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ABSTRACT: THI6 is a bifunctional enzyme found in the thiamin biosynthetic pathway in eukaryotes. The
N-terminal domain of THI6 catalyzes the ligation of the thiamin thiazole and pyrimidine moieties to form
thiamin phosphate, and the C-terminal domain catalyzes the phosphorylation of 4-methyl-5-hydroxy-
ethylthiazole in a salvage pathway. In prokaryotes, thiamin phosphate synthase and 4-methyl-5-hydroxy-
ethylthiazole kinase are separate gene products. Here we report the first crystal structure of a eukaryotic
THI6 along with several complexes that characterize the active sites responsible for the two chemical
reactions. THI6 from Candida glabrata is a homohexamer in which the six protomers form a cage-like
structure. Each protomer is composed of two domains, which are structurally homologous to their
monofunctional bacterial counterparts. Two loop regions not found in the bacterial enzymes provide
interactions between the two domains. The structures of different protein-ligand complexes define the
thiazole and ATP binding sites of the 4-methyl-5-hydroxyethylthiazole kinase domain and the thiazole
phosphate and 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate binding sites of the thiamin
phosphate synthase domain. Our structural studies reveal that the active sites of the two domains are 40 Å
apart and are not connected by an obvious channel. Biochemical studies show 4-methyl-5-hydroxyethylthia-
zole phosphate is a substrate for THI6; however, adenosine diphospho-5β-ethyl-4-methylthiazole-
2-carboxylic acid, the product of THI4, is not a substrate for THI6. This suggests that an unidentified
enzyme is necessary to produce the substrate for THI6 from the THI4 product.

Thiamin (vitamin B1) is an essential component of all living
systems. The active form of thiamin, thiamin pyrophosphate
(ThDP),1 acts as a cofactor for several important enzymes in

carbohydrate and amino acid metabolism. The mechanistic role
of the cofactor is stabilization of an acyl carbanion intermedi-
ate (1). Thiamin biosynthetic pathways are found in prokary-
otes and some eukaryotes (yeast, fungi, and plants); however,
vertebrates cannot synthesize thiamin. Therefore, thiamin is an
essential component of the human diet with a daily requirement
of 1.0-1.2 mg (2). Deficiency of thiamin leads to diseases such as
beriberi andWernicke-Korsakoff syndrome (3, 4). The absence
of thiamin biosynthetic enzymes in mammals makes them
potential targets for new antimicrobial and antifungal drug
design.

Thiamin is composed of a thiazole and a pyrimidine moiety,
which are synthesized separately and joined to form thiamin
phosphate (ThMP). Prokaryotes and eukaryotes use different
strategies for the production of thiamin. The details of thiamin
biosynthesis are well characterized both structurally and me-
chanistically in prokaryotes (Scheme 1) (5-7). Thiazole formation
in bacteria requires six gene products and involves the oxidative
condensation of 1-deoxy-D-xyulose-5-phosphate, glycine (in
Bacillus subtilis) or tyrosine (inEscherichia coli), andcysteine (8,9).
Formation of 4-amino-5-hydroxymethyl-2-methylpyrimidine
phosphate (HMP-P) occurs by a complex rearrangement of
5-aminoimidazole ribonucleotide catalyzed by ThiC, a member
of the radical SAM superfamily of enzymes (10, 11). HMP-P is
further phosphorylated by ThiD to form 4-amino-5-hydroxy-
methyl-2-methylpyrimidine pyrophosphate (HMP-PP) (12).
The thiazole and pyrimidine modules are then coupled by the
enzyme thiamin phosphate synthase (TPS) to form ThMP
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(Scheme 2A) (13-15), which is finally phosphorylated to ThDP
by the enzyme ThiL (16, 17).

In addition to the biosynthetic pathway, many organisms
contain salvage pathways. The enzyme 4-methyl-5-hydro-
xyethylthiazole kinase (ThiM) catalyzes the adenosine 50-tripho-
sphate (ATP) dependent phosphorylation of 4-methyl-5-hydroxy-
ethylthiazole (Thz) to form 4-methyl-5-hydroxyethylthiazole
phosphate (Thz-P) (Scheme 2B) (18). ThiD is responsible for the
phosphorylation of 4-amino-5-hydroxymethyl-2-methylpyrimi-
dine (HMP) (12).

In contrast to the prokaryotic system, the mechanistic and
structural understanding of thiamin biosynthesis is still at an early
stage in the eukaryotes (Scheme 3). Currently, only four enzymes
are known to catalyze the biosynthesis of ThMP. THI4 converts
nicotinamide adenine dinucleotide, glycine, and a yet unknown
sulfur source to form the adenosine diphospho-5β-ethyl-4-
methylthiazole-2-carboxylic acid (ADT) (19, 20). THI5 is respon-
sible for HMP-P formation; however, the mechanistic and struc-
tural details of this process remain unknown (21). THI20 catalyzes
the phosphorylation of HMP-P (22). The coupling of Thz-P and
HMP-PP in eukaryotes is catalyzedbyTHI6 (23). This bifunctional
enzyme contains a TPS domain and a ThiM domain. Earlier
studies on THI6 from Saccharomyces cerevisiae showed that the
N-terminal domain is responsible for the TPS activity and the
C-terminal domain is responsible for ThiMactivity (24). The recent
identification of the product of theS. cerevisiae thiazole synthase as
ADT (19, 20) suggests that Thz-P utilization is a salvage reaction
and that carboxy-Thz-P is the biosynthetic substrate.

