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ABSTRACT: Thiazole synthase is the key enzyme involved in the formation of the thiazole moiety of thiamin
pyrophosphate. We have determined the structure of this enzyme in complex with ThiS, the sulfur carrier
protein, at 3.15 Å resolution. Thiazole synthase is a tetramer with 222 symmetry. The monomer is a
(âR)8 barrel with similarities to the aldolase class 1 and flavin mononucleotide dependent oxidoreductase
and phosphate binding superfamilies. The sulfur carrier protein (ThiS) is a compact protein with a fold
similar to that of ubiquitin. The structure allowed us to model the substrate, deoxy-D-xylulose 5-phosphate
(DXP), in the active site. This model identified Glu98 and Asp182 as new active site residues likely to
be involved in the catalysis of thiazole formation. The function of these residues was probed by mutagenesis
experiments, which confirmed that both residues are essential for thiazole formation and identified Asp182
as the base involved in the deprotonation at C3 of the thiazole synthase DXP imine. Comparison of the
ThiS binding surface to the surface of ubiquitin identified a conserved hydrophobic patch of unknown
function on ubiquitin that may be involved in complex formation between ubiquitin and one of its binding
partners.

Thiamin pyrophosphate is an essential cofactor in all living
systems and plays a key role in the stabilization of acyl
carbanion intermediates involved in carbohydrate and amino
acid metabolism. The cofactor consists of a pyrimidine
covalently linked to a thiazole. The thiazole moiety is
biosynthesized inBacillus subtilisand in most other bacteria
from 1-deoxy-D-xylulose 5-phosphate (1, DXP),1 glycine, and
cysteine in a complex oxidative condensation reaction
requiring five different proteins. Of these, ThiS is the sulfur
carrier protein and carries the sulfur needed for thiazole
assembly on its carboxy terminus (ThiS-COSH). ThiG is
the thiazole synthase and catalyzes the formation of the
thiazole from DXP (1), ThiS-COSH (2), and dehydroglycine
(3) (1-3) (Scheme 1).

Thiazole synthase complexed with the sulfur carrier protein
consists of a tetramer of ThiS/thiazole synthase heterodimers.
ThiS is a 7.2 kDa protein with a ubiquitin-like fold, and

thiazole synthase is a 26.9 kDa protein. The mechanism of
the early steps catalyzed by thiazole synthase have been
elucidated, and an imine between the DXP substrate and
lysine 96 has been characterized (4). The thiazole synthase
sequence is highly conserved in bacteria and shows similarity
to thiamin phosphate synthase, a member of the flavin
mononucleotide dependent oxidoreductase and phosphate
binding (FMOP) superfamilies of (âR)8 barrel enzymes.

The recently determined solution structure ofEscherichia
coli ThiS provided strong evidence for a potential evolution-
ary relationship to ubiquitin, ubiquitin-like proteins (ubls),
and MoaD, the sulfur carrier protein involved in the
biosynthesis of molybdopterin (5). ThiS, ubquitin/ubls, and
MoaD are each activated through adenylation at a conserved
C-terminal Gly-Gly motif by their activating enzymes ThiF,
E1, and MoeB, respectively. The high sequence identity
among the activator proteins and the similarity of their
substrates indicated that they may be functionally analogous
(6). MoaD complexed with its adenylating protein MoeB (7)
and NEDD8 complexed with its adenylating protein AP-
PBP1-UBA3 (8) showed structural similarities and provided
structural details of the adenylation mechanism. The current
evidence suggests that ubiquitin and other ubls derive from
an ancestral sulfur carrying system related to ThiS and MoaD
(9).
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Here we describe the structure ofB. subtilis thiazole
synthase complexed to the sulfur carrier protein ThiS. The
evolutionary implications of the structural similarity of ThiS
to ubiquitin are described. We will also propose that the
thiazole synthase structure represents the strongest link
between the FMOP and ALD1 superfamilies suggesting a
common evolutionary precursor. Finally, the implications of
an active site model for the mechanism of thiazole biosyn-
thesis will be discussed.

MATERIALS AND METHODS

Protein Copurification.The native proteins were obtained
by transforming pCLK820, encoding ThiS (with a 10×
N-terminal histidine tag) and thiazole synthase, into theE.
coli overexpression strain BL21(DE3) (Novagen) (3). A 5
mL starter culture of these cells was used to inoculate 1 L
of LB containing 50µg/mL ampicillin. The cells were grown
at 37 °C to an OD600 of ∼0.6 and then induced with 500
µM isopropyl-â-D-thiogalactoside (IPTG). After an additional
6 h, the cells were spun down at 4420× g for 10 min and
stored at-80 °C.

For production of the selenomethionine (SeMet) incorpo-
rated proteins, the methionine auxotrophic strain ofE. coli,
B834(DE3) (Novagen), was transformed with pCLK820 and
grown as described above with the following modifications.
The SeMet growth medium contained M9 salts plus 0.4%
(w/v) glucose, 2 mM MgSO4, 25µg/mL FeSO4‚7H2O, 1 mM
CaCl2, 50µg/mL ampicillin, and 1% BME vitamin solution
(GibcoBRL) supplemented with 40µg/mL of all amino acids
exceptL-methionine, which was replaced withL-SeMet. Cells
from an initial overnight 5 mL starter culture, grown in LB
containing 50µg/mL of ampicillin, were washed with SeMet
media, and used to start a new 50 mL culture. This second
culture was grown to an OD600 of ∼0.6 and used to inoculate
the larger 1 L culture. The cells were grown at 37°C to an
OD600 of ∼0.6; the temperature was then lowered to 25°C,
and the cells were induced with 500µM IPTG. After an
additional 10 h, the cells were spun down at 4420× g for
10 min and stored at-80 °C.

