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ABSTRACT: The crystal structure ofBacillus subtilisthiamin phosphate synthase complexed with the reaction
products thiamin phosphate and pyrophosphate has been determined by multiwavelength anomalous
diffraction phasing techniques and refined to 1.25 Å resolution. Thiamin phosphate synthase is anR/â
protein with a triosephosphate isomerase fold. The active site is in a pocket formed primarily by the loop
regions, residues 59-67 (A loop, joiningR3 andâ2), residues 109-114 (B loop, joiningR5 andâ4), and
residues 151-168 (C loop, joiningR7 andâ6). The high-resolution structure of thiamin phosphate synthase
complexed with its reaction products described here provides a detailed picture of the catalytically important
interactions between the enzyme and the substrates. The structure and other mechanistic studies are
consistent with a reaction mechanism involving the ionization of 4-amino-2-methyl-5-hydroxymethylpy-
rimidine pyrophosphate at the active site to give the pyrimidine carbocation. Trapping of the carbocation
by the thiazole followed by product dissociation completes the reaction. The ionization step is catalyzed
by orienting the C-O bond perpendicular to the plane of the pyrimidine, by hydrogen bonding between
the C4′ amino group and one of the terminal oxygen atoms of the pyrophosphate, and by extensive hydrogen
bonding and electrostatic interactions between the pyrophosphate and the enzyme.

Thiamin is an essential component of the human diet with
a daily requirement of 1.4 mg. Thiamin deficiency results
in beriberi and Wernicke’s disease. This vitamin is added to
many commercial foods since, unlike microorganisms,
humans cannot synthesize it. Annual production, all by
chemical synthesis, is on the order of 3300 tons (1). Thiamin-
dependent enzymes play a particularly important role in
carbohydrate metabolism and include transketolase, pyruvate
decarboxylase, pyruvate oxidase, and acetolacetate synthase.
Our understanding of this class of enzymes is well developed,
where in all cases the mechanistic role of thiamin is the
stabilization of the acyl carbanion (2). In contrast, our
understanding of the mechanistic enzymology of thiamin
biosynthesis is still at a relatively early stage (3-6).

In all systems examined thus far, the biosynthesis of
thiamin involves the separate formation of 4-amino-2-methyl-
5-hydroxymethylpyrimidine pyrophosphate (HMP-PP) and
4-methyl-5-hydroxyethylthiazole phosphate (Thz-P). These
precursors are then coupled to form thiamin phosphate
(TP) in a reaction catalyzed by thiamin phosphate synthase
(eq 1).

Thiamin phosphate synthase has been overexpressed and
purified from Escherichia coli (7, 8), Bacillus subtilis (9),
and S. cereVisiae (10). The E. coli enzyme does not
overexpress well due to inclusion body formation. TheB.
subtilis enzyme is small (25 277 Da), and can be overex-
pressed at a high level inE. coli. The bifunctional yeast
enzyme is large (octamer of 58 058 Da subunits) and also
catalyzes the phosphorylation of 4-methyl-5-hydroxyeth-
ylthiazole. Here, we report the X-ray structure ofB. subtilis
TP synthase complexed with the reaction products thiamin
phosphate and pyrophosphate at 1.25 Å resolution.

MATERIALS AND METHODS

Preparation of NatiVe and SeMet TP Synthase.Native TP
synthase was overexpressed and purified as described previ-
ously (9). Selenomethionyl TP synthase was prepared by
transforming plasmid pYZC6927 into theE. coli Met
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auxotrophic DE3 strain (Novagen). A 2.5 mL starter culture
of the DE3 strain containing the pYZC6927 expression
plasmid was grown overnight at 37°C in LB medium. The
overnight culture was centrifuged, and the cell pellet was
washed twice with fresh M9 medium containing selenom-
ethionine (SeMet). The starter culture was diluted 1/200 (v/
v) into 5 L of M9 medium supplemented with SeMet (40
mg/L) in the fermentor. Cells were grown at 37°C to an
OD600 of 0.6, and then expression was induced by 2 mM
isopropyl-â-D-thiogalactopyranoside. Cells were grown for
a further 12 h and then harvested by centrifugation (15 min,
5000g). SeMet TP synthase was purified in the same way
as native TP synthase. Once SeMet TP synthase was eluted
from a Ni2+-NTA column, dithiothreitol (DTT) was added
to a final concentration of 2 mM to prevent the oxidation of
SeMet residues. The protein purity was analyzed by SDS-
PAGE, and the protein concentration was determined using
Coomassie Plus Protein Assay Reagent from Pierce (Rock-
ford, IL). About 100 mg of pure SeMet TP synthase was
obtained from a 5 L culture. The SeMet incorporation was
determined to be approximately 100% by amino acid
composition analysis (Cornell Biotechnology Analytical/
Synthesis Facility) and electrospray ionization Fourier trans-
form mass spectrometry.

Mutagenesis.An S130A mutant was prepared using the
QuikChange site-directed mutagenesis kit (Stratagene). The
oligonucleotide primers used in the mutagenesis reaction
were 5′-ATTCTCGGCGTTGCTGCCCATACGATG-3′ and
5′-CATCGTATGGGCAGCAACGCCGAGAAT-3′, where
the underlined codons indicate the site of the mutation. The
mutation was confirmed by DNA sequencing. The S130A
mutant was overexpressed and purified as described for
native TP synthase.

Enzymatic Synthesis of HMP-PP.HMP-PP was prepared
from pure HMP and ATP using HMP-P kinase which also
has an HMP kinase activity (11). The reaction mixture in 1
mL of triethanolamine hydrochloride, pH 8, consisted of 200
µM HMP, 5 mM ATP, and 10 mM MgCl2. The reaction
was initiated by adding 20µg of HMP-P kinase. The mixture
was incubated at 25°C for 30 min, at which point the
reaction had gone to completion, and was used as a source
of stock HMP-PP without further purification.