Here we report the crystal structures of unliganded Candida
glabrata THI6 (CgTHI6) and of several complexes that map out

the two active sites. These include ThMP; ThMP and pyropho-
sphate (PP); Thz and β,γ-methylene-adenosine 50-diphosphate
(AMP-PCP); ThMP and AMP-PCP and 4-amino-5-hydroxy-
methyl-2-trifluoromethylpyrimidine pyrophosphate (CF3HMP-
PP) and carboxy-Thz-P. The THI6 structure reveals a cage-like
homohexamer in which the two active sites are separated by
about 40 Å. The two active sites are not connected by an obvious

Scheme 1

Scheme 2 Scheme 3
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channel. We also report biochemical studies that show that the
TPS domain accepts Thz-P as a substrate but not ADT, the
product of THI4.

MATERIALS AND METHODS

Chemical Reagents. Kanamycin, ThMP, sodium pyropho-
sphate, Thz, AMP-PCP, ATP, magnesium chloride, and the
buffer components were all purchased from Sigma-Aldrich.
Ni-NTA resin was obtained from Qiagen (Valencia, CA). HPLC
grade solvents were obtained from Fisher Scientific. Thz-P and
HMP-PP for the activity assays were synthesized as previously
described (25). TEV protease was provided by Cornell Protein
Production Facility. ADT was prepared as previously de-
scribed (20). Carboxy-Thz-P was prepared as previously de-
scribed (26).
Expression and Purification of CgTHI6. The CgTHI6

gene was cloned into a modified pET28 overexpression vector
encoding an N-terminal hexahistidine tag with a TEV protease
cleavage site. The plasmid CgTHI6.XF1 was transformed intoE.
coli cell line BL21(DE3). A 10 mL overnight culture, grown in
Luria-Bertani media at 37 �C supplemented with 100 μg/mL
ampicillin, was used to start a 1 L culture. Growth at 37 �C was
allowed until the OD600 reached 0.5 at which point the tempera-
ture was reduced to 15 �C. After 45 min of cooling, the culture
was induced with 0.1mM isopropyl 1-β-D-thiogalactopyranoside
and allowed to grow overnight at 15 �C. Cells were harvested by
centrifugation at 9000g for 15 min at 4 �C using an Avanti J-25I
centrifuge (Beckman) and frozen at -20 �C for later use.

The purification was carried out at 4 �C. The frozen cell pellet
was thawed and resuspended in 50 mL of lysis buffer [50 mM
Tris (pH 8.0), 300 mM NaCl, 10 mM imidazole, and 3 mM
β-mercaptoethanol (BME)] and lysed by sonication. Cellular debris
was removed by centrifugation at 35000g for 50 min at 4 �C. The
clarified lysate was loaded onto a Ni-NTA column (Qiagen)
preequilibriated with 50 mL of the lysis buffer. The column was
then washed with 100 mL of wash buffer [50 mM Tris (pH 8.0),
300mMNaCl, 60mMimidazole, and 3mMBME] to remove the
nonspecific binding proteins. CgTHI6 was eluted with elution
buffer [50 mM Tris (pH 8.0), 300 mMNaCl, 250 mM imidazole,
and 3 mM BME]. The elution was monitored by measuring
protein concentration via Coomassie Plus protein assay reagent
(Pierce).

To remove theN-terminal hexahistidine tag, the eluted protein
was incubated with TEV protease in dialysis tubing (Pierce) with
a 10 kDa molecular mass cutoff (MWCO) (Millipore) for 12 h at
4 �C in a buffer containing 50 mM Tris (pH 8.0), 150 mMNaCl,
and 1 mM dithiothreitol (DTT). The proteolysis was monitored
by SDS-PAGE analysis. After complete proteolysis, the reac-
tionmixture was reloaded onto a Ni-NTA column, and the flow-
through was collected. The nonbinding material was buffer
exchanged into 10 mM Tris (pH 7.5) and 50 mM NaCl. The
protein was then concentrated to 8 mg/mL using a 30 kDa
MWCO Amicon ultracentrifugal filter (Millipore) and stored at
-80 �C for future use. Protein concentration was determined by
the Bradford method (27) with bovine serum albumin as stan-
dard. The purity of the protein was determined by Coomassie-
stained SDS-PAGE analysis and was found to be greater than
95% (data not shown).
Crystallization of CgTHI6 in Unliganded and Complex

Forms. The crystallization experiments were conducted at 22 �C
using the hanging-drop vapor diffusionmethod by combining 1 μL

of protein solution and 1 μL of reservoir solution. Initial crystal-
lization conditions of unliganded CgTHI6 were determined using
sparsematrix screens, Crystal Screen 1 and 2 (HamptonResearch).
The final optimized condition contained 0.1 M HEPES (pH 7.5),
0.2-0.25 M MgCl2, and 25-32% polyethylene glycol 400
(PEG400). Rod-shaped crystals, 200-300 μm long, appeared in
2-3 days.