The cells were resuspended in 10 mL of lysis buffer (50
mM potassium phosphate (KPi), 300 mM NaCl, and 10 mM
imidazole, pH 8.0) and broken using a sonicator. The
clarified cell-free extract was adsorbed on a Ni-NTA column,
and the column was washed with 6 column volumes of buffer
containing 50 mM KPi, 300 mM NaCl, and 10 mM
imidazole, pH 8.0, and then eluted with 50 mM KPi, 300
mM NaCl, and 250 mM imidazole, pH 8.0. The protein was
then buffer-exchanged using an Econo-Pac 10DG column
(BioRad) into 25 mM Tris, pH 7.6, concentrated to 30 mg/
mL by ultrafiltration using a 3 kDa cutoff concentrator
(Amicon), and stored at-80 °C. The protein concentration
was determined by the Bradford method using bovine serum
albumin as the standard. The purity of the thiazole synthase/
ThiS complex was determined by Coomassie-stained SDS-
PAGE and found to be 90-95% free from contaminating
proteins (data not shown).

The E98A and D182A mutants were overexpressed and
purified as described for the thiazole synthase/ThiS complex.
The ThiF, ThiO, ThiD, ThiE, NifS, and YrvO proteins were
all overexpressed as described previously (3) and stored in
50 mM Tris, pH 7.6, or 200 mM Tris, pH 7.8. DXP and
[1-13C]-DXP were synthesized as described previously (4).

Crystallization of the Thiazole Synthase/ThiS Complex.
The thiazole synthase/ThiS complex was crystallized using
the hanging drop method with each drop containing 1µL of
protein and 1µL of well solution. The well solution for
optimized conditions contained 4%-6% poly(ethylene gly-
col) 8000 (PEG 8K), 200 mM sodium chloride, and 100 mM
sodium phosphate, pH 6.0-6.2. Crystals appeared within 2
days and grew to their maximum size (0.08 mm× 0.08 mm
× 0.5 mm) in 1 week. Preliminary X-ray analysis showed
that the crystals belong to the space groupP6122 or P6522
with unit cell dimensions ofa ) 91.58 andc ) 402.27 Å.
The crystals contain two thiazole synthase monomers and
two ThiS monomers per asymmetric unit corresponding to
a solvent content of 60%. The crystallization conditions for
the native protein and SeMet incorporated protein were
essentially the same except that 1 mM dithiothreitol (DTT)
was added for the SeMet protein.

For cryoprotection, the crystals were gently transferred to
a stabilization solution that was similar to the mother liquor
but with 10% PEG 8K and 5% glycerol. The crystals were
then transferred into solutions of increasing glycerol con-
centration (5% steps until the final concentration of 25% was
reached) and frozen by plunging into liquid nitrogen and
stored.

X-ray Data Collection and Processing. A single-wave-
length data set was collected on a SeMet crystal at the
Advanced Photon Source (APS) beam line 8-BM to 3.4 Å
resolution. The wavelength was chosen to be at the maximum
of thef ′′ (peak). The edge and remote wavelength data were
not collected because of crystal decay. Data were collected
over 40° using 60 s for each 1° oscillation with a crystal to
Quantum 315 CCD detector (Area Detector Systems Cor-
poration) distance of 450 mm. Bijvoet pairs were measured
using inverse beam geometry in 10° wedges.

Single-wavelength data were also taken on a native crystal
in a similar manner. In this case, data were collected over a
range of 65° using 60 s for each 1.0° oscillation at a crystal
to detector distance of 450 mm. Integration and scaling on
both data sets were performed with HKL2000 (10). Data
collection statistics are summarized in Table 1.

Structure Determination. The initial Se atom positions
were determined utilizing Patterson search methods as
implemented in SOLVE (11). An initial run found two of
the possible 16 selenium sites. Using these as starting sites
in a second iteration, the program found eight more
sites. Their correctness was determined by a combination

Table 1: Data Collection Statisticsa

thiazole synthase/ThiS complex

peak (Se) native

wavelength (Å) 0.9783 0.9783
resolution (Å) 25-3.4 25-3.15
no. of reflns 126 882 140 237
no. of unique reflns 14 776 20 101
redundancy 8.6 (8.3) 7.0 (6.8)
completeness 99.3 (99.7) 99.2 (100)
Rsym* (%) 12.8 (52.8) 11.2 (53.7)
I/σ 15 (3.8) 21 (2.18)
a Values for the outer resolution shell are given in parentheses. Data

were collected at the Advanced Photon Source (APS) beam line 8BM.
Rsym* ) ∑∑i|Ii - 〈I〉|/∑〈I〉, where〈I〉 is the mean intensity of theN
reflections with intensitiesIi and common indicesh,k,l.
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of peak height and possession of a noncrystallographic 2-fold
axis. The Se atom positions were input into CNS (12) and
used for phasing. The initial phases were used to identify
four of the six remaining Se atoms from a combination of
anomalous difference Fourier and log-likelihood Fourier
maps, and phases were recalculated using the 14 Se atom
positions.

Model Building and Structure Refinement. All model
building was performed using the computer program O (13).
Electron density maps were calculated for each possible
space group,P6122 or P6522; however, only the electron
density for space groupP6522 showed features consistent
with a protein structure. The map was further improved with
the addition of noncrystallographic symmetry constraints
generated from the initial selenium positions and a protein
mask that was created from a bones representation of the
electron density using the program MAPMAN (14). The
electron density for one ThiS/thiazole synthase heterodimer
was stronger than the other and was built first. The known
structure ofE. coli ThiS (PDB code 1F0Z) (5) was used as
a guide for modeling theB. subtilisThiS.