Assay for Thiamin Phosphate Synthase.TP synthase
activity was measured using modifications of the thiochrome
method (9, 12). The assay mixture consisted of 50 mM Tris-
HCl buffer, pH 7.5, containing 50µM thiazole phosphate,
50 µM HMP-PP, and 6 mM MgSO4 with a total volume of
500 µL. The reaction was initiated by the addition of 2µg
of TP synthase. Time points were taken at 30 s intervals by
quenching 60µL aliquots in 60µL of 10% trichloroacetic
acid. Quenched samples were centrifuged at 16000g for 2
min to remove denatured protein. The pH was adjusted by
adding 100µL of supernatant to 200µL of 4 M potassium
acetate. The sample was oxidized by the addition of 100µL
of fresh 3.8 mM potassium ferricyanide in 7 M NaOH. The
mixture was vigorously mixed and, after 30 s, was quenched
by adding 100µL of fresh 0.06% H2O2 in saturated KH2-
PO4. The samples were diluted with 500µL ddH2O, and the
fluorescence was measured using a Perkin-Elmer MPF-44B
Fluorescence Spectrophotometer;λ(excitation)) 365 nm,
λ(emission)) 444 nm. Fluorescence units were converted
to micromolar thiamin phosphate by calibration using a

standard curve prepared from thiamin phosphate standards
oxidized by the identical procedure. All activity assays were
done in triplicate to ensure reproducibility and averaged over
each time-point.

Crystallization.Crystallization conditions were screened
using Crystal Screen kits I and II (Hampton Research).
Further optimization resulted in crystallization conditions
based on a hanging-drop vapor diffusion setup at 4°C. A
drop containing 3µL of protein solution (20 mg/mL in 50
mM Tris-HCl buffer, pH 7.5, and 1 mM DTT) plus 3µL of
reservoir solution was equilibrated against a 1 mLreservoir
solution [75 mM tris-HCl, 75 mM MgCl2, 21-22% (w/v)
PEG4000, and 1 mM DTT, pH 7.5]. After the crystallization
tray had been set up for 20-24 h, the crystallization drops
became cloudy and were seeded. Two or three small crystals
were placed in 40µL of seeding solution (same as the
reservoir solution except that it contained 20% PEG4000
solution) and then crushed and diluted 250-1000-fold.
Square pyramid-like crystals of dimensions 0.2 mm× 0.2
mm × 0.2 mm grew in 3-4 days.

SeMet TP synthase was crystallized under similar condi-
tions to the native protein. The SeMet TP synthase was
prepared in 50 mM Tris-HCl buffer, 2 mM DTT, pH 7.5,
with a concentration of 20 mg/mL. The optimal crystalliza-
tion condition was based on sitting drops at 4°C with 24-
26% PEG4000, 75 mM tris-HCl, 75 mM MgCl2, 2 mM
â-mercaptoethanol, 5 mMâ-octylglucopyranoside, pH 7.3.
The PEG4000 concentration was slightly higher, and the pH
was slightly lower compared to the native TP synthase
crystallization. Seeding the crystallization drops after they
have been set up for 20-24 h was still necessary to obtain
good crystals.

X-ray Data Collection and Processing.The diffraction data
from crystals of native TP synthase were measured on
beamline F1 at the Cornell High Energy Synchrotron Source
(CHESS) using an ADSC Quantum 4 CCD detector. For
data collection, a fresh crystal was transferred into a freezing
solution (75 mM Tris-HCl, 30% PEG4000, 75 mM MgCl2,
10% glycerol, pH 7.5) for several minutes, mounted on a
goniometer in a glass fiber loop, and flash-frozen in a cold
nitrogen stream at 100 K. The crystals of native TP synthase
diffracted to 1.1 Å resolution; however, the high-resolution
reflections decayed quickly (after 300 s of exposure) in the
X-ray beam. A data set 81.6% complete to 1.25 Å resolution
was collected using a single crystal. The data were processed
with MOSFLM (13) and scaled in SCALA of CCP4 (14).
The crystals belonged to the tetragonal space groupP43212.
The cell parameters were refined with MOSFLM to bea )
76.83 Å,c ) 140.10 Å for the native data. The Matthews
coefficient (15) was 2.05 Å3/dalton, corresponding to a
solvent content of 35% and two molecules in one asymmetric
unit. The native data collection is summarized in Table 1.

The multiwavelength anomalous diffraction data were
collected on beamline F2 at CHESS, using a 1K CCD
detector (16). The station monochromator was set at the
absorption edge of selenium (12.658 keV) using a selenium
foil as a reference for energy calibration. An energy scan
with the SeMet TP synthase protein was used to select
appropriate wavelengths to maximize the dispersive and
anomalous signals. This energy scan was performed at room
temperature using several crystals packed in a capillary tube.
The fluorescence spectrum was recorded using a Bicron

Structure of Thiamin Phosphate Synthase Biochemistry, Vol. 38, No. 20, 19996461



fluorescence detector oriented 90° to the incident X-ray beam
to get the best signal-to-noise ratio. The fluorescence
spectrum was used to select the inflection point (λ ) 0.9795
Å), the absorption edge (λ ) 0.9792 Å), and a high-energy
remote (λ ) 0.9677 Å). During the data collection period,
reference scans were performed at the beginning and the end
of each fill to check for energy drift, and recalibration was
performed as necessary. Diffraction data were measured in
1° oscillation ranges for 30 s each with a crystal to detector
distance of 100 mm. A total of 81 images were measured
for both direct and inverse beams for each of the 3
wavelengths. All the MAD data were collected from a single
crystal, and the crystal was stable over the whole data
collection period. The direct beam and inverse beam dif-
fraction data at each wavelength were processed separately
using DENZO (17). SCALEPACK (17) was used to scale
the inverse and direct beam data for each wavelength
together. The MAD data collection statistics are summarized
in Tables 1 and 2.

MAD Structure Determination.The three wavelength
diffraction data were analyzed using the MADSYS suite (18,
19) to extract the anomalous scattering signals. A total of
21 398 reflections to 2.9 Å were phased in MADLSQ to give
structure factors|°FZ| and |°FA| and the phase differences
∆φ, where|°FZ| represents the normal (wavelength-invariant)
contribution from all atoms,|°FA| represents the anomalous
scattering contribution, and∆φ is the phase difference
between|°FZ| and |°FA|. Multiple observations of|°FZ|,
|°FA|, and ∆φ for each unique reflection were merged in

MERGIT, and 6361 unique reflections with weighted|°FZ|,
|°FA|, and∆φ were output. The derived|°FA| coefficients
contain both dispersive and anomalous signals and were used
to solve the anomalous scattering substructure.

The SnB program package (20) was used to solve the
anomalous scattering substructure with derivedFA data. SnB
implements the Shake-and-Bake procedure which is based
on minimal function defined by Hauptman (21-23). A total
of 2304 FA values [withFA > 5 σ(FA)] in the resolution
range of 20-4 Å were processed with the DREAR program
package (24, 25) to generate normalizedE values. The 500
largestE values were used to generate 5000 triples. Three
passes of two-step parameter shift (90° per shift) were
performed for each of 500 reflections used in phase refine-
ment. Phase refinement was alternated with real space
filtering to achieve the lowest constrained minimal function
value (Rmin). The distribution of solutions as a function of
Rmin started to appear as bimodal after the first 50 random
trials had been completed. A total of 500 random trials were
processed, and 95 of these gave the correct positions for all
14 Se atoms (Figure 1).