Crystals of the THI6/ThMP complex were obtained by
cocrystallization under similar conditions. The enzyme was
incubated with 2.5 mM ThMP at 4 �C for 1 h prior to crystal-
lization. The crystals grew after 2-3 days to the maximum size of
400 μm.

Additional complexes were prepared by soaking CgTHI6
crystals with the appropriate ligands. The THI6/ThMP/PP
complex was prepared by transferring CgTHI6 crystals into a
solution containing the mother liquor with 5 mM ThMP and
5 mM sodium pyrophosphate and soaking for 1 h at 22 �C. The
THI6/Thz/AMP-PCP complex was obtained by soaking CgTHI6
crystals in a solution containing the mother liquor with 20 mM
Thz and 20 mM AMP-PCP for 12 h at 22 �C. The THI6/ThMP/
AMP-PCP complexwas obtained by soaking theCgTHI6 crystals
in mother liquor solution containing 20 mM each of ThMP, Thz,
and AMP-PCP for 2 h at 22 �C. However, Thz was not bound in
the active site. The THI6/CF3HMP-PP/carboxy-Thz-P complex
was obtained by soaking CgTHI6 crystals in a solution containing
10 mM each of the ligands for 1 h at 22 �C.

The high concentration of PEG400 in the mother liquor acted
as a cryoprotectant. Crystals were flash frozen directly from the
drop by plunging them into liquid nitrogen.
Data Collection and Processing. All data were collected at

the NE-CAT beamline 24-ID-E or 24 -ID-C at the Advanced
Photon Source at Argonne National Laboratory using a Quan-
tum 315 X-ray detector (Area Detector Systems Corp.). Crystals
of CgTHI6 initially diffracted to ∼3 Å but were very sensitive to
radiation damage. As a result, a highly attenuated beamwith 10 s
exposure time, 1� oscillation, and 400 mm of crystal to detector
distance was used to record the diffraction images. To obtain a
complete data set, multiple segments of data were collected by
exposing the same rod-shaped crystal at different spots and
merged together. The data were indexed, integrated, and scaled
using the HKL2000 program suite (28). The data collection and
processing statistics are shown in Table 1.
Structure Determination and Refinement. BLAST

searches (29) showed that the N-terminal domain of CgTHI6 is
about 30% identical to B. subtilis TPS (BsTPS) and the C-term-
inal domain is about 30% identical toB. subtilisThiM (BsThiM).
As a result, molecular replacement was used for the structure
determination of unliganded CgTHI6. The Matthews num-
ber (30) suggested that the asymmetric unit contains six mono-
mers with solvent content of 60.1%. A homology model
containing three C-terminal domains of THI6 was generated
using trimeric BsThiM (PDB entry 1C3Q) as a template. Only
conserved side chains, based on sequence alignments of CgTHI6
withmultiple bacterial thiazole kinases using ClustalW (31), were
retained in the homology model. Molecular replacement using
CNS (32) revealed the orientations and positions of two trimeric
assemblies. After fixing the assemblies from the C-terminal
domains, the six N-terminal domains were found by molecular
replacement using MOLREP (33) with a monomer of BsTPS
(PDB entry 2TPS) as the search model.

All model building was performed using the computer pro-
gramCOOT (34). The initial refinementwas done usingCNSand
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involved successive rounds of rigid body refinement, simulated
annealing, temperature factor refinement, energy minimization,
and model rebuilding. Tight noncrystallographic symmetry re-
straints (NCS) were used throughout the refinement. The 6-fold
NCS-averaged maps were generated using the RAVE suit of
programs (35). NCS-averaged electron density maps and aver-
aged composite omit maps were used for all stages of model
building. Final rounds of refinements were performed using the
PHENIX suite of programs (36) with tight NCS restraints.

Structure determinations of the CgTHI6-ligand complexes
were carried out using the unliganded structure as a starting
point. The THI6/Thz/AMP-PCP complex crystallized in space
group C2 with three CgTHI6 chains per asymmetric unit. The
structure was readily determined bymolecular replacement using
half of a hexamer as the search model. Successive rounds of rigid
body refinement, simulated annealing, temperature factor refine-
ment, and energy minimization were carried out, followed by
model rebuilding. After a few rounds of refinement the NCS-
averaged electron density map was used to position the ligands in
the active site. PRODRGwas used to generate the topology and

parameter files of ligands, required for refinement (37). The final
refinement statistics are summarized in Table 2.
Biochemical Assay of CgTHI6 Activity. Reaction mix-

tures of the following composition were incubated at room
temperature for 2 h. ThiM activity assay: 1.2 mM Thz, 2 mM
ATP, 2 mMMgSO4, and 33 μMpurified enzyme in 50 mMTris-
HCl containing 150 mM NaCl and 2 mM DTT. TPS activity
assay: 1.2 mMThz, 2 mMATP, 2 mMMgSO4, 1 mMHMP-PP,
and 33 μM purified enzyme in 50 mM Tris-HCl containing
150 mM NaCl and 2 mM DTT. ADT cleavage activity assay:
100 μM ADT, 2 mM MgSO4, and 33 μM purified enzyme in
50 mM Tris-HCl containing 150 mM NaCl and 2 mM DTT. A
reaction in which the enzymes were replaced by the reaction
buffer served as a control in each case.
HPLC Analysis of the CgTHI6-Catalyzed Reactions.