Following model building with the 3.4 Å Se phased map,
the model in the asymmetric unit included two thiazole
synthase monomers and one ThiS monomer. The thiazole
synthase models included residues 1-43 and 60-234. Only
one ThiS was clearly visible in the electron density, and the
model included residues 1-64. Rigid body refinement,
annealing, andB-factor refinement was performed with the
3.15 Å native data. Though the model was slightly improved,
there were still sections of poor density near regions of
missing residues.

The two thiazole synthase and one ThiS model was
transferred to REFMAC5 (15) for continued refinement with
TLS and NCS restraints. Sections of out-of-register residues
became easily visible and were fixed. Successive rounds of
model building, refinement, and map generation allowed for
improvement of each of the models. In addition, density
appeared more clearly for the final ThiS, and it was built in
using the original ThiS as the model. Very strong unassigned
density was built as a phosphate due to the shape of the
density and the high levels of phosphate in the crystallization
conditions.

The final model includes two thiazole synthase/ThiS
complex heterodimers in the asymmetric unit with one bound
phosphate in each. The more ordered ThiS/thiazole synthase
dimer contains residues 1-242 of thiazole synthase and
residues 1-65 of ThiS. The other thiazole synthase/ThiS
dimer contains residues 1-141 and 148-243 of thiazole
synthase and residues 1-64 of ThiS. The model also contains
five water molecules that showed strong electron density and
good hydrogen bonding geometry. The final refinement
statistics are shown in Table 2.

CompetitiVe Binding of ThiS to ThiF and Thiazole Syn-
thase. Aliquots (50 mL) of the thiazole synthase/ThiS
complex overexpression strain (His-tag on ThiS) were mixed
with increasing volumes of the ThiF overexpression strain
(0, 50, 100, 150, and 200 mL). The resulting mixed cultures
were lysed. The His-tagged ThiS and its associated proteins
(non-His-tagged ThiF or thiazole synthase) were purified
using NTA affinity chromatography on a Qiagen spin column
and analyzed by SDS-PAGE (4-20% gradient gel BIO-
RAD) with Coomassie staining.

Trapping of the Thiazole Synthase/ThiS/DXP Imine Com-
plex by Borohydride Reduction.[1-13C]-DXP (150 µM) in
200 µL of 50 mM Tris-HCl, pH 7.6, containing the ThiS/
thiazole synthase complex (2 mg/mL) was incubated at room
temperature for 2 h. The reaction mixture was then treated
with NaBH4 (400 mM) for 20 min. Foaming was controlled
by spinning the reaction mixture in a clinical centrifuge. One
hundred microliters of this solution was gel filtered using a
Biospin column (BIO-RAD Tris, pH 7.4, 0.02% NaN3) to
remove excess DXP and boron salts. The resulting protein
solution was frozen and stored at-80 °C until further use.
An identical trapping protocol was followed for the E98A
and D182A thiazole synthase mutants.

ESI-FTMS Analysis of the Trapped Thiazole Synthase/
ThiS/DXP Imine.Protein samples were desalted using
reverse-phase protein traps (Michrom Bioresources, Auburn,
CA), washed with MeOH/H2O/AcOH (1:98:1), and eluted
with MeOH/H2O/AcOH (70:26:4). The desalted proteins
were electrosprayed at 1-50 nL/min with a nanospray
emitter. The resulting ions were guided through a heated
capillary, skimmer, and three radio frequency-only quadru-
poles into a 6 Tmodified Finnigan FTMS with the Odyssey
data system (16).

Thiazole Synthase Catalyzed Sulfur Transfer from [35S]-
ThiS-Thiocarboxylate.[35S]-ThiS-thiocarboxylate was pre-
pared by incubating the following reaction mixture at room
temperature for 80 min (all in 200 mM Tris, pH 7.8) followed
by gel filtration using a Biospin column into 0.02% NaN3,
25 mM Tris, pH 7.4: 30µL of [35S]-cysteine stock (prepared
using 9µL (50 µCi) of [35S]-cysteine in 90µL of 2 mM
cysteine and 4 mM DTT, in 200 mM Tris, pH 7.8), 2µL of
200 mM ATP, 1µL of 800 mM MgCl2, 25 µL of thiazole
synthase/ThiS (15 mg/mL), 5µL of ThiF (8 mg/mL), and 5
µL of NifS (2 mg/mL) to give a total of 68µL of solution.
DXP (1 µL of a 12.5 mM solution) was added to 30µL of
this protein sample, followed 8 min later by 5µL of freshly
prepared 1 M NaBH4. After 20 min, 40µL of 2× SDS-

Table 2: Refinement Statistics

APS (8BM) native

resolution (Å) 15-3.15
total no. of non-hydrogen atoms 4556
no. of protein atoms 4541
no. of water oxygens 5
no. of ligand atoms 10
no. of reflns in refinement 15 975
no. of reflns in test set 1261
R factora (%) 24.2
Rfree

b (%) 30.5
rms deviation from ideal geometry

bonds (Å) 0.022
angles (deg) 2.02

Ramachandran plot
most favored region (%) 77.9
additional allowed region (%) 18.5
generously allowed region (%) 2.9
disallowed region (%) 0.8

averageB-factors (Å2)
protein 45.6
water 88.9
ligand 26.5

a R factor) ∑hkl||Fobsd| - k|Fcalcd||/∑hkl|Fobsd|, whereFobsdandFcalcd

are observed and calculated structure factors, respectively.b For Rfree,
the sum is extended over a 7% subset of reflections excluded from all
stages of refinement.
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PAGE buffer was added. Reaction mixtures using the E98A
and D182A thiazole synthase mutants and control reactions
from which DXP was omitted were prepared in a similar
fashion. These six samples were then analyzed by 15%
SDS-PAGE. The developed gel was washed thoroughly
with water and dried in vacuo between gel drying film
(Promega) using a BIO-RAD gel dryer (model 583). The
dried gel was exposed to biomax MR (Kodak) autoradiog-
raphy film for 5 days at-80 °C, and the film was developed
using Kodak GBX developer and replenisher, washed with
distilled water, fixed using Kodak GBX fixer and replenisher,
and again thoroughly washed with distilled water before
drying.

Assay for Thiazole Synthase Catalyzed Thiazole Phosphate
Formation. The thiazole phosphate synthase activity of the
wild-type enzyme and both the E98A and D182A mutants
was determined as described previously (3).

Thiazole Synthase Catalyzed H/D Exchange of the C3
Proton of DXP.Deuterated buffer was prepared by lyo-
philizing 2.5 mL of 400 mM KPi (pH 7.6) and dissolving
the resulting solid in 100 mL of D2O. This was used to
equilibrate a PD-10 gel filtration column. Purified thiazole
synthase/ThiS was buffer-exchanged into deuterated buffer
(10 mM KPi, pH 7.6) using this column. The buffer-
exchanged protein was collected in 0.5 mL fractions. The
two most concentrated fractions (total 1 mL) were used for
the assay (protein concentration is∼5 mg/mL).

DXP (1 mM) was added to 1 mL of the purified, buffer-
exchanged protein. After 15 min at room temperature, the

reaction mixture was cooled to 4°C and filtered through a
3 kDa membrane prewashed with D2O (Microcon, 6370×
g). The filter was again washed with D2O (500 µL). The
second washings and the filtered reaction mixture were
combined, lyophilized, redissolved in 600µL of D2O, and
analyzed by1H NMR. The mutants were analyzed in an
identical manner, and a control reaction from which the
enzyme was omitted was also run.

Modeling of DXP into the ActiVe Site of Thiazole Synthase.
DXP was modeled into the active site of thiazole synthase
using the program PRODRG2 (17) and the following four
constraints: (1) the C2 carbon of DXP was bound to Lys98;
(2) the phosphate moiety of DXP was placed in the phosphate
site; (3) a glycine thiocarboxylate was added to ThiS; (4)
this thiocarboxylate was covalently attached to the C3 carbon
of DXP giving a tetrahedral intermediate. Active site residues
of ThiS and thiazole synthase were manually adjusted to
minimize bad contacts and to maximize hydrogen bonds
within the context of the other constraints.

RESULTS

Description of the Structure of the Thiazole Synthase/ThiS
Complex.The thiazole synthase monomer adopts a classic
(âR)8 barrel fold with a few minor additions (Figure 1). A
two-stranded antiparallelâ-sheet (âA-âB) precedes the
initial beta strand (â1) and caps the N-terminal face of the
barrel. In addition, helixR8′ is inserted betweenâ8 andR8.
Finally, there is a 14 residue loop betweenâ2 andR2, and
R2 is shortened to one turn.

FIGURE 1: Structure of the thiazole synthase/ThiS complex. Stereoview of the thiazole synthase/ThiS heterodimer is drawn in ribbon
representation. The bound phosphate is shown in ball-and-stick representation. ThiS is labeled in red withR-helices labeled A# andâ-strands
labeled B#. Thiazole synthase is labeled in black withR-helices labeledR# andâ-strands labeledâ#. Secondary structural elements are
colored green forR-helices and blue forâ-strands. The “clamp” loop that mediates ThiS binding to thiazole synthase is colored in red. This
figure was prepared with Molscript (29) and Raster3D (30).
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ThiS has a compact fold consisting of a four-stranded
mixed â-sheet flanked on one side by two shortR-helices
(Figure 1). Hydrophobic interactions dominate interactions
between theR-helices and theâ-sheet. The C-terminal tail
extends outward from the core of the structure and the final
C-terminal glycine residue is missing in the model due to
poor density most likely a result of high flexibility of the
tail. ThiS fromB. subtilisshares 21% identity toE. coli ThiS.
Superposition of the X-ray structure of ThiS fromB. subtilis
and the NMR structure fromE. coli shows an rmsd of 2.9 Å
in CR atom positions for 62 out of 66 residues. ThiS also
shares significant structural similarity with ubiquitin (rmsd
of 2.9 Å for 57 of 76 residues with 12% identity) (18) and
MoaD (rmsd of 2.8 Å for 58 of 81 residues with 21%
identity) (19).

Quaternary Structure.Thiazole synthase is a tetramer with
222 point symmetry and has a rectangular box shape with
dimensions 85 Å× 75 Å × 35 Å (Figure 2). The molecular
weight of the complex based on gel filtration analysis is 156
kDa, consistent with a tetramer in solution (unpublished
results). Monomers A and A′ (B and B′) are related by the
crystallographic 2-fold axis, while the other pairs of mono-
mers are related by noncrystallographic 2-fold axes. A
channel parallel to one of the noncrystallographic 2-fold axes,
and approximately parallel to the crystallographicc axis, is
formed at the center of the thiazole synthase tetramer by the
C-terminal tail, the â6-R6 loop, R6, and R7 of each
monomer. The axes of theâ-barrels of the thiazole synthase
monomers are also approximately parallel to the channel axis.
The ThiS binding sites, which are located at the C-terminal

faces of the thiazole synthaseâ-barrels, alternate in an up/
down arrangement with the active sites for monomers A and
B′ above the tetramer and A′ and B below the tetramer as
viewed in Figure 2.

The main interactions between monomers A and B are
hydrophobic contacts that occur between helixR7 and helix
R8 of monomer A to the 2-fold related helices in monomer
B. In addition, there is an extended structure for the
C-terminal tail of each monomer that interacts with helix
R8′ and the â6/R6 loop of the other monomer. These
interactions bury roughly 14% of the total available surface
area and also include 10 hydrogen bonds. The interface
between monomers A and A′ is dominated by 2-fold related
hydrophobic areas formed between theâ4-R4 loop with
helicesR5 andR6 of the related monomer. In addition, 2-fold
related pairs of helixR4 form a separate hydrophobic
interaction. These interactions bury 8.5% of the total acces-
sible surface area and also include eight hydrogen bonds and
four salt bridges. Finally, Tyr242 in the C-terminal tail of
monomer A forms a herringbone stacking interaction with
Phe170 from helixR6 of monomer B′.

Thiazole Synthase/ThiS Interactions.There are two main
areas of interaction between thiazole synthase and ThiS. The
first area, called the “clamp” loop, is dominated by hydro-
phobic contacts and involves the extended 14 residueâ2-
R2 loop of thiazole synthase. The C-terminal tail of ThiS is
inserted through this loop much like a thread through the
eye of a needle. Hydrophobic residues on this loop, Met45,
Ile46, and Phe47, pack against the slightly exposed conserved
hydrophobic interior of ThiS between the ThiSâ-sheet and
helix R1. The second area is also dominated by hydrophobic
contacts and involves conserved surface hydrophobic residues
on â3, â4, andâ5 of ThiS with hydrophobic residues on
â1, R1, â2, R2, R3, and theR3-â4 loop of thiazole synthase.
The main interactions are hydrophobic; however, there are
three salt bridges and 11 hydrogen bonds with a total of
∼10% of the thiazole synthase accessible surface area buried
by ThiS.

Phosphate Binding Site.A phosphate ion was unambigu-
ously observed in the electron density in the expected active
site region and is assumed to occupy the phosphate binding
site of DXP. The phosphate ion makes hydrogen bonding
interactions with residues from helixR8′, theâ7-R7 loop,
and the â6-R6 loop (Figure 3). The phosphate forms
hydrogen bonds with the backbone nitrogen atoms of Gly157,

FIGURE 2: Structure of the thiazole synthase/ThiS complex. The
view is down the noncrystallographic 2-fold axis. The crystal-
lographic 2-fold axis is vertical, and the second noncrystallographic
2-fold axis is horizontal. Phosphate is shown bound in ball-and-
stick representation. Thiazole synthase monomers (A, B, A′, and
B′) are colored in blues and greens. ThiS monomers (C, D, C′, and
D′) are colored pink, orange, yellow and red. This figure was
prepared with Molscript (29) and Raster3D (30).

FIGURE 3: View of the phosphate binding site. A stick representa-
tion of the phosphate binding site with residues labeled with their
one letter designation is presented. Hydrogen bonds to the phosphate
are shown in a dashed gray line labeled with distances given in
angstroms. This figure was prepared with Molscript (29) and
Raster3D (30).
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Gly184, Asn205, and Thr206 and with Oγ1 of Thr206. Of
these residues, Gly157 and Gly184 are conserved and Thr206
is always threonine or serine.

ThiF/Thiazole Synthase Competition Assay.The thiazole
synthase complexed to His-tagged ThiS was purified by
Nickel-NTA chromatography in the presence of increasing
concentrations of ThiF and analyzed by SDS-PAGE. As
the concentration of ThiF increased, the amount of thiazole
synthase that copurified with ThiS decreased indicating that
ThiF and thiazole synthase compete for a common binding
site on ThiS (Figure 4).

Effect of the D182A and E98A Thiazole Synthase Mutants
on Thiazole Phosphate Formation. The D182A and E98A
thiazole synthase mutants were assayed for thiazole phos-
phate synthase activity by converting the biosynthesized
thiazole phosphate to the highly fluorescent thiochrome
phosphate as previously described (3). The E98A mutant was
approximately 38-fold less active than the native enzyme,
and the D182A mutant was inactive (>140-fold reduction,
Table 3).

Imine Formation Catalyzed by the D182A and E98A
Thiazole Synthase Mutants.Native and the E98A and D182A
mutants of thiazole synthase were incubated with DXP
followed by reduction of the DXP-thiazole synthase imine
with borohydride as previously described (4). ESI-FTMS
analysis of the resulting proteins indicated that both the
D182A and E98A mutants formed stable adducts with an
extra 200 Da demonstrating that these thiazole synthase
mutants are able to catalyze imine formation with DXP
(Figure 5). The rate of imine formation was not decreased
by more than 25% for either mutation (unpublished results).

Thiazole Synthase Catalyzed Sulfur Transfer from [35S]-
ThiS-Thiocarboxylate.The sulfur transfer from [35S]-ThiS-

thiocarboxylate to thiazole synthase was monitored by SDS-
PAGE/autoradiography as previously described (20) (Figure
6). The radioactivity incorporated into the thiazole synthase
E98A mutant was 15-fold less than that in the native enzyme,
and the D182A mutant was inactive.

Thiazole Synthase Catalyzed H/D Exchange of the C3
Proton of DXP.The thiazole synthase catalyzed exchange
of the C3 proton of DXP can be readily monitored by NMR.
Figure 7 shows the partial NMR spectrum of DXP (C3 and
C4 protons). The C3 proton is completely exchanged with
retention of stereochemistry by the native enzyme. In
contrast, under identical conditions, the E98A mutant
catalyzed partial exchange at C3, while the D182A mutant
showed no exchange. This suggests that Asp182 may be the
base involved in the deprotonation of the C3 carbon of DXP
during thiazole formation.

DISCUSSION

Comparison of Thiazole Synthase to Related Proteins. A
structural search using DALI (21) indicated that among the
21 homologous superfamilies of (âR)8 barrels, thiazole

FIGURE 4: Coomassie-stained 4-20% SDS-PAGE of thiazole
synthase (ThiG) and ThiF copurification with ThiS: lane 1,
molecular weight markers; lane 2, NTA-purified ThiS/ThiG (50
mL culture); lane 3, NTA-purified ThiS/ThiG (50 mL culture) in
the presence of 50 mL of the ThiF culture; lane 4, NTA-purified
ThiS/ThiG (50 mL culture) in the presence of 100 mL of the ThiF
culture; lane 5, NTA-purified ThiS/ThiG (50 mL culture) in the
presence of 150 mL of the ThiF culture; lane 6, NTA-purified ThiS/
ThiG (50 mL culture) in the presence of 200 mL of the ThiF culture;
lane 7, molecular weight markers. In each case, ThiS was His-
tagged.

Table 3: Quantitation of Thiazole Phosphate Formation

time
(min)

amount of thiazole
phosphate (nmol)

activity
(pmol/min)

relative
rate

WT 15 1.7 113 100
E98A 120 0.35 2.9 2.6
D182A 120 a b 0

a Not detected (<0.10 nmol).b Not detected (<0.8 pmol/min).

FIGURE 5: The effect of thiazole synthase E98A and D182A
mutations on imine formation. The top panel shows NaBH4-reduced
thiazole synthase (WT)/DXP imine. The region form/z 1349.8-
1352.2 is enlarged. The theoretical molecular weight for reduced
thiazole synthase+ DXP is indicated by the black circles (b). The
middle panel shows NaBH4-reduced thiazole synthase (D182A)/
DXP imine. The bottom panel shows NaBH4-reduced thiazole
synthase (E98A)/DXP imine. Reduction of the DXP imine (C5H13-
PO6) resulted in a mass increase of 200 Da.

FIGURE 6: Analysis of the sulfur transfer from [35S]-ThiS-
thiocarboxylate to the thiazole synthase(ThiG)/DXP imine for native
and mutated thiazole synthase.
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synthase is most closely related to the FMOP superfamily.
These DALI results showed that the top 20 structural
alignments to thiazole synthase are dominated by proteins
from the FMOP superfamily, which is characterized by a
conserved phosphate binding pocket consisting of residues
from â6, â7, andR8′. Interestingly, one of the top alignments
of thiazole synthase was to the FMOP superfamily member
B. subtilisthiamin phosphate synthase with an rmsd of 2.5
Å for 185 of 226 residues.

Thiazole synthase also aligns well with fructose 1,6-(bis)-
phosphate aldolase class 1A (FBPA 1A) from the archaea
Thermoproteus tenax(TtFBPA) (22) with an rmsd of 3.4 Å
for 185 of 250 residues. Class 1 aldolases (ALD1) are
generally eukaryotic in origin and form a Schiff base
intermediate with an active site lysine to reversibly cleave
fructose 1,6-(bis)phosphate to glyceraldehyde phosphate and
dihydroxyacetone phosphate. Class 2 aldolases (ALD2) are
generally from bacteria and do not utilize a Schiff base in
their reaction mechanisms. TtFBPA is unique in the ALD1
family since it is archaeal in origin. It has been suggested
that TtFBPA represents an evolutionary link between the
ALD1 and ALD2 families (23).

The imine-forming lysine in the ALD1 family is generally
located on strandâ6 of the barrel. On the other hand, the
active site lysine of thiazole synthase is located on strand
â4. However, when structurally aligned, the amino groups
of the active site lysines closely overlap. The functional
conservation of the lysine, along with the structural conser-
vation of several salt bridges throughout the barrel, suggests

an evolutionary relationship between thiazole synthase and
the ALD1 family of proteins.

Transaldolase B is a unique member of the ALD1 family
in that, like thiazole synthase, its active site lysine is on strand
â4 of the barrel. However, it has previously been suggested
through structural alignments that transaldolase B evolved
from a circular permutation in an ancestral aldolase gene,
which results in strandâ4 aligning with strandâ6 of a
traditional aldolase (24). Thiazole synthase is unique in that,
like transaldolase B, its active site lysine is located on strand
â4; however, it structurally aligns with the ALD1 family in
which the active site lysine is on strandâ6.

Previously, it has been suggested through structural and
sequence alignments among all the (âR)8 barrel superfamilies
that the FMOP family should also include the ALD1 family.
The structure of thiazole synthase is consistent with a
common evolutionary origin of these two families. Further-
more, the relationship of thiazole synthase to TtFBPA
suggests that the ALD2 family may also share this common
ancestor.

Thiazole Synthase/ThiS Binding Motifs. The thiazole
synthase/ThiS interface is 62% hydrophobic, utilizing three
main hydrophobic surfaces: the main ThiSâ-sheet near the
C-terminal tail, the C-terminal tail, and the exposed hydro-
phobic patch betweenR1 and the interior portion of the
â-sheet (Figure 8A). In addition, three salt bridges form
between Glu58, Glu35, and Lys30 on ThiS with Arg44,
Arg81, and Glu159 on thiazole synthase, respectively. Of
these residues, only Arg44 is absolutely conserved, whereas
Glu58 is generally either a glutamate or an aspartate. The
interface also contains 11 hydrogen bonds.

FIGURE 7: NMR analysis of the proton exchange at C3 of DXP
catalyzed by native and mutated thiazole synthase.

FIGURE 8: ThiS and ubiquitin surface hydrophobic pockets. Panel
A presents ThiS drawn in ribbon representation withR-helices in
green andâ-strands in blue. Residues from the commonly used
conserved hydrophobic binding pocket are shown in green. Residues
from the alternate conserved hydrophobic binding pocket are shown
in red. Panel B presents ubiquitin drawn in ribbon representation
colored as described for ThiS in panel A. Residues are also colored
as described in panel A. This figure was prepared with Molscript
(29) and Raster3D (30).
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Evolutionary relationships have been proposed for MoaD,
ubiquitin/ubls, and ThiS and the enzymes with which they
interact (5) (Table 4). The structures of MoaD (7) and
NEDD8 (8) with their activating proteins, MoeB and
APPBP1-UBA3, respectively, showed that protein-protein
interactions may also be conserved. Evaluation of the thiazole
synthase/ThiS interface reveals features similar to the inter-
faces of related systems. ThiS contains a highly conserved
hydrophobic binding patch (residues Ile33, Ile40, and Val60)
on theâ-sheet near the C-terminal tail that is structurally
homologous to the Leu71, Leu73, and Ile36 hydrophobic
patch found on ubiquitin (Figure 8B) and a similar one found
on MoaD. This patch forms protein-protein interactions in
the thiazole synthase/ThiS complex and serves a similar role
in complexes of ubls with their respective E1-like proteins
(8). In addition, the molybdopterin synthase structure further
supports the importance of this hydrophobic patch (19).

The C-terminal tails of ThiS, MoaD, and ubiquitin/ubls
also provide key binding partner interactions. In the case of
thiazole synthase, residues Phe62 and Val63 of ThiS and
Phe142, Leu148, and Leu158 of thiazole synthase form
conserved hydrophobic interactions that orient the C-terminal
tail of ThiS in the thiazole synthase active site. Studies on
NEDD8, a ubl, and ubiquitin have shown that a single
mutation in their C-terminal tails can alter the specificity of
a cognate E1 for its ubl (25, 26).

The final area of ThiS that contains key hydrophobic
interactions is unique among all known ubl complex
structures. This hydrophobic surface patch is found between
the C-terminal tail of ThiS and the interior side of thiazole
synthase helixR1 (Figure 8). Here a conserved hydrophobic
patch is composed of Leu4, Leu21, Leu22, Tyr25, Leu27,
and Ile59. Thiazole synthase makes hydrophobic interactions
with the “clamp” loop using residues Ile47 and Phe48. There
are two additional interactions that mediate the binding of
the “clamp” loop to ThiS. The absolutely conserved Asn4
of ThiS hydrogen bonds to both the backbone oxygen of
Met46 on the “clamp” loop and the backbone nitrogen of
Ile59 of the C-terminal tail. Also, Lys30 on ThiS forms a
salt bridge with Glu57 on theR2 helix of thiazole synthase
near the bottom of the “clamp” loop.

The hydrophobic patch on ThiS involved in “clamp” loop
binding can also be found on the surface of ubiquitin and
NEDD8 but to a lesser extent on MoaD. NEDD8 and
ubiquitin have a homologous hydrophobic patch involving
residues Ile36, Leu69, and Leu71. The structures of uncom-
plexed NEDD8 and NEDD8 bound to its E1, APPBP1-
UBA3, reveal that this hydrophobic area decreases slightly
upon E1 binding (8, 25). Furthermore, the complex of

NEDD8-E1 indicates that many of these residues are only
slightly buried though generally not in hydrophobic areas.
Leu69, in particular, is in the center of the hydrophobic patch,
and yet it has no interactions with either of the other proteins.
Instead, most protein-protein interactions of NEDD8 to E1
are through the two previous binding areas, as well as through
the more polar surface area on the opposite side ofR1.

MoaD, on the other hand, maintains this hydrophobic
binding patch despite significant structural differences from
ThiS, NEDD8, and ubiquitin. MoaD, in comparison to the
other three proteins, has two extraR-helices: one between
â1 and â2 designatedR1′ and one betweenR1 and â3
designatedR2. In this case,R1′ andR2 form in the place of
the hydrophobic patch and block surface access to the
hydrophobic interior of the protein. Surprisingly, despite
these differences in structure, this region contains a similar
hydrophobic patch, including residues Val10, Leu13, Leu44,
Pro76, and Leu51. However, neither the molybdopterin
synthase complex nor the MoaD-MoeB complex utilize this
binding area for complex stabilization (7, 19).

Overall, the evolutionary conservation of this hydrophobic
binding patch across structurally similar proteins suggests
the potential for uncharacterized protein-protein interactions
that utilize the area. For example, the structure of the complex
between NEDD8 and its conjugating enzyme, UBC12, has
yet to be determined.

ThiF and Thiazole Synthase Bind to the Same Surface of
ThiS.ThiF has a high sequence similarity (>50%) to both
MoeB and E1-like proteins. The sequence similarity of the
activating proteins and the structural similarity of ThiS and
MoaD (5) suggest that the ThiS/ThiF and MoeB/MoaD
complex will also be similar. However, thiazole synthase
does not have a high sequence identity to either MoaE, or
any E2, so the relationship between the thiazole synthase/
ThiS and MoaE/MoaD complexes was unclear. The thiazole
synthase/ThiS structure indicates that the same surface that
has been suggested to be involved in ThiS/ThiF complex

Table 4: Protein Systems Related to Thiazole Biosynthesis

pathway
ubiquitin
homolog

activating enzyme
(E1 homolog)

conjugating
enzyme/synthase

(E2 homolog)

thiamin
biosynthesis

ThiS ThiF ThiG

molybdopterin
biosynthesis

MoaD MoeB MoaE

protein
degradation

ubiquitin UBA1 (E1) UBC (E2)

E3 ligase
regulation

NEDD8 APPBP1-UBA3 (E1) UBC12 (E2)

FIGURE 9: Putative active site of thiazole synthase. Thiazole
synthase is shown as a surface representation, and ThiS is shown
as a blue coil. Conserved residues with predicted functions are
shown: Lys96 (blue), Glu98 (red), and Asp182 (yellow). Conserved
residues without an assigned function are colored in green, and an
exposed hydrophobic surface is colored in cyan. Phosphate is shown
in red ball-and-stick representation. This figure was prepared with
SPOCK (31).
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formation (19) is involved in thiazole synthase/ThiS
complex formation. Thus, despite the structural difference
of thiazole synthase to either MoaE or E2-like proteins, a
common binding motif is used for complex formation of
ThiS, MoaD, and ubiquitin with their respective enzyme
partners. To support this hypothesis, we were able to show
that ThiF competes with thiazole synthase for ThiS binding
(Figure 4).

Identification of the Thiazole Synthase ActiVe Site.The
location of the thiazole synthase active site was deduced on
the basis of several factors (Figure 9). First, the face of a
(âR)8 barrel corresponding to C-terminal ends of the
â-strands generally contains the active site, and in thiazole
synthase, this region contains most of the absolutely con-
served residues. Similar binding sites are found in thiamin
phosphate synthase (27) and fructose 1,6-(bis)phosphate
aldolase (FBPA) (28), both (âR)8 barrels. Second, a phos-
phate ion was found bound to a region that contained a
cluster of highly conserved residues. Third, Lys96, which
forms an imine with DXP, is found close to the phosphate
binding site. Fourth, the C-terminal tail of ThiS extends into
the region of thiazole synthase where both Lys96 and the

phosphate binding site are found. The phosphate of DXP
most likely binds in a similar way as the bound phosphate
in the current structure. Several absolutely conserved residues
form this binding site. The phosphate binding site contains
a P-loop similar to the one found in thiamin phosphate
synthase for the binding of the phosphate of its substrate.

ActiVe Site Model and E96A and D182A Mutagenesis. A
mechanistic proposal for the formation of the thiazole
phosphate moiety of thiamin pyrophosphate is outlined in
Figure 10. In this proposal, DXP (1) forms an imine with
Lys96 of the thiazole synthase. This tautomerizes first to
the enamine7 and then to the aminoketone8. Addition of
ThiS-thiocarboxylate (2) followed by a S/O acyl shift gives
intermediate 10. Loss of water from10 followed by
tautomerization gives thioenol12, which eliminates ThiS-
carboxylate to give14. Addition of the thiol of 14 to
dehydroglycine (3) followed by transimination and decar-
boxylation reactions completes the thiazole biosynthesis. This
mechanistic proposal has substantial experimental support
(3, 4, 20). The thiazole synthase-DXP imine (6) has been
trapped and characterized, thiazole synthase catalyzed ex-
change of the C3 proton of DXP with water has been

FIGURE 10: Mechanistic proposal for the thiazole synthase (ThiG) catalyzed formation of the thiazole moiety of thiamin pyrophosphate.

FIGURE 11: Model of DXP bound to the thiazole synthase active site. Panel A presents a schematic representation showing DXP and key
amino acid side chains. Atoms shown in black were observed experimentally, and atoms shown in red were modeled using structural and
mechanistic information. Panel B presents a stereoview of the model of DXP bound to the thiazole synthase/ThiS complex. This figure was
prepared with Molscript (29) and Raster3D (30).
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detected, and it has been demonstrated that one of the
carboxy-terminal oxygen atoms of ThiS-carboxylate (13)
is derived from DXP and not from the buffer. In addition,
the intermediate14 has been trapped and characterized as a
competent sulfur donor for thiazole formation after the
addition of dehydroglycine (3) (Dorrestein, P. C., Zhai, H.,
McLafferty, F., and Begley, T. P.,Chem. Biol., in press. This
mechanistic proposal, combined with the structure of thiazole
synthase complexed to the sulfur carrier protein, enables us
to further elucidate the catalytic mechanism of this complex
reaction sequence.

Based on the rationale that DXP binding is restricted by
the position of lysine 96, the phosphate binding site, and
the carboxy terminus of ThiS-carboxylate, intermediate9
was modeled into the potential active site (Figure 11). This
model was surprising in its simplicity; the residues likely to
participate in catalysis were Glu98 and Asp182. Glu98 was
near the C2 of DXP, and Asp182 was near C3 and C4 of
DXP (Figure 11). Both of these residues are absolutely
conserved. However, because of the approximate nature of
our active site model and the complexity of the catalyzed
reaction, it was not possible to assign specific functions to
Asp182 and Glu98, and the catalytic function of these
residues was therefore explored by mutagenesis.

The E98A mutant showed a 38-fold reduction in thiazole
phosphate production, while the D182A mutant was inactive
(>140-fold reduction, Table 3) confirming the importance
of these residues in the biosynthesis of thiazole phosphate.
Next we looked at the ability of the E98A and D182A
mutants to catalyze the sulfur transfer from35S-ThiS
thiocarboxylate to the aminoketone8 to give14, which could
be detected by SDS-PAGE/autoradiography after borohy-
dride trapping (Figure 6). In this experiment, the D182A
mutant was unable to catalyze the sulfur transfer reaction
while the E98A mutant showed only weak catalytic activity
(Figure 6). To further narrow down the catalytic roles of
these residues, we looked at the ability of the mutants to
catalyze the exchange of the C3 proton of DXP with water
(Figure 7). This experiment demonstrated that the E98A
mutant catalyzed the proton exchange, while the D182A
mutant was inactive. This allows us to assign one of the
functions of Asp182 to the deprotonation at C3 of the imine
6. We have also examined the ability of the two mutants to
catalyze the formation of imine6 (Figure 5). Both mutants
catalyze imine formation (unpublished results) with rates that
are essentially the same as the rates of the native enzyme
suggesting that neither residue plays an important role in
the catalysis of imine formation. While these studies clearly
identify one of the functions of Asp182, mutagenesis is of
limited value in probing the functional roles of amino acids
that participate in the catalysis of a complex multistep process
where single amino acids are likely to have multiple roles.
Further elucidation of these roles must await the solution of
thiazole synthase structures with active site bound intermedi-
ates.
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