The SnB solutions were cross-validated by the direct
methods program SHELXS (26) and the automated Patterson
search program SOLVE (27). SHELXS found 12 Se atoms
with the sameFA values, and SOLVE located 13 Se atoms.
The single peak wavelength anomalous data were also used
to solve the Se structure (28), but in this case it was less
successful than using derivedFA values. In this case, only 1

Table 1: X-ray Data Statistics

inflection λ1 peakλ2 remoteλ3 native

space group P43212 P43212
cell dimensions:a, c (Å) 76.09, 138.65 76.83, 140.10
wavelength (Å) 0.9795 0.9792 0.9677 0.908
resolution (Å) 2.9 2.9 2.9 1.25
mosaicity (deg) 0.561 0.562 0.567 0.15
no. of unique reflections 8672 8736 8643 94169
no. of reflections (both Bijvoets) 6860 6870 6777 -
redundancy 5.3 5.3 5.3 5.1
completeness (%)a 89.2 (80.1) 89.1 (80.2) 89.4 (80.5) 81.6 (48.5)
Rsym (%)a,b 4.4 (5.4) 5.3 (6.9) 5.5 (7.1) 6.2 (21.9)
Rsym (%)a,c 4.0 (4.6) 4.1 (5.1) 4.0 (5.2) -
I/σI

a 28.6 (24.0) 27.9 (24.3) 27.6 (24.0) 6.8 (3.4)
a Values in parentheses correspond to the outermost resolution shell (all reflections are divided into 10 resolution shells, 3.0-2.9 Å for MAD

data; 1.32-1.25 Å for the native).bRsym ) (∑|Ihkl - 〈I〉|)/(∑Ihkl), where the average intensity〈I〉 is taken over all symmetry equivalent measurements
and Ihkl is the measured intensity for any given reflection.c Values areRsym when Bijvoet are considered nonequivalent.

Table 2: Analysis of MAD Signals

observed diffraction ratiosa expected diffraction ratiosb electronsc

λ1 λ2 λ3 λ1 λ2 λ3 f′ f′′
λ1 0.058 0.041 0.058 0.031 0.005 0.034 -8.335 2.083
(inflection) (0.051)
λ2 0.071 0.063 0.049 0.043 -9.571 3.387
(peak) (0.054)
λ3 0.076 0.050 -3.707 3.656
(remote) (0.054)

a Bijvoet difference ratios,〈|F(hkl) - F(-h,-k,-l)|2〉1/2/〈|F|2〉1/2, are given in diagonal elements. The numbers in parentheses are calculated using
centric reflections only and taken as a measurement of the noise in the values next to them, as they theoretically should be zero. Dispersive
difference ratios,〈|F(hkl)λi - F(hkl)λj|2〉1/2/〈|F|2〉1/2, are given as off-diagonal elements. Values were calculated in WVLSCL.b The expected Bijvoet
difference ratios are calculated as [Nano/2]1/2[2f ′′max(λ)/〈|FP|〉], and the dispersive difference ratios are calculated as [Nano/2]1/2[|f ′(λi) - f ′(λi)/
|〈|FP|〉], whereNano is the number of anomalous scatters,〈|FP|〉 ) (∑f2)1/2, and is estimated as 6.7*(no. of atoms)1/2, based on the assumption that
the amino acid contains 7.7 non-hydrogen atoms each with 6.7 electrons. 6.7 electrons is the effective normal atomic scattering at zero scattering
angle. The expected diffraction ratios were calculated with ABSOLUTE.c f′and f′′ values were initially calculated in FPRIME and refined in
MADLSQ.
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in 500 trials produced a correct solution, and only 11 of the
Se were correctly identified.

Phase Refinement and Electron Density Calculation.The
coordinates, occupancies, and temperature factors of the Se
atoms were refined in ASLSQ using 2304 derivedFA data
between 20 and 4 Å, resulting inR ) 28.9%. The
experimental phases were calculated to 2.9 Å with the
MADABCD program in the MADSYS suite. The mean
figure-of-merit (FOM) was 0.526 for 8833 reflections in the
resolution range between 20 and 2.9 Å. These reflections
were used to calculate the experimental electron density
maps. Electron density maps were calculated assuming either
space groupP41212 or the enantiomeric space groupP43212.
Only the map calculated in space groupP43212 showed a
clear protein-solvent boundary, thus confirmingP43212 to
be the correct space group assignment.

Electron density modification, including symmetry averag-
ing, was performed with the DM program (14). The solvent
content was assumed to be 35%. The noncrystallographic
symmetry (NCS) operator was first calculated in O (29) using
the coordinates of 14 Se atoms and then refined with IMP
by real-space density correlation in the RAVE package (30).
At this stage, the electron density clearly showed twoâ-barrel
structures, and a protein mask for averaging was generated
from the coordinates of triosephosphate isomerase (Protein
Data Bank code 1BTM) superimposed onto the electron
density map. The 2-fold NCS averaging, solvent flattening,
and histogram matching greatly improved the experimental
phases. TheR-factor was 34.1% for the 8833 reflections
between 20 and 2.9 Å, and the FOM increased from 0.526
to 0.819.

Model Building and Structure Refinement.The initial
model, consisting of most of the residues between Arg19
and Phe224, was built in a 2.9 Å resolution electron density
map using the computer graphics program O. At this stage,
residues 1-18, 61-64, and 155-164 and 10 C-terminal
residues were left unmodeled due to the poor electron density
in those regions. Several amino acid residues including
Lys38, Arg83, Glu84, Asp94, Leu99, Asp112, Lys116, and
Arg176 were truncated to alanine. The refinement procedure
consisted of a series of rigid-body refinements, simulated
annealing refinements, and temperature factor refinement in
X-PLOR (31) followed by conjugate-gradient least-squares
refinement in SHELXL (32). Each round of refinement was

followed by model rebuilding in O using an SGI graphics
workstation. An NCS restraint of 300 kcal‚mol-1‚Å-2 for
main chain atoms and 100 kcal‚mol-1‚Å-2 for side chain
atoms was used in the X-PLOR refinements. The final refined
NCS operator is defined by the spherical polar anglesψ )
86.1°, φ ) 90.2°, andκ ) 178.8°. After the first round of
X-PLOR refinement with 2.9 Å resolution data, the electron
density of residues 225-233 was clearly revealed in anFo