Analytical HPLC was carried out using a Supelco LC-18-T (150
� 4.6 mm, 3 μm i.d.) reversed-phase column. HPLC analyses
were performed in an Agilent 1100 instrument equipped with an
inline diode array detector. The enzyme was denatured by heat
(100 �C, 40 s), and the reaction mixtures were rapidly cooled on

Table 1: Data Collection Statisticsa

THI6 THI6/ThMP THI6/ThMP-PP

THI6/Thz/

AMP-PCP

THI6/ThMP/

AMP-PCP

THI6/CF3HMP-PP/

carboxy-Thz-P

wavelength (Å) 0.9795 0.9795 0.9795 0.9795 0.9795 0.9795

resolution (Å) 3.2 3.0 3.1 3.3 2.6 3.2

space group P21 P21 P21 C2 C2 P21
unit cell

a (Å) 102.4 104.5 105.2 161.3 163.2 104.9

b (Å) 153.0 154.3 154.6 153.9 153.5 154.2

c (Å) 146.7 148.6 148.6 108.6 109.6 148.7

β (deg) 102.3 102.5 102.1 117.6 117.9 102.1

Matthews coeff 3.1 3.3 3.4 3.4 3.5 3.2

% solvent 60.1 63.3 63.7 64.1 64.7 62.3

mol/asym 6 6 6 3 3 6

reflections 75076 273270 188896 163837 143976 159587

unique reflections 38571 84611 72303 32447 69157 74009

completeness (%) 93.8 (68.9) 93.2 (61.0) 86.6 (71.3) 91.5 (58.7) 96.5 (82.3) 98.5 (95.9)

Rsym
b(%) 10.6 (32.8) 10.3 (26.9) 11.0 (34.8) 14.8 (39.7) 6.3 (35.5) 8.1 (42.6)

I/σ 13.7 (2.3) 9.5 (1.8) 8.5 (1.4) 7.8 (1.6) 11.6 (1.8) 12.8 (1.9)

redundancy 2.1 (2.1) 3.2 (2.1) 2.6 (1.9) 5.0 (2.8) 2.1 (1.9) 2.2 (2.0)

aValues for the highest resolution shell are given in parentheses. bRsym =
PP

i|Ii - ÆI æ|/
P

ÆI æ, where ÆI æ is the mean intensity of the N reflections with
intensities Ii and common indices h,k,l.

Table 2: Refinement Statistics

THI6 THI6/ThMP THI6/ThMP/PP

THI6/Thz/

AMP-PCP

THI6/ThMP/

AMP-PCP

THI6/CF3HMP-PP/

carboxy-Thz-P

resolution (Å) 3.2 3.0 3.1 3.3 2.6 3.2

no. of protein atoms 22510 22678 22967 11429 11967 22584

no. of ligand atoms 144 192 128 162 222

rmsd

bonds (Å) 0.009 0.008 0.007 0.006 0.008 0.010

angles (deg) 1.165 1.012 1.115 1.084 1.120 1.227

R factora (%) 21.38 21.25 20.50 20.44 21.23 20.1

Rfree
b (%) 24.48 24.18 25.10 24.29 24.40 23.2

Ramachandran plot

most favored (%) 86.1 88.4 85.2 81.6 88.0 85.7

add allowed (%) 12.3 10.0 12.8 15.8 11.2 12,2

gen allowed (%) 1.6 1.4 1.7 2.3 0.8 1.8

disallowed (%) 0.0 0.2 0.3 0.3 0.0 0.2

aR factor =
P

hkl||Fo| - k|Fc||/
P

hkl|Fo|, where Fo and Fc are observed and calculated structure factors, respectively. bIn Rfree the sum is extended over a
subset of reflections that were excluded from all stages of refinement.
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ice. The precipitated protein was removed by centrifugation, and
the supernatant was filtered through a 10 kDa MWCO filter
(Microcon YM-10; Millipore). One hundred microliters of the
filtrate were analyzed by reversed-phase HPLC. The following
linear gradient was used at 1 mL/min flow rate (solvent A is
water, solvent B is 100mMKPi, pH 6.6, solvent C ismethanol): 0
min 100% B, 5 min 10%A 90%B, 8 min 25%A 60%B 15%C,
14 min 25% A 60% B 15% C, 19 min 30% A 40% B 30% C,
21 min 100% B, 30 min 100% B. The absorbance at 261 nm was
monitored. Different compounds were identified in the chroma-
togram by comigration with authentic standards.
Figure Preparation. All figures were prepared using

ClustalW (31), ESPript (38), PyMOL (39), or ChemDraw
(CambridgeSoft).

RESULTS

Overall Structure of CgTHI6. The crystal structure shows
that the enzyme is a hexamer composed of six identical protomers
with 32 point symmetry (Figure 1A,B). The cage-like hexamer
has the shape of a prolate spheroid with a diameter along the
2-fold axis of about 100 Å and a length along the 3-fold axis of
about 150 Å. The inner cavity of the cage has a maximum
diameter of about 55 Å (Figure 1C). The presence of the cavity
contributes to the high solvent content (∼60%) of the crystals

and explains previous results from analytical size exclusion
chromatography, which suggested THI6 was an octamer (23).
The caps of the prolate spheroid are formed by trimeric assem-
blies of the C-terminal (ThiM) domains, and the equator is
formed by dimeric assemblies of the N-terminal (TPS) domains.
The trimeric caps contact each other only through the TPS
dimers; TPS dimers contact the trimers but not each other.
CgTHI6 Protomeric Structure. The protomer consists of

two domains (Figure 1B). The N-terminal domain is composed
of residues 1-236, and the C-terminal domain is composed of
residues 248-540. The domains are connected by a linker
consisting of 11 amino acid residues 237-247. The N-terminal
domain has a ( βR)8 barrel fold, also known as a TIM barrel fold.
The structural fold is characterized by eight parallel β strands
tilted at an angle of 45� from the barrel axis, surrounded by eight
R helices. In addition to those eight R helices, flanking the barrel,
there are two 310 helices. The first one, R0, forms a cap near the
N-terminal end (residues 7-10), and the second one, R80 formed
by residues 210-213, connects β8 andR8. This helix is tilted at an
angle of approximately 20� to the axis of the TIM barrel helices.
The β strands are 4-6 residues long, whereas theR helices consist
of 4-14 residues, R8 being the longest one. There are eight loops
connecting the alternative helical and strand segments. The active
site loop formed by residues 143-153 is disordered in the
unliganded structure.

FIGURE 1: (A)Cartoon representationof the quaternary structure ofCgTHI6hexamer color codedby subunits. (B)Cartoon representation of the
quaternary structure of CgTHI6 hexamer color coded by domains;N-terminal domains are colored in cyan andC-terminal domains in green. (C)
Surface diagram showing the interior cavity of the prolate-spheroid-shaped hexamer. One-half of the hexamer is shown with the central cavity.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101008u&iName=master.img-003.jpg&w=370&h=377
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The C-terminal domain has an R/β fold. The centrally located,
nine-strandedmixed β sheet is flanked by 11R helices. The β sheet
has a topology: β02v β01v β03v β04v β05v β06 v β07V β08V β09V. Helices
R03, R04, R05, R06, and R07 are packed on one side of the sheet and
are antiparallel to the strands of the sheets. The remaining six R
helices form a bundle on the opposite side of the sheet. The
strands contain 4-6 residues, and the helices are made up of
6-14 residues. The C-terminal domains assemble to form a
trimer in the top and bottom of the egg-shaped structure.
Domain Interactions: Interface between N-Terminal and

C-Terminal Domains.Within the protomer, 2630 Å2 is buried
at the interface of the TPS and ThiM domains (40). The interface
is formed by several interactions (Figure 2, Table 3). The first
interaction is between residues 193-203, a loop joiningR7 and β8
of the TPS domain and a portion of the loop containing residues
432-438 of the ThiM domain. The second interaction occurs
between residues 230-236 of the TPS domain and the loop,
consisting of residues 428-432 from the ThiMdomain. The third
interaction is between part of R7 (residues 188-190) of the TPS
domain and a portion of R05 (residues 359-361) from the ThiM
domain. Finally, the loop connecting R010 and R011 (residues
479-486) of the ThiM domain interacts with a portion of the
linker (residues 238-241) between the TPS and ThiM domains.
Domain Interactions: Interface between N-Terminal

Domains. The six TPS domains of CgTHI6 have ( βR)8 barrel
folds and pair up to form three dimers. The individual domains
are cis to each other with respect to the barrel axis. The total
surface area buried at each dimeric interface is approximately
1500 Å2 (40). The major interactions at dimer interfaces include
helices R3 (residue 78-84) and R4 (residue 98-105). Helix R3 of
one monomer is oriented almost perpendicular to the barrel axis
of the other monomer, interacting with R3 and R4. A second
interaction occurs between residues 49 and 52 from one domain
and residues 94-97 from the other. The interface is mostly

hydrophobic residues with only one intermolecular hydrogen
(Asp76 of one monomer and Arg77 of another).
Domain Interactions: Interface between C-Terminal

Domains. The ThiM domains group together to form two
trimers, which are twisted by about 20� with respect to each
other. The trimers are about 78 Å along the edge and about 45 Å
thick. The total surface area buried between two ThiM domains
is approximately 1600 Å2 (40), and the interface is formed by
three main interactions. The first interaction occurs between part
of R02 (residues 276-279) from one domain and a portion of R02
(residues 273-275) from an adjacent domain. The second inter-
action occurs between a loop region from one domain (residues
297-303) and part of R05 (residues 347-350) from an adjacent
domain. The side chain of Glu298 forms hydrogen bonds with
the side chains of Thr348 and Arg350. The third interaction
occurs between part of helix R010 (residues 515-523) and the
loop between R09 and R010 (residues 507-513).
Active Site of the TPS Domain. The active site of the TPS

(N-terminal) domain is located in a cavity surrounded by loops 2
(residues 45-51), 4 (residues 92-97), and 6 (residues 138-154)
of the ( βR)8 barrel. Loop 6 is the longest one and is partly
disordered in the unliganded CgTHI6 structure.

The binding geometry of ThMP in the CgTHI6/ThMP/PP
complex is similar to that of the BsTPS structure (13). The main

FIGURE 2: Ribbon diagram showing interactions between the two
domainswithin aCgTHI6protomer.TheN-terminal domain (residues
1-236) is colored in golden yellow, the C-terminal (residues 248-540)
in green, and the linker region (residues 237-247) in red.

Table 3: Hydrogen Bonds between the N-Terminal and C-Terminal

Domains

N-terminal domain C-terminal domain H-bonding atoms

Ser202 Ser432 Oγ-N

Leu203 Ser434 O-N

Lys200 Ala435 O-N

Tyr234 Gly429 N-O

Arg189 Thr359 NH1-O
FIGURE 3: The active sites of CgTHI6. (A) Stereo diagram showing
the active site of the N-terminal domain of the enzyme. The product
ThMP, pyrophosphate, and the active site residues are shown in ball-
and-stick representation. (B) Stereo diagram showing the carbox-
ythiazole binding in the active site of the N-terminal domain of the
enzyme. The substrates, carboxy-Thz-P, CF3HMP-PP, pyrophos-
phate, and the active site residues are shown in ball-and-stick rep-
resentation. (C) Stereo diagram showing the active site of the
C-terminal domain of the enzyme. The substrate Thz, AMP-PCP,
and the active site residues are shown inball-and-stick representation.
In all panels, carbon atoms are shown in cyan for ligand and green
for protein, nitrogen in blue, oxygen in red, sulfur in yellow, and
phosphorus in orange, and Mg2þ is marked by a magenta sphere.
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interactions between the protein and the ligands are shown in
Figure 3A. ThMP displays a V-shaped conformation with the
pyrimidine ring more exposed and the thiazole ring more buried.
The thiazolium moiety binds in an extended conformation lying
under loop 6. The side chain of Lys146, running parallel to the
hydroxyethyl group of the thiazolium ring provides van der
Waals interactions. The phosphate group of ThMP forms an
extensive network of hydrogen bonds with Thr143, Thr145,
Gly181, Val 209, and Ser210; these residues come mostly from
loops 6 and R8. Ile79 interacts with both the pyrimidine and
thiazole rings. Themostly hydrophobic pyrimidine binding site is
located near the entrance of the β-barrel and is formed by Tyr13,
Val15, His90, Tyr134, Ile179, and Cys207 (not shown). The only
hydrogen bond occurs betweenN3 of the pyrimidine and the side
chain of Gln43 (not shown).

The pyrophosphate binding site in the CgTHI6/ThMP/PP
complex is located near the opening of the active site and is more
solvent exposed than the ThMP site. The pyrophosphate and the
thiazole moiety are present on the opposite faces of the pyrimi-
dine ring of ThMP. Interactions with the pyrophosphate include
both hydrogen bond and electrostatic interactions with a Mg2þ

ion. Hydrogen bonds occur between the pyrophosphate oxygen
atoms and side chains of Asn75, Asp76, Asp95, and Ser114. Salt
bridges are formed with Arg45 and Lys47 from loop 1 and
Lys146 from loop 6. Loop 6 is partly disordered in the THI6/
ThMP structure (residues 146-149 are missing in the electron
density) and becomes ordered after pyrophosphate binding.

In the CgTHI6/ThMP/PP complex structure, the Mg2þ bind-
ing site is located on the outside edge of the active site cavity. The
Mg2þ is octahedrally coordinated by the side chains ofAsp76 and
Asp95 and the oxygen atoms of pyrophosphate. However, in the
absence of pyrophosphate, the Mg2þ binding site is slightly
shifted and the cation is tetrahedrally coordinated by the side
chains of Asp76 andAsp95, themain chain of Ala49, and the side
chain of Thr51 from the neighboring monomer.

In the CgTHI6/CF3HMP-PP/carboxy-Thz-P complex
(Figure 3B), density for carboxy-Thz-P was found only in the
TPS active site. Similar interactions are observed between
the thiazole moiety and the protein as for the product ana-
logue complexes, CgTHI6/ThMP and CgTHI6/ThMP/PP. Two
lysine residues are positioned near the 2-carboxy group of the
thiazole ring, Lys146 and Lys151, both of them coming from
loop 6. Separate, well-defined electron densities were observed
for the CF3HMP and PPmoieties, suggesting that bond cleavage
had occurred. A similar bond cleavage was observed for the
B. subtilis TPS/CF3HMP-PP/Thz-P complex (see Discussion
below). The bond cleavage requires only small movements of
the ligands, and the interactions between the protein and the
pyrimidine moiety and pyrophosphate remain essentially the
same as for the CgTHI6/ThMP/PP complex.
Active Site of the ThiM Domain. The overall active site of

the ThiM domain in the CgTHI6/Thz/AMP-PCP complex is
similar to that of BsThiM (18). The ATP binding site is inferred
from the complex containing the nonhydrolyzable ATP ana-
logue, AMP-PCP (Figure 3C). The site is located near the
C-terminal end of the central β-sheet and includes β05, β06, β07,
and β08. The adeninemoiety of the nucleotide is positioned under
two loops, one containing a β-turn connecting β06 and β07
(residues 417-419) and the other containing a loop preceding
R08 (residues 451-457). The region containing residues 456-465
becomes ordered upon AMP-PCP binding. The N1 and N3
atoms of the adenine form hydrogen bonds with the Ile455 amide

nitrogen and the Lys497 side chain, respectively. Both hydroxyl
groups of the ribose moiety are hydrogen bonded to the side
chain of Glu420. One oxygen atom of the R-phosphate interacts
with the hydroxyl group of Thr416. The side chain of Lys367 (not
shown) forms a hydrogen bond with the β-phosphate, which is
connected toMg2þ. The γ-phosphoryl of the nucleotide analogue
is oriented toward the hydroxyl group of thiazole and is hydrogen
bonded with the side chain of Cys467 and is coordinated with
Mg2þ. A second Mg2þ interacts with the β-phosphate and
γ-phosphoryl of the nucleotide analogue and the side chains of
the strictly conserved residues Asp340 and Glu372.

The Thz binding site in the CgTHI6/Thz/AMP-PCP structure
is located at the interface of two domains and is rich in hydro-
phobic residues. The main interactions with the thiazole occur
between Asn272, Val274, and Thr462 from one protomer and
Ala280, Leu284, Pro290, andMet292 from an adjacent protomer
(not shown). The only hydrogen bond is formed between the
nitrogen atom of thiazole ring and the amide nitrogen ofMet292.
The side chain of Cys467 is positioned near the hydroxyl group of
thiazole.
Biochemical Activities of CgTHI6. Recombinant CgTHI6

exhibited both ThiM and TPS activities (Figure 4A). When the
purified protein was incubated with Thz and ATP, formation of
Thz-Pwas noted. Incorporation ofHMP-PP in the same reaction
resulted in the production of ThMP. Consumption of Thz in the
latter reaction was higher, presumably due to the removal of the

FIGURE 4: Activity assays for CgTHI6. (A) HPLC analyses of the
TPS and ThiM activities; absorbance measured at 261 nm. The red
trace shows the control where the enzyme is not added. The black
trace shows the Thz-P formation in the presence of the enzyme
showing the ThiM activity. The blue trace shows the ThMP forma-
tion in the presence of the enzyme showing the TPS activity. (B)
HPLC analysis of ADT cleavage activity; absorbance measured at
261 nm. The red trace shows the control where the enzyme is not
added. The black trace shows that there is no reaction in the presence
of the enzyme.
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Thz-P product of the ThiM reaction. However, incubation of the
enzyme with the THI4 product ADT did not show any reaction,
suggesting that ADT is not a substrate for THI6 (Figure 4B).

DISCUSSION

Biochemical Assays on THI6. We have confirmed that
THI6 catalyzes the conversion of Thz to Thz-P and the coupling
of Thz-P and HMP-PP to give TMP. In addition, we have
demonstrated that ADT, the product of the S. cerevisiae thiazole
synthase, is not a substrate for THI6. This observation strongly
suggests that an as yet unidentified nudix hydrolase is required
for the conversion of ADT to carboxy-Thz-P.
Reliability of the Medium Resolution Structure. The

resolutions of the reported unliganded and complex structures
range from 2.6 to 3.3 Å, a range bordering on medium resolution
in protein crystallography. However, the current structures
represent a favorable scenario. The determination of these
structures involved molecular replacement using high-resolution
BsThiM (1.5 Å) and BsTPS (1.25 Å) structures as starting
models, making the current structures very reliable. Further-
more, the presence of six monomers in the asymmetric unit
allowed the use of a 6-foldNCS-averagedmap formodel building
and tightNCS restraints for refinement, which further strengthened

the reliability of the structural information and resulted in a small
difference between R and R-free (3-4%).
Structural Comparisonwith Bacterial TPS.TPS catalyzes

the formation of ThMP from HMP-PP and Thz-P or carboxy-
Thz-P. High-resolution structures of this enzyme have been
reported in unliganded and complex forms from B. subtilis (41)
and Pyrococcus furiosus (PDB entry 1XI3). An initial structural
homology search using the DALI server (42) indicated that
BsTPS is structurally homologous to CgTHI6, having a Z score
of 26.5 and rmsd of 1.9 Å, based on alignment of 236 residues of
theN-terminal domain of CgTHI6. A sequence alignment for the
N-terminal domain of CgTHI6 and bacterial TPS homologues is
shown in (Figure 5).

Although the N-terminal domain of CgTHI6 utilizes the same
( βR)8 barrel fold as BsTPS (Figure 6A), a detailed struc-
tural comparison suggests that there are changes between the
eukaryotic enzyme and its bacterial homologue. The significant
differences occur mainly in the loop regions. Themost interesting
one is the presence of a long loop (193-203) in the bifunctional
enzyme holding the two domains together.

The active site residues of the two enzymes are mostly
conserved with the same binding conformation of ThMP, PP,
andMg2þ. A comparison of the active site residues has been listed
in Table 4.

FIGURE 5: Sequence alignment for the N-terminal (TPS) domain of CgTHI6 and representative monofunctional bacterial homologues.
Numbering and secondary structural elements refer to CgTHI6. Absolutely conserved residues are highlighted with red blocks, and similar
residues are shown in pink font.
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Comparison of the Dimer Interfaces of CgTHI6 with
Bacterial TPS and TenI. The N-terminal domains of CgTHI6
and BsTPS both exist as dimers of ( βR)8 barrels. However, in
CgTHI6 the barrel axes are cis to each other unlike in BsTPS,
where they are in trans orientation (Figure 7). In the BsTPS
dimer, the major interactions occur between two symmetry-
related R3 helices running parallel to each other. Interestingly,
the dimeric interface of the bifunctional enzyme is similar to
PfTPS, the available structure of archaebacterial TPS. The
CgTHI6 dimer is also similar to BsTenI (43), which is an enzyme
in the bacterial thiamin biosynthetic pathway, that shows a
significant structural homology toTPS. Previous gene identification
studies have suggested that tenI genes are paralogues of thiE, the
gene encoding TPS (44). All three dimers have the barrel axes cis to
each other (Figure 7). The formation of a different dimeric subunit
in BsTPS is not yet well understood. One possible reason can be
considered as an artifact of the crystal packing. The occurrence of
the same dimeric subunit in PfTPS (archebacterium), BsTenI
(eubacterium), and CgTHI6 (eukaryote) also suggests the possibi-
lity of a divergent evolution, all three enzymes originating from a
common ancestor.
Conformational Change uponLigandBinding in theTPS

Domain.Acomparison between the structures of the unliganded
enzyme and the THI6/ThMP and THI6/ThMP/PP complexes
suggests that there are some conformational changes upon ligand
binding. The active site C loop composed of residues 143-153
becomes ordered upon product binding. Residues Thr143 and
Thr145 from the C loop take part in the phosphate binding of the
product ThMP. The side chain of Lys146 is involved in pyrophos-
phate binding. This longest loop acts as a gate near the active
site, which closes upon the product binding and opens when the
reaction is complete and the product is dissociated from the
enzyme surface. The other active site loops A and B also show
some minor changes upon product binding.
Structural Comparison with Bacterial Thz Kinase. ThiM

catalyzes the conversion of Thz to Thz-P, in the presence of ATP
and Mg2þ. This is a salvage enzyme that provides an alternative
to the regular thiazole biosynthetic pathway and enables the cell

to use the recycled Thz. The crystal structures of the unliganded
ThiM, ThiM/Thz, and ThiM/ThiZP/ATP complexes have been
reported from B. subtilis, in monoclinic and rhombohedral
forms (18). Structural similarity between these two enzymes
was found using a DALI search, which showed a Z score of
31.6 and rmsd of 1.9 Å, for 270 superimposed CR atoms. A
sequence alignment for the C-terminal domain of CgTHI6 and
bacterial ThiMs is shown in Figure 8. The trimeric assembly
remains conserved in the eukaryotic homologue.

The overall fold of the C-terminal domain of CgTHI6 is similar
to BsThiM, having a centrally located β sheet flanked by several
R helices on both sides. The secondary structural elements
are mostly conserved between the two enzymes (Figure 6B).
The major structural differences are observed in the loop regions.
The presence of the insertion (residues 426-446) in the bifunc-
tional enzyme is in the form of a single turn helix, R080 (residues
426-429) followed by an extended loop, interacting with the
N-terminal domain. The loop connectingR09 andR010 is longer in
the bifunctional enzyme (residues 479-486) and interacts with a
portion of the linker between the twodomains (residues 238-241).
The C-terminal helix R012, composed of residues 256-264 in
BsThiM, is substituted by a single turn helix containing residues

FIGURE 6: Comparison between the bifunctional CgTHI6 and its monofunctional bacterial homologues. (A) Ribbon diagram of the N-terminal
domain of CgTHI6 superimposed on a BsTPS monomer. CgTHI6 is colored in cyan and BsTPS in blue. (B) Ribbon diagram of the C-terminal
domain of CgTHI6 superimposed on a BsThiM monomer. CgTHI6 is colored in cyan and BsThiM in blue.

Table 4: Comparison of the Active Site Residues of BsTPS and CgTHI6

BsTPS CgTHI6

ThMP binding residues Gln57 Gln43

Thr156 Thr143

Thr158 Thr145

Gly168 Gly181

Ser209 Ser210

Ile208 Val209

pyrophosphate binding residues Ser130 Ser114

Arg59 Arg45

Lys159 Lys146

Asn92 Asn75

Lys61 Lys47

Mg2þ binding residues Asp93 Asp76

Asp112 Asp95
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530-533 in CgTHI6. A very interesting observation is that the
loop containing residues 379-393 is disordered in our current
structures. The corresponding loop containing residues 135-150 is
present in the ThiM/Thz (rhombohedral crystal form) structure
but disordered in the ThiM/Thz-P/ATP complex structure
(monoclinic crystal form) (18). However, the structural signifi-
cance of this loop is still not known.

A comparison of the active site residues between the two
enzymes is shown in Table 5. The active sites are mostly
conserved with similar binding orientations of Thz, AMP-PCP,
and Mg2þ. However, there are some minor modifications ob-
served in the eukaryotic enzyme. The thiazole binding loop
containing residues 314-316 is slightly shifted away from the
ligand in CgTHI6 compared to the loop containing residues
66-69 in BsThiM. The ATP binding site also shows some
differences in the eukaryