scheme 1). In contrast, the DXP-independent pathway
is predominantly found in most eubacteria, fungi, apicomplexa,
plants and some metazoans. The pathway reactions are catalysed
by a complex of two proteins, Pdx1 (PLP synthase) and Pdx2
(glutaminase) [4]. This pathway uses three substrates: R5P (ribose
5-phosphate) or its isomer RBP (ribulose 5-phosphate), DHAP
(dihydroxyacetone phosphate) or its isomer G3P (glyceraldehyde
3-phosphate) and ammonia, which is hydrolysed from glutamine
(Scheme 1).

Compared with the extensively studied DXP-dependent
pathway in Escherichia coli, the structural basis for the DXP-
independent pathway is poorly understood, despite the availability
of structural data on several Pdx1 enzymes. The crystal
structure of Geobacillus stearothermophilus Pdx1 (GsPdx1) is
a dodecamer of two stacked hexameric rings, with each monomer
adopting a classic (β/α)8 fold [5]. Crystal structures of Pdx1 from
Bacillus subtilis and Thermotoga maritima (BsPdx1 and TmPdx1
respectively) in complex with the corresponding glutaminase
revealed a four-layered sandwich assembly of 24 subunits,
adopting a double-layered core of dodecameric Pdx1, with a
hexameric ring of glutaminase attached on each side [6,7]. In the

presence of ammonia, BsPdx1 alone catalyses a series of reactions
to produce PLP, including isomerization of the pentose and triose,
imine formation, ammonia addition and aromatic ring formation.
Lys149 of BsPdx1 was found to be involved in adduct formation
with RBP using Fourier-transform ion-cyclotron resonance MS
with electrospray ionization capabilities [8], whereas the crystal
structure of TmPdx1 showed that the pentulose phosphate imine
was adducted to Lys82 (Lys81 of BsPdx1) [7]. Enzymatic assays
indicated that BsPdx1 K81A and K149A mutants lost the
ability to catalyse PLP synthesis. The K81A mutant lacked
R5P-to-RBP isomerization activity, whereas the K149A mutant
catalysed the isomerization at a faster velocity than the wild-
type. These results demonstrated that both Lys81 and Lys149 of
BsPdx1 are essential for PLP formation, but only Lys81, and not
Lys149, catalyses the R5P to RBP isomerization. However, the
DHAP-isomerization site and the final PLP-formation site remain
unknown.

Bacterial Pdx1 homologues are reported to exist in a hexamer/
dodecamer equilibrium [5,6], but a 3.0 Å (1 Å = 0.1 nm)
crystal structure of the Saccharomyces cerevisiae PLP synthase
Pdx1/Snz1 shows that it exists as a hexamer, both in the
crystal and in solution [9]. The yeast genome harbours three
PDX1 paralogues, named SNZ1, SNZ2 and SNZ3, each of
which is flanked by a PDX2 gene of SNO1, SNO2 or SNO3
at the complementary chain [10]. The gene pairs SNZ2/SNO2
and SNZ3/SNO3 are involved in thiamine synthesis, whereas
SNZ1/SNO1 is essential for de novo PLP biosynthesis [11]. In the
present study we report three crystal structures for Snz1 in
apo-, G3P-bound and PLP-bound forms, at 2.3, 1.8 and 2.2 Å
respectively. Using activity assays and site-directed mutagenesis,
we assigned the PLP-formation site and two irreversible transfer
routes of RBP and G3P.

Abbreviations used: DHAP, dihydroxyacetone phosphate; DXP, deoxyxylulose 5-phosphate; G3P, glyceraldehyde 3-phosphate; H-bond, hydrogen bond;
Pdx1, pyridoxal 5-phosphate synthase; BsPdx1, Bacillus subtilis Pdx1; GsPdx1, Geobacillus stearothermophilus Pdx1; TmPdx1, Thermotoga maritima
Pdx1; PLP, pyridoxal 5-phosphate; RBP, ribulose 5-phosphate; RMSD, root mean square deviation; R5P, ribose 5-phosphate; TIM, triosephosphate
isomerase.

1 To whom correspondence should be addressed (email zcz@ustc.edu.cn).
Atomic co-ordinates and structure factors were deposited in the PDB (http://www.rcsb.org) under accession codes 3O05, 3O06 and 3O07.
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Table 1 Crystal parameters, data collection and structure refinement

For the resolution range, the values in parentheses refer to statistics in the highest bin. Rmerge = �hkl� i|Ii(hkl)−〈I(hkl)〉| / �hkl� i Ii(hkl), where Ii(hkl) is the intensity of an observation and 〈I(hkl)〉
is the mean value for its unique reflection; summations are over all reflections. R-factor = �h|F o(h)−F c(h)|/�hF o(h), where F o and F c are the observed and calculated structure–factor amplitudes
respectively. R-free was calculated with 5 % of the data excluded from the refinement. RMSDs are from ideal values.

Data collection Apo-form Snz1–G3P Snz1–PLP

Space group P22121 P22121 P22121

Unit cell (Å, ◦) a = 59.31, b = 110.38, c = 156.39,
α =β = γ = 90.00

a = 60.47, b = 111.97, c = 158.74,
α = β = γ = 90.00

a = 58.97, b = 109.42, c = 155.39,
α = β = γ = 90.00

Molecules per asymmetric unit 3 3 3
Resolution range (Å) 110.38–2.35 (2.41–2.35) 50.00–1.80 (1.83–1.80) 32.44–2.20 (2.24–2.20)
Unique reflections 43496 (765) 95196 (5006) 51330 (2622)
Completeness (%) 92.7 (91.4) 99.5 (99.4) 99.2 (97.4)
〈I/σ (I)〉 14.4 (1.7) 29.1 (1.6) 13.5 (3.2)
Rmerge (%) 8.3 (32.9) 7.8 (22.0) 9.8 (60.1)
Average redundancy 4.9 (3.5) 5.8 (5.6) 4.5 (3.8)
Structure refinement

Resolution range (Å) 110.38–2.35 158.74–1.80 32.44–2.20
R-factor/R-free (%) 20.41/25.13 20.34/23.58 19.40/22.74
Number of protein atoms 5798 6046 5871
Number of water atoms 76 753 348
RMSD bond lengths (Å) 0.022 0.012 0.009
RMSD bond angles (◦) 1.844 1.167 1.095
Mean B factors (Å2) 22.17 22.53 22.15

Ramachandran plot∗

Most favoured (%) 95.83 98.38 97.67
Additional allowed (%) 3.65 1.62 2.33
Outliers (%) 0.52 0 0

PDB code 3O06 3O07 3O05

*Categories were defined by MolProbity

Scheme 1 Two different pathways for the de novo biosynthesis of PLP

EXPERIMENTAL

Crystallization and structure determination

Wild-type and mutant Snz1 were overexpressed in E. coli
and purified with Ni-NTA (Ni2+-nitrilotriacetate) affinity
chromatography followed by gel filtration. Crystals of the apo-
and ligand-bound Snz1 were grown by hanging-drop vapour
diffusion at 16 ◦C. The datasets of apo- and ligand-bound Snz1
were collected at the Shanghai Synchrotron Radiation Facility,
using beamline BL17U (λ = 0.9795 Å) at 100 K with a MX-225

CCD (Marresearch, Germany). All structures were determined
by molecular replacement using the GsPdx1 structure (PDB code
1ZNN) [5] with Phaser [12] in CCP4 [13]. Refinement was
carried out using REFMAC [14] and Coot [15]. The overall
assessment of model quality was performed using MolProbity
[16]. Atomic co-ordinates and structure factors were deposited
in the PDB (http://www.rcsb.org) under accession codes 3O05,
3O06 and 3O07. Crystallographic parameters are listed in
Table 1. All structure Figures were prepared with PyMOL
(DeLano Scientific; http://www.pymol.org). Further details can be
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Figure 1 Overall structure of Snz1

(A) A monomer of Snz1; α-helices and β-strands are labelled sequentially. The hexameric ring of (B) Snz1–G3P and (C) Snz1–PLP. Monomers are alternatively coloured in blue, green and red. G3P
and PLP molecules are shown as sticks.

found in the Supplementary material at http://www.BiochemJ.org/
bj/432/bj4320445add.htm.

Enzymatic assays

PLP formation activity assays were performed as described
previously [17]. Briefly, in a 200 μl reaction mix containing
20 μM Snz1 or mutants, 2 mM R5P, 2 mM DHAP and 10 mM
ammonium sulfate in 50 mM Tris/HCl (pH 8.0), PLP absorbance
at 414 nm was monitored. Measurements were set to occur
at 5-min intervals for a total of 80 min, using a DU800
spectrophotometer (Beckman Coulter) equipped with a cuvette
holder fixed at 37 ◦C.

DHAP isomerization

Either 10 mM DHAP or G3P was incubated with 40 μM Snz1
or mutants in 50 mM phosphate buffer (pH 8.0) in 2H2O at 30 ◦C
for 4 h. Isomerization reactions in 500 μl were monitored by
500 MHz NMR spectroscopy [18,19]. DHAP and G3P without
Snz1 were used as negative controls.

RESULTS AND DISCUSSION

Overall structure

The structure of BsPdx1 [6] suggested that the N-terminal 14
residues appear to be disordered in the autonomous Snz1 and

adopt a defined secondary structure upon binding to Sno1. This
region makes no contribution to the in vitro Pdx1 activity, as shown
by comparisons between the truncated version and the full-length
protein (Supplementary Figure S1 at http://www.BiochemJ.
org/bj/432/bj4320445add.htm). Therefore we deleted this region
for crystal optimization and determined the structure of the apo-
form at 2.3 Å. Crystals of G3P-bound (Snz1–G3P) and PLP-
bound (Snz1–PLP) forms were obtained by co-crystallization of
the apo-form with 10 mM DHAP or 2.5 mM PLP respectively.

The overall structure of the Snz1 monomer has a classic
PdxS-fold [5] consisting of eight parallel β-strands, β1–β8,
surrounded by eight α-helices, α1–α8, and five insertions, α2’,
α6’, α6”, α8’ and α8” (Figure 1A). Similar to the structure of
GsPdx1, six monomers formed a hexameric ring (Figure 1B).
Superposition of Snz1–PLP and Snz1–G3P over the apo-form
gave RMSDs (root mean square deviations) of 0.3 Å and 0.6 Å
respectively, for 258 Cα atoms, suggesting that Snz1 undergoes
slight conformational changes upon G3P or PLP binding. In Snz1–
G3P, a G3P molecule was located at the interface of two adjacent
monomers (Figure 1B). The electron density matches G3P very
well when contoured at 1.5 σ , and the phosphate group has a
density typical of a trilobed head (Supplementary Figure S2A
at http://www.BiochemJ.org/bj/432/bj4320445add.htm). At the
inner surface of the hexameric ring, each Snz1–PLP monomer
harbours a PLP molecule (Figure 1C) that could be well fitted in
the electron density map at 1.5 σ (Supplementary Figure S2B).

Similar to the structure of GsPdx1 [5], Snz1 monomers in the
hexameric ring also show extensive hydrophobic contacts.
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The interface, composed of helices α7, α8” and the N-terminal
moiety of α6 from one monomer and α3 from the neighbouring
monomer, buries a total area of approx. 1800 Å2. Residues
Arg82, His85, Asp110, Arg164 and Asp220 at the interface are highly
conserved among Pdx1s from different organisms (Supplement-
ary Figure S3 at http://www.BiochemJ.org/bj/432/bj4320445add.
htm). This highly conserved interface of more than 1500 Å2 makes
hexamerization of Pdx1 essential for its multiple activities.

G3P-binding site

The Snz1 used for crystallization catalysed the irreversible iso-
merization of DHAP to G3P (Supplementary Figure S4 at http://
www.BiochemJ.org/bj/432/bj4320445add.htm), so the electron
density in the model of Snz1 co-crystallized with DHAP
should represent G3P rather than DHAP (Supplementary Figure
S2A). The G3P molecule was stabilized at the interface of
two monomers by a number of H-bonds (hydrogen bonds) to
the G3P oxygen atoms O1P–O4P (Figure 2A). The position
of the G3P phosphate group is well defined by H-bonds
of O1P-Arg164’Nη1, O1P-Arg164’Nη2, O2P-Wat309, O2P-
Arg164’Nη2, O3P-Wat361 and O4P-Glu116Oε1. The involved
residues, Gly84, Asp110, His114, Glu116 and Arg164 are highly
conserved (Supplementary Figure S3). This site also undergoes
a very slight conformational change upon G3P binding, which
is consistent with the relatively high Km of 0.30 mM and low
kcat of 0.02 min−1 of Snz1 towards G3P [9]. This indicated that
the substrate G3P most likely binds to Snz1 weakly and that the
binding mechanism does not involve an induced fit.

The G3P phosphate group is stabilized by three H-bonds to
Arg164 ′ and one to Glu116 (Figure 2A). The PLP-synthesis activity
assays indicated that the R164A mutant is completely inactive,
whereas the E116A mutant has the same activity as the wild-
type (Supplementary Figure S1). These results demonstrate that
the highly conserved Arg164 is indispensable for PLP synthesis,
whereas the H-bond between Glu116 and G3P might be the result
of crystal packing.

PLP-binding site

In a shallow cleft on the surface of Snz1–PLP, we found an
area of electron density with a trilobed head, reminiscent of a
PLP molecule (Supplementary Figure S2B). The four oxygen
atoms (O1P–O4P) of the phosphate group form an intensive H-
bond network with residues Arg136 and Arg137, and four water
molecules (Figure 2B). O1P is fixed by Wat354 and Wat371,
and O2P by Wat373 and Wat379. O3P forms three H-bonds with
Arg136Nε, Arg136Nη2 and Arg137Nη2, whereas O4P forms a
single H-bond with Arg137Nη2. O4A and the nitrogen atom of the
pyrimidine moiety of PLP form two H-bonds each with Trp111O
and Lys148Nε.

In contrast with the PLP molecule binding to Snz1, a phosphate
molecule is observed in the structures of both TmPdx1 and
GsPdx1 [5,7]. Superposition of the phosphate-binding site of
TmPdx1 over the PLP-binding site of Snz1 revealed that the highly
conserved residues (Arg136 and Arg137 in Snz1, Arg138 and Arg139

in TmPdx1) share the same H-bonding pattern to the phosphate
(Supplementary Figure S5 at http://www.BiochemJ.org/bj/432/
bj4320445add.htm). This site has been assigned as binding
the phosphate group of DHAP/G3P or the final product PLP
[7]. Neither the single-mutant K148A nor the double-mutant
R136A/R137A synthesizes PLP (Supplementary Figure S1). Thus
we propose that the PLP-binding site in our structure is also the

Figure 2 G3P- and PLP-binding sites

(A) G3P-binding site. Arg164 from the adjacent monomer is marked with a prime. (B) PLP-binding
site. Oxygen atoms of G3P and PLP are numbered according to PDB files. Bond lengths are
labelled in Å.

PLP-formation site, and should also be the final destination of
the substrates G3P and RBP.

A distinct mechanism of DHAP isomerization?

Comparative structure analysis of Snz1 using the DALI server
(http://www2.ebi.ac.uk/dali/) [20] enabled us to find a TIM
(triosephosphate isomerase; EC 5.3.1.1) from Trypanosoma
brucei in complex with G3P (6TIM) [21] which also belongs
to the (β/α)8-barrel enzyme family, but catalyses the reversible
interconversion of DHAP and G3P through a simple proton
transfer [22]. Snz1 has four highly conserved lysine residues
Lys80, Lys117, Lys148 and Lys240 (Supplementary Figure S3), which
might be essential for TIM activity [23,24]. Lys81 of BsPdx1 (Lys80
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Figure 3 Relative locations of PLP, RBP and G3P

Two monomers of Snz1 are coloured in cyan and red. Side chains of Lys80, Lys117, Lys148 and Arg164 ′ from the adjacent monomer are shown as sticks. The distances of H-bonds are shown in Å.

Scheme 2 Proposed catalytic mechanism for Snz1

in Snz1) has been excluded as a DHAP-isomerization site in a
previous study [7]. The K117A and K148A mutants completely
abolished PLP-synthesis activity (Supplementary Figure S1),
but retained the capacity to catalyse DHAP isomerization
(Supplementary Figure S4), whereas the K240A mutant had
the same PLP-synthesis activity as the wild-type, using DHAP
and RBP as substrates (Supplementary Figure S1). Moreover,
the single-mutant R164A and the double-mutant R136A/R137A
retained the same DHAP-isomerization activity as the wild-type
(Supplementary Figure S4). The failure to assign the DHAP-
isomerization site indicated that Snz1/Pdx1 might adopt an
isomerization mechanism distinct from that of TIM.

Putative catalytic mechanism of Snz1

In the DXP-independent pathway, PLP is ultimately synthesized
from the substrates R5P and DHAP, with ammonia hydrolysed
from glutamine. Therefore Pdx1 catalyses not only PLP
formation, but also the isomerization of R5P to RBP, and DHAP
to G3P. In addition to the previously identified RBP-isomerization
site [7], we found an additional three sites, one for PLP-

formation, one for G3P-binding and the last for G3P-transfer.
The high structural similarity of TmPdx1 and Snz1 enabled us
to superimpose the structures of TmPdx1–RBP, Snz1–G3P and
Snz1–PLP, which clearly showed the relative locations of the two
substrates and the product (Figure 3).

Lys82 in TmPdx1 (Lys80 in Snz1) is proposed to catalyse the
formation of the RBP imine from R5P, with the imine transferred
to the Lys150 in TmPdx1 (Lys148 in Snz1) by a transimination
reaction [7]. However, the structure of Snz1–PLP enabled us to
assign Lys148 as the PLP-binding site, in addition to being an RBP
imine acceptor. The Nε of Lys148 is 12.3 Å away from that of Lys80

in Snz1–PLP (Figure 3). The high B-factor of the loop from Lys148

to Thr153 indicated that it might undergo a conformational change,
perhaps in combination with a side-chain rotation of Lys148, to
make Lys148 accessible to RBP for the transimination reaction.

Based on the G3P-binding site Arg164 ′ and the transfer site
Lys117, we hypothesized that G3P (or G3P isomerized from
DHAP) first binds to Arg164 ′ of the neighbouring monomer and
is transferred to Lys117. The Nε of Lys117 is approx. 10.8 Å away
from Nη1 of Arg164 ′ and 10.7 Å from Nε of Lys148 (Figure 3), and
is therefore in a relatively rigid loop of low B-factor. We propose

c© The Authors Journal compilation c© 2010 Biochemical Society
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that G3P might be transferred from Arg164 ′ to Lys117 via diffusion
across the highly conserved interface. This unidirectional transfer
route of G3P also explained why Snz1 catalyses the irreversible
isomerization of DHAP to G3P.

On the basis of these findings, we propose the following
catalytic mechanism for Snz1 (Scheme 2). R5P is isomerized
to RBP, which forms an imine with Lys80 at the pentose
isomerization site and is transferred to the PLP-formation site
by a transimination reaction. Meanwhile, G3P or G3P isomerized
from DHAP binds at the interface of the two Snz1 monomers
(interacting with Arg164, from the neighbouring monomer), before
diffusion to Lys117, which forwards it to the PLP-formation site
(composed of Lys148, Arg136 and Arg137), where the third substrate,
ammonia, is combined to form PLP.
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Figure S1 The relative activity of Snz1 and mutants

FL, full-length; WT, wild-type.

EXPERIMENTAL

Cloning and expression

The coding region of the SNZ1 gene was amplified by PCR using
Saccharomyces cerevisiae S288C genomic DNA as a template.
The PCR product was cloned into a pET28 expression vector
(Novagen) downstream of a His6 tag between NdeI and NotI
restriction sites. The NdeI/NotI restriction fragment of the PCR
product was purified and cloned into the pET28 expression vector
(Novagen). K80A, E116A, K117A, R136A/R137A, K148A,
R164A and K240A were generated via PCR-based site-directed
mutagenesis. The proposed residues were substituted by using the
mutagenic primers that have been designed according to the 5′-
and 3′-sequence of the Snz1 wild-type gene. These corresponding
overexpression plasmids were transformed into competent E.
coli Bl21 (DE3) (Novagen) cells and the transformed cells
were grown at 37◦C in 2×YT medium to an D600nm of 0.6–0.8.
Expression of Snz1 was induced by adding IPTG (isopropyl β-
D-thiogalactopyranoside) to a final concentration of 0.2 mM, and
then the cells were allowed to grow for a further 4 h. After that,
the cells were harvested by centrifugation (8000 g for 8 min at
4 ◦C) and the pellet was resuspended in 10 ml of 20 mM Tris/HCl
(pH 8.0) and 200 mM NaCl.

Figure S2 The electron density map of (A) G3P and (B) PLP, at 1.5 σ

Purification and crystallization

The cells were disrupted by sonication (5 cycles, 30 s per cycle, 1:1
pulse/pause at 50 % amplitude of 750 W) and then centrifuged for
30 min at 16 000 g at 4◦C. After that, the supernatant was loaded
on to a 1 ml HiTrap chelating HP column (GE healthcare) and
eluted with imidazole gradient. Eluted protein was further purified
by gel filtration using a HiLoad 16/60 Superdex 200 column
(Amersham Biosciences) equilibrated with buffer containing
20 mM Tris/HCl (pH 8.0) and 200 mM NaCl (for crystallization),
or 50 mM Tris/HCl (pH 8.0) (for enzymatic assays). The protein
was dialysed against 20 mM Tris/HCl (pH 8.0) and 20 mM NaCl,
and concentrated to approx. 10 mg/ml prior to crystal screening.
The protein Snz1 was co-crystallized respectively with 2.5 mM
PLP or 10 mM DHAP at 16◦C using the hanging drop vapour

1 To whom correspondence should be addressed (email zcz@ustc.edu.cn).
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Figure S3 Multi-alignment of Snz1 against PLP synthases from Candida tropicalis (XP 002550328.1), Arabidopsis thaliana (NP 195761.1), Oryza sativa
(NP 001058669.1), Dictyostelium discoideum (XP 636800.1), Thermotoga maritima (NP 228283.1), Thermus thermophilus (YP 143970.1), Geobacillus
kaustophilus (YP 145864.1) and Bacillus subtilis (NP 387892.1)

G3P-binding sites are indicated with black arrows, PLP is indicated with red arrows and conserved lysine residues are indicated with blue arrows. All sequences were from NCBI databases.
Multi-alignment was performed with the programs MultAlin [1] and ESPript [2].

diffusion method from a 1:1 mixture of protein and well solution.
The reservoir solution for the optimized conditions contained
20% PEG [poly(ethylene) glycol] 400, 0.1 M MgCl2 and 0.1 M
Hepes (pH 7.5). Twin-crystals appeared in 2 days, and then were
washed in well solution, crushed and diluted for microseeding

(1 μl) into drops containing 5 μl of protein solution and 4 μl of
well solution. The crystals grew over 5 days to their maximum
size (approx. 0.3 mm×0.3 mm×0.2 mm). Both the crystals of
apo-form, Snz1–PLP and Snz1–G3P are in space group P22121

with three polypeptides in the asymmetric unit.
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Figure S4 TIM activity of Snz1 and mutants

Representative partial 1H-NMR spectra of the remaining substrate and the products during the reaction of G3P (10 mM) or DHAP (10 mM) catalysed by Snz1 and mutants (40 μM) in 2H2O buffered
by 50 mM phosphate, pD 8.0.
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Figure S5 Superposition of phosphate ion (red) in TmYaaD and PLP
phosphate group (cyan) in Snz1
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