- Fc electron density map. In the subsequent rounds, high-
resolution data were gradually included in the refinement.
As the refinement proceeded, new electron density corre-
sponding to the residues missing from the initial model was
revealed. Several stretches of residues were modeled, includ-
ing residues 61-64, 155-164, and 234-235. Individual
atomicB-factors were refined when the 1.5 Å data were used,
resulting in a decrease in bothR andRfree (5.7% and 8.8%,
respectively). The model was greatly improved, and the
density for the most disordered region, residues 9-18, was
clearly identified. At this stage, electron density correspond-
ing to the enzymatic reaction products, thiamin phosphate,
pyrophosphate, and Mg2+, was clearly visible (Figure 2). A
total of 120 well-ordered water molecules were also added,
resulting in a 4% drop in bothRfree (30.5%f26.1%) and R
(27.5%f23.4%). In the latter X-PLOR refinement rounds,
additional water molecules were included. Any water mol-
ecule with a highB-factor (g45 Å2) or lacking a geo-
metrically reasonable H-bond was excluded. Two confor-
mations of His132 were also assigned. The finalR factor
from X-PLOR refinement was 18.7% (Rfree 21.9%). The low
Rfree value reflects the use of very high-resolution data and
NCS restraints.

When the X-PLOR refinement had converged, the atomic
model of TP synthase was further refined using the SHELXL
package with geometric restraints tabulated by Engh and
Huber (33). SHELXL was used for the purposes of restrained
anisotropicB-factor refinement, refinement of disordered side
chains, addition of hydrogen atoms in calculated positions,

FIGURE 1: Distribution of SnB solutions as a function ofRmin values.
The distribution is bimodal, indicating that some of the randomly
generated phases converged to the correct values. The correct
solutions haveRmin values between 0.51 and 0.54.

FIGURE 2: 2Fo - Fc electron density map around the region of
pyrophosphate at the active site. The electron density map was
calculated using data from 8 to 1.25 Å resolution and contoured at
2.5σ. The plot was prepared using program O (29).
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and calculation of estimated standard deviations (esd’s) for
the refined coordinates. The SHELXL refinement did not
include NCS restraints. TP synthase was refined with the
conjugate gradient least-squares option in SHELXL using
94 169F2 data in the resolution range from 8 to 1.25 Å and
18 840 geometrical restraints. Amino acid residues with an
averageB-factor less than 10 Å2 were selected for aniostropic
refinement. These residues were Leu25-Gly33, Ala53-
Arg59, Pro88-Asn92, and Gly204-Ser212 in molecule A
and Leu25-Gly33, Thr54-Gln57, Lys77-Arg83, Val87-
Asp93, Ala103-Gly109, Met125-Ser130, Ala145-Leu150,
Pro182-Val184, and Ala200-Val205 in molecule B. In
total, 628 atoms were refined anisotropically. This reduced
both R and Rfree by 0.4% (R, 18.5%f18.1%; Rfree,
21.8%f21.4%). A total of nine disordered amino acid side
chains were refined with multiple occupancies. The occupan-
cies of the enzymatic reaction products, thiamin phosphate,
pyrophosphate, and Mg2+, were also refined. Finally, hy-
drogen atoms were added in their calculated positions,
resulting in decreases in bothR (17.8%f16.7%) andRfree

(21.3%f20.7%). In the final conjugate gradient least-squares
refinement, all 94 169 reflections were used, and the finalR
factor was 16.8%. The SHELXL refinement statistics are
summarized in Table 3.

RESULTS AND DISCUSSION

Quality of the Final Model.The final model includes 2
molecules of TP synthase (molecules A and B), each
complexed with enzymatic reaction products (thiamin phos-
phate, pyrophosphate, and Mg2+) and a total of 444 water
molecules. Molecule A included residues 10-235, and
molecule B consisted of residues 9-234. The occupancies

of thiamin phosphate, pyrophosphate, and Mg2+ were
estimated to be 0.95, 0.74, and 0.72, respectively, in molecule
A, and 0.74, 0.60, and 0.72, respectively, in molecule B. A
total of nine residues showed disordered conformations.
These are Met21, Glu69, His132, Ser206, and Ser219 in
molecule A and Arg13, Ser135, Ser206, and Ser219 in
molecule B. There is one cis-peptide bond between Gly151
and Pro152 in both molecules. The final model was assessed
using the programs PROCHECK (34) and O (29). The
Ramachandran plot (35) showed that 93.1% of the main
chain dihedral angles lie in the most favorable region and
6.4% are found in the additional favored region. Asp93, a
ligand to the Mg2+ ion, is the only outlier. The average
B-factor is 12.7 Å2 for main chain atoms, 18.3 Å2 for side
chain atoms, and 27.2 Å2 for water molecules. TheB-factors
of the TP atoms range from 7.9 to 13.0 Å2 in molecule A,
and from 8.2 to 15.6 Å2 in molecule B. TheB-factors of the
pyrophosphate atoms range from 8.6 to 10.5 Å2 in molecule
A, and from 8.1 to 12.6 Å2 in molecule B. TheB-factors of
Mg2+ are 8.5 and 10.4 Å2 in molecules A and B, respectively.
The averageB-factor of the residues in theâ-strands and
R-helices are 9.6 and 17.2 Å2, respectively. The real-space
fit of the final model was calculated using the RS•FIT
command in program O. An analysis of real-space fits of
the final model showed that most of the residues have good
correlation to the 2Fo - Fc electron density map. The average
correlation coefficients are 0.92 for main chain atoms and
0.84 for side chain atoms. The results also indicated some
flexible regions of the structures with correlation coefficients
less than 0.7. These regions included residues 62-64, 84,
111, 117, 160-161, and 215 in molecule A and residues
63, 157, 160-161, and 234 in molecule B.

The coordinate error was estimated to be 0.11 Å from a
Luzzati plot (36) based on the conventionalR-factor. The
plot was calculated using reflections withFo > 4σ (Fo)
between 8 and 1.25 Å resolution with the program SHELX-
PRO (SHELX97 Computer Program Package). We also
estimated the positional esd’s from the inverse of the least-
squares matrix using the program SHELXL. The geometrical
restraints were released and the parameters were divided into
three blocks, with some overlap of parameters between
consecutive blocks. Three cycles of least-squares refinement
were performed in which a single block of parameters was
refined for each cycle. The positional esd’s for the TP atoms
of molecule A range from 0.014 to 0.065 Å and from 0.021
to 0.110 Å for molecule B, where the positional esd’s for
the phosphorus and sulfur atoms are 0.014 and 0.018 Å,
respectively (0.021 and 0.026 Å, respectively, for molecule
B). The positional esd’s for the pyrophosphate atoms of
molecule A range from 0.017 to 0.042 Å and from 0.023 to
0.061 Å for molecule B, where the two phosphorus atoms
have values of 0.017 and 0.020 Å, respectively (0.023 and
0.027 Å, respectively, for molecule B). The positional esd
for the Mg2+ is 0.020 Å in molecule A and 0.024 Å for
molecule B. The positional esd’s for the key active site atoms
[Gln57(Oε1), Gln57(Nε2), Arg59(Nε), Arg59(NH2), Lys61-
(Nú), Asn92(Nδ2), Asp93(Oδ1), Asp112(Oδ2), Ser130(Oγ),
Thr156(Oγ1), Thr158(Oγ1), Lys159(Nú), Gly188(N), Ile208-
(N), Ser209(N), Ser209(Oγ), and nine water molecules]
ranged from 0.027 to 0.074 Å for molecule A and from 0.029
to 0.107 Å for molecule B.

Table 3: Refinement Statistics

Final Model
resolution range (Å) 8-1.25
reflections used 94169
restraints used 18840
refined parameters 18915
R factor (%)a,b 16.8 (18.1)
Rfree (%)a 20.7

Structure Description
no. of residues (per asu)c 452
no. of protein atoms (per asu)c 3468
no. of water molecules (per asu)c 444
no. of TP (per asu)c 2
no. of PPi (per asu)c 2
no. of Mg2+ (per asu)c 2
residues in Ramachandran plot (%)d

most favored/additional/disallowede 93.1/6.4/0.5
averageB-factors (Å2)

main chain/side chain/water 12.7/18.3/27.2
TP/PPi/Mg2+ 10.7/10.3/9.5

rmsd deviations from ideal values
bond length (Å) 0.012
angle (deg) 2.344
dihedrals (deg) 23.886
impropers (deg) 2.560

rmsd NCS-related CR (Å) 0.330
a R ) ∑||Fo| - |Fc||/∑|Fo|, whereFo andFc are the observed and

calculated structure factor amplitudes;Rfree is defined asR for 5% of
the data omitted from the refinement.b R factor for 79 991 reflections
with Fo > 4σ(Fo); the number in parentheses is theR factor for all
reflections.c asu) asymmetric unit.d Most favored, additional allowed,
and disallowed regions are defined by PROCHECK.e Asp93 is the only
residue in the disallowed region.
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OVerall Structure.TP synthase is anR/â protein with a
triosephosphate isomerase fold (TIM barrel). The overall
dimensions are approximately 45× 45× 35 Å. TP synthase
has a typical TIM barrel structure with a core of eight helices
(R2-R8, R10) and eight parallelâ-strands tilted approxi-
mately 45° from the axis of the barrel as shown in Figure 3.
In addition, there are two additionalR-helices,R1 andR9.
Helix R1 runs across the N-terminal barrel entrance, whereas
the active site is located at the C-terminal barrel entrance.
Helix R9 consists of only one turn and is inserted between
â8 andR10; it is tilted approximately 20° from the axis of
the TIM barrel helices. A topology diagram is shown in
Figure 4. Most of theâ-strands consist of four amino acids
residues except forâ1 and b5 which are five and six amino
acids long, respectively. The lengths of the helices range from
5 to 19 amino acid residues withR8 andR9 being the shortest
andR10 the longest. The second longest helix,R3, is at the
interface between the 2-fold-related TP synthase molecules.
TP synthase contains a mostly hydrophobic core formed by
residues from theâ-strands that point into the interior of the
barrel. The side chains of these residues are divided into two
layers. Residues in the top layer, which include several polar
residues (Gln57, Asn92, His107, and Ser130) and Ile186,

interact with thiamin phosphate and pyrophosphate through
electrostatic, hydrogen bonding, and van der Waals contacts.
Residues in the bottom layer including Tyr29, Ile55, Ile90,
Tyr147, and Val184 form the hydrophobic floor of the active
site. Tyr29 and Tyr147 provide van der Waals contacts with
thiamin phosphate.

Dimer Interactions.Two symmetry-relatedR3 helices, one
each from molecules A and B, are aligned parallel to each
other along the dimer interface. In addition, residues 9-14
from the N-terminal tail and residues 99-104 from the loop
betweenR4 andâ4 are arranged together. Residues 9-14
are part of the His6-affinity tag, and they provide additional
contacts between the two monomers. There are a number of
electrostatic and van der Waals interactions among these
contacts. These include salt bridges between Asp104A(Oδ1)
and Lys102B(Nú), Lys102A(Nú) and Asp104B(Oδ1);
Arg83A(NH2) and Leu101B(O), and Leu101A(O) and
Arg83B(NH2). Three water molecules provide hydrogen
bonding bridges between the two monomers [Lys102A(Nú)-
H2O-Lys102B(O), Lys102A(Nú)-H2O-Arg83B(NH2),
Asn100A(O)-H2O-His10B(O)). The B-factors of these
water molecules range from 14.60 to 18.0 Å2.

FIGURE 3: Ribbon representations of the TP synthase. The enzymatic products, thiamin phosphate and pyrophosphate, as well as a magnesium
ion are shown in ball-and-stick representations with oxygen atoms in red, carbon in gray, nitrogen in blue, sulfur in yellow, phosphorus in
purple, and magnesium in gold. The active site loops (A, B, and C loops) and all the secondary structure elements are labeled. (a) A view
looking down the barrel. (b) A side view of the structure (i.e., rotated 90° along the vertical axis with respect to view a). Figures were
created using the program RIBBONS (37).

FIGURE 4: Topology diagram of TP synthase.
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Crystal Packing.The two molecules (A and B) in the
asymmetric unit lie side-by-side in theab crystallographic
plane with their barrels approximately perpendicular to the
noncrystallographic 2-fold axis (approximately parallel to the
crystalc axis). The dimers in the unit cell are arranged as
four layers along the crystallographicc axis. In each layer,
the dimers are oriented in the same direction (at 90° to the
neighboring layers). Each dimer is in contact with a total of
12 adjacent dimers, 6 within the same layer and 3 from each
of the layers above and below. There are two different types
of packing between the dimers in the same layer. The first
type is between the top and bottom of adjacentR/â barrels.
Arg235 fromR10 in one dimer is in close proximity to Thr67
and Arg71 fromR3 in an adjacent dimer, and there are also
a number of van der Waals and electrostatic interactions.
The second type involves the van der Waals and electrostatic
interactions between residues 164-169 (part of the active
site C loop) in one dimer and equivalent residues in a
symmetry-related dimer. There are also two different types
of packing between adjacent layers. In the first type of
packing, dimers are packed along the21 axis (alongc), where
four R3 helices (one from each molecule in two adjacent
dimers) are packed together, and fourR5 helices from two
adjacent dimers are also in close contact. The second type
of packing involves the electrostatic interactions between
Lys38, Gln213, and Gln215 from one dimer with Arg175,
Arg176, and Gln177 from an adjacent dimer.

ActiVe Site.The active site is located in a pocket formed
primarily by loop regions 59-67 (A loop, joiningR3 and
â2), 109-114 (B loop, joiningR5 andâ4), and 151-168

(C loop, joiningR7 andâ6). The active site is covered by
the C loop, the longest loop in the structure. The C loop
acts as the front door to the active site. When the reaction is
complete, the door is opened to release reaction products
and to allow substrates to come in. In the crystal structure,
the enzymatic reaction products, thiamin phosphate, pyro-
phosphate, and magnesium ion, are tightly bound to the
enzyme. The refined occupancy of the reaction products in
molecule A is slightly higher than in molecule B. In molecule
A, the occupancies for thiamin phosphate and pyrophosphate
are 0.95 and 0.74, respectively, while in molecule B the
corresponding values are 0.74 and 0.60. We were surprised
to find thiamin phosphate and pyrophosphate bound at the
active site because the enzyme was purified in the absence
of substrates and products. In fact,kcat for the reaction (0.9
min-1) indicates that the rate of product release is very fast
compared to the purification time (∼24 h). We do not yet
understand this fortuitous effect. One possibility is that
product release is triggered by the availability of reactants
or some other unknown factor and therefore products remain
bound after the final turnover.

Pyrophosphate Binding Site.The pyrophosphate is located
near the three active site loops and close to the opening of
the active site. The pyrophosphate is stabilized by extensive
electrostatic and hydrogen bonding interactions (Figures 5a
and 6a, Table 4). It has electrostatic interactions with Arg59,
Lys61 from the A loop, Lys159 from the C loop, and a
magnesium ion. In addition, the pyrophosphate oxygen atoms
are hydrogen bonded to Ser130(Oγ), Asn(Nδ2), and six
water molecules. The averageB-factor of these six water

FIGURE 5: Binding site of (a) pyrophosphate and (b) thiamin phosphate in the TP synthase structure. Hydrogen bonds are indicated by blue
lines, and the magnesium coordination spheres are shown as red lines. The water molecules are shown as blue spheres, and the others are
colored according to the scheme described in the legend of Figure 3. The figure was produced with RIBBONS (37).
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molecules is 12.2 Å2, ranging from 13.7 to 20.7 Å2 (13.8-
24.8 Å2 for molecule B). The O(3A) of the pyrophosphate
is located at a distance of 3.46 Å (3.43 Å in molecule B)
away from the C7′ of the pyrimidine and is hydrogen bonded
to S130(Oγ). The pyrophosphate and the thiazole moiety are
positioned on opposite sides of the pyrimidine base. Atoms
O(3A), C7′, and N3 are approximately collinear and located
perpendicular to the plane of the pyrimidine ring. These
observations suggest that the covalent bond broken during
the chemical reaction was between O(3A) and C7′. Atom
O(2B) of pyrophosphate is also hydrogen bonded to the C4′
amino group of thiamin phosphate with a distance of 2.90
Å (2.95 Å in molecule B).

Magnesium Binding Site.The magnesium ion is located
on the edge of the active site, and is solvent-accessible
(Figures 5a and 6a, Table 4). The magnesium ion is
octahedrally coordinated by two aspartate side chains (Asp93,
Asp112) via their Oδ atoms, two oxygen atoms from
pyrophosphate, O(2A) and O(3B), which acts as a bidentate
ligand, and two water molecules. The corresponding bond
lengths are 2.02(0.03), 2.15(0.03), 2.09(0.03), 2.05(0.03),
2.08(0.03), and 2.10(0.03) Å, respectively. The numbers in
the parentheses are the esd’s from the SHELXL refinement,
and the distances were averaged for the two molecules. The
B-factors of the two water molecules are 13.7 and 16.9 Å2,
respectively. These two water molecules are also hydrogen
bonded to O(2A), O(3A) and O(3B) of pyrophosphate. There
is a salt bridge between Asp93(Oε2) and Lys61(Nú).

Thiamin Phosphate Binding Site.The thiamin phosphate
binds in a “V” conformation (Figures 5b and 6b, Table 4).
This conformation is maintained primarily by van der Waals

interaction between Ile186 and the pyrimidine and thiazolium
rings. The “V” conformation corresponds to angles ofφP

andφT of -93° (-95° for molecule B) and-108° (-112°
for molecule B), respectively, and has not been previously
observed in any thiamin structure. The pyrimidine moiety
is located at the entrance to the hydrophobic core of the
barrel, in a hydrophobic pocket formed by Tyr29, His107,
Tyr147, Ile186, and Ile208. It is hydrogen bonded to Gln57
(Oε and Nε) through its N3′ and N4′, packing against the
imidazole ring of His107, and has van der Waals contacts
with Tyr29 and Tyr147. The phosphate moiety of TP is
stabilized by hydrogen bonding interactions with Thr156,
Thr158, Gly188, Ile208, Ser209, and three water molecules.
The two most ordered water molecules (B-factors 8.9 and
9.3 Å2) in the entire structure are involved in these interac-
tions. TheB-factor for the third water is 17.8 Å2. The thiazole
phosphate moiety is bound in an extended conformation,
lying under the active site C loop. The side chain of Lys159
runs parallel to the thiazolium ethyl group, providing van
der Waals contacts. The phosphate is bound at the N-terminus
of R9, forming interactions with Ile208(N) and Ser209(N
and Oγ), and also contacts the C loop through hydrogen
bonds to Thr156(Oγ), Thr158(Oγ). In addition, hydrogen
bonding interactions form with Gly188(N) and three water
molecules.

Comparison of Thiamin Binding with TPP Binding Pro-
teins.The crystal structures of four thiamin pyrophosphate
(TPP)-dependent enzymes have been determined by X-ray
crystallography: transketolase (38, 39), pyruvate decarboxy-
lase (40, 41), pyruvate oxidase (42, 43), and benzoylformate
decarboxylase (44). The first three of these enzymes catalyze
key reactions in central metabolic pathways. The structural
information provides insights on the mode of thiamin
pyrophosphate binding and activation. A comparison of the
crystal structures reveals that despite the lack of significant
sequence similarity, the fold of the domains involved in TPP
binding and the conformation of TPP in these enzymes are
quite similar (45). The pyrimidine ring is buried in a
hydrophobic pocket formed by adjacent domains. Although
the general hydrophobic character of the binding site is
conserved, no identities or positional conservation of these
hydrophobic residues is conserved. For example, in tran-
sketolase Phe445 (His107 in TP synthase) packs against the
pyrimidine ring, while no positional conservation was
observed in any of the other TPP binding proteins. The N3′
and N4′ of the pyrimidine are hydrogen bonded to the
protein. N3′ is hydrogen bonded to the main chain, either
Leu(N) or Ile(N), and N4′ is hydrogen bonded to either Gly-
(O) or Ala(O) in these TPP-dependent proteins. The environ-
ment of thiazole is mostly nonpolar. In all four enzymes,
the conformation of TPP is remarkably similar. TPP is bound
in the “V” conformation, and the pyrimidine C4′ amino group
and the thiazole methyl group are “trans”. In all TPP-
dependent enzymes, a bulky hydrophobic residue (Leu118
in transketolase, Ile415 in pyruvate decarboxylase, Met422
in pyruvate oxidase, and Leu403 in benzoylformate decar-
boxylase) intercalates between the pyrimidine and the
thiazole rings of TPP. This interaction constrains the TPP
in the “V” conformation and forces N4′ of the pyrimidine
and C-2 of the thiazole into close proximity. One of the few
conserved interactions is the hydrogen bonding between
glutamate and N1′, which can tautomerize the pyrimidine

Table 4: Hydrogen Bonds and Electrostatic Interactions Stabilizing
the Pyrophosphate and Thiamin Phosphate

distance (Å)

residue (atom) molecule A molecule B

Pyrophosphate
O1A W3027/W3029 2.74 2.70

W3062/W3149 2.68 2.79
W3108/W3202 2.76 2.81

O2A Asp112 (Oδ2) 2.98 3.07
W3020/W3022 2.92 2.86
W3051/W3057 3.01 3.05
W3098/W3081 2.70 2.78

O3A Ser130 (Oγ) 2.50 2.69
W3020/W3022 2.80 2.80

O4 Lys159 (Nú) 3.07 3.10
O1B Lys159 (Nú) 2.86 2.78

Lys61 (Nú) 2.99 3.03
Arg59 (NH2) 2.91 2.86

O2B TP (N4′) 2.90 2.95
Arg59 (Nε) 2.77 2.79

O3B Asn92 (Nδ2) 3.04 3.01
Asp93 (Oδ1) 3.11 3.02
W3020/W3022 2.91 2.84
W3051/W3057 3.01 3.01

Thiamin Phosphate
N3′ Gln57 (Nε2) 3.03 3.04
N4′ Gln57 (Oε1) 2.98 2.93

PPi (OB2) 2.90 2.95
O1 Gly188 (N) 2.90 2.95

Thr156 (Oγ1) 2.69 2.74
W3063/W3169 2.90 3.00

O2 Thr158 (Oγ1) 2.60 2.69
Ser209 (Oγ) 2.81 2.80
Ser209 (N) 2.99 3.09

O3 Ile208 (N) 2.93 2.91
W3001/W3003 2.75 2.74
W3002/W3013 2.79 2.75
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to produce a 4′-imino group, which functions as the base to
deprotonate C-2.

In TP synthase, the thiamin phosphate is also bound in
the “V” conformation, and Ile186 is intercalated between
the pyrimidine and the thiazole rings. However, the C4′-
amino group of the pyrimidine and the methyl group of the
thiazole are “cis”, and there is no acidic residue hydrogen
bonded to N1′. This conformation is unique to the TP
complex and reflects the fact that thiamin does not need to
be activated as a cofactor at the active site of the synthase.
There is no conservation of identity or position of the
hydrophobic residues around the pyrimidine with the TPP-
dependent enzymes. The N3′ and N4′ of the pyrimidine are
hydrogen bonded to Glu57(Oε1 and Nε2). This is in contrast
to TPP binding proteins in which N3′ and N4′ are bound
primarily through main chain interactions. Finally, in the TPP
binding proteins, the cofactor is bound at a dimer interface.
TP synthase is the first example of a thiamin binding protein
that utilizes a single structural domain for thiamin binding.
The recently published structure of thiaminase-I fromBacil-
lus thiaminolyticus(46) also uses a single protein subunit;
however, the active site is located between twoR/â domains.

Sequencing Similarity.A sequence similarity search ofB.
subtilisthiamin phosphate synthase with the BLAST network
server (47) identified 11 additional thiamin phosphate
synthase sequences and demonstrated that there are signifi-
cant amino acid identities among all 12 sequences (Figure
7). All of the key active site residues identified from theB.
subtilisstructure are highly conserved, suggesting that these
enzymes all have a similar active site structure and probably
use the same catalytic mechanism. In addition, the amino
acid residues in theâ-strands pointing into theR-helices are
dominated by Val, Leu, and Ile which is characteristic of
the TIM barrel structure (60). These residues are also highly
conserved, suggesting that all of the thiamin phosphate

synthases identified here areR/â proteins with the triose-
phosphate isomerase fold.

The Bacillus subtilis TenI regulates the production of
several extracellular enzymes (50). There is significant
sequence similarity between TenI and TP synthase. Most of
the active site residues are conserved except the magnesium
ligands, Asp93 and Asp112, and the sequence order of Glu57
and His107 is exchanged in TenI. The sequence similarity
between TenI and TP synthase suggests that TenI is closely
related to TP synthase and is likely to be a thiamin binding
protein. One possibility is that TenI is involved in the
regulation of thiamin biosynthesis.

Proposed Catalytic Mechanism.We have considered three
possible mechanisms for the thiamin phosphate synthase
catalyzed reaction, an SN1 mechanism, an SN2 mechanism,
and an addition elimination mechanism (Figure 8). The
addition elimination mechanism, which is precedented in the
thiaminase I catalyzed displacement of the thiazole moiety
of thiamin by a variety of nucleophiles, requires the addition
of an active site nucleophile to C6′ of the pyrimidine (51,
52). The crystal structure clearly demonstrates that such a
nucleophile is not present in TP synthase, ruling out this
mechanistic possibility.

In the crystal structure, the pyrophosphate and the thiazole
moieties are on opposite sides of the pyrimidine, demonstrat-
ing that the substitution reaction must occur with inversion
of stereochemistry. This result, however, does not differenti-
ate between the SN1 and the SN2 mechanisms because the
stereochemistry of the reaction is controlled by the active
site structure. The pyrophosphate moiety is highly stabilized
at the active site by interactions with the protein that are
similar to those found in farnesyl pyrophosphate synthase
(53), epi-aristolochene synthase (54), and pentalenene syn-
thase (55). Each of these enzymes catalyzes the formation
of an allylic carbocation from a pyrophosphate ester.

This suggests that the thiamin phosphate synthase cata-
lyzed reaction may also proceed by an SN1 mechanism. This
hypothesis is supported by the facile formation of carboca-
tions from HMP analogues. For example, we encountered
great difficulty in carrying out stereocontrolled substitution
at C7′ of the pyrimidine in our synthesis of chiral mono-
deuteriothiamin due to competing SN1 ionization (56). In
addition, our attempts to carry out a positional isotope
exchange experiment on TP synthase failed because of facile
nonenzymatic positional isotope exchange of HMP-PP during
purification (57).

Two additional experiments have been carried out to test
the hypothesis that thiamin phosphate synthase proceeds by
an SN1 mechanism. For an SN1 mechanism, the rate of the
TP synthase catalyzed reaction will be very sensitive to any
changes that affect the stability of the carbocation or the
pyrophosphate leaving group because the transition state is
carbocation-like. In contrast, for an SN2 mechanism, the
reaction rate will be much less sensitive to these changes
because the transition state will have much less carbocation
character than the SN1 transition state.

In the crystal structure, the O(3A) of the pyrophosphate
is located at a distance of 3.46 Å (3.43 Å in molecule B)
from the C7′ of the pyrimidine, and Ser130 is hydrogen
bonded directly to the O(3A) atom. This suggests that this
oxygen was originally bonded to the pyrimidine and that
Ser130 activates the pyrophosphate as a leaving group.

FIGURE 6: Schematic representations of the interactions between
the active site residues and (a) pyrophosphate and (b) thiamin
phosphate.
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Removal of this interaction provides us with a way to
decrease the stability of the pyrophosphate and should have
a large effect on the reaction rate for an SN1 mechanism
and a small effect on the reaction rate if the reaction follows
the SN2 pathway. We have found that the S130A mutant is
inactive within the detection limits of the assay (>104-fold
decrease). The structure of the S130A mutant is very similar
to the native enzyme except that the reaction products are
not bound (58). This suggests that loss of activity is not due
to misfolding of the S130A mutant, but due to a true
chemical effect resulting from the loss of a hydrogen bond
between S130 and pyrophosphate.

The stability of the pyrimidine carbocation can be greatly
reduced by replacing the electron-donating methyl group at
the C2′ position with the trifluoromethyl group. The methyl/
trifluoromethyl substituent effect has previously been used
to probe for a carbocation intermediate in the farnesyl
pyrophosphate synthase catalyzed reaction where thekcat is
reduced 2 800 000-fold by this substituent change (59). We
have found that the trifluoromethyl analogue of HMP-PP is
at best a poor substrate for the enzyme [kcat(CH3) > 1000kcat-
(CF3)] (57). The structure of the S130A mutant with the
trifluoromethyl pyrimidine bound at the active site shows
that the trifluormethyl substituent does not prevent this
substrate analogue from binding to the active site (58).

Both of these observations demonstrate that the rate of
the enzymatic reaction is highly sensitive to interactions that
affect the stability of the products of an SN1 ionization of
HMP-PP and suggest that the enzymatic reaction proceeds
via an SN1 mechanism.

In the crystal structure, the terminal oxygen of pyrophos-
phate is located 2.90 Å (2.95 Å in the second molecule) from
the C4′ amino group. This hydrogen bonding interaction
could stabilize a pyrimidine carbocation intermediate because
proton transfer from the carbocation would generate a
relatively stable neutral imine.

In conclusion, the high-resolution structure of thiamin
phosphate synthase complexed with its reaction products
described here provides a detailed picture of the interactions
between the enzyme and the substrates that is important for
catalysis. The structure and other mechanistic studies are

FIGURE 7: Alignment of the amino acid sequences of thiamin phosphate synthase. A sequence similarity search ofBacillus subtilisthiamin
phosphate synthase with the BLAST server (http://www.ncbi.nlm.nih.gov/BLAST) shows that there are significant amino acid identities
among 12 thiamin phosphate synthase sequences:Helicobacter pylori(AE000595, 41%),Archaeoglobus fulgidus(AE000960, 38%),Brassica
napus(AF015310, 38%),Haemophilus influenzae(P71350, 37%),Arabidopsis thaliana(AF000657, 36%),Rhizobium etli(AF004408,
35%), Schizosaccharomyces pombe(P40386, 34%),Aquifex aeolicus(AE000695, 34%),SynechocystisPCC6803 (P72965, 34%),
Saccharomyces cereVisiae (P41835, 32%),Escherichia coli(P30137, 31%). The numbers in the parentheses are accession numbers and
sequence identity, respectively. The sequences of thiamin phosphate synthase were aligned using the GCG package (48) and plotted using
the program ALSCRIPT (49). The sequence numbering follows the sequence of theB. subtilisenzyme. For the secondary structure, cylinders
representR-helices, and arrows representâ-strands. Residues identical in all sequences are highlighted in red and similar residues are
highlighted in yellow. Residues hydrogen bonded to pyrophosphate and thiamin phosphate are shown as red and purple triangles, respectively.
Residues providing hydrophobic interactions with the pyrimidine ring are indicated as blue triangles. The ligands of the Mg2+ are shown
as black triangles.

FIGURE 8: Three possible mechanisms for TP synthase (AE:
addition-elimination).
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consistent with a reaction mechanism involving the ionization
of HMP-PP at the active site to give the pyrimidine
carbocation. This ionization is catalyzed by orienting the
C-O bond undergoing cleavage perpendicular to the plane
of the pyrimidine, by hydrogen bonding between the C4′
amino group and one of the terminal oxygen atoms of the
pyrophosphate, and by extensive hydrogen bonding and ionic
interactions between the pyrophosphate and the enzyme.
Trapping of the carbocation by the thiazole followed by
product dissociation completes the reaction.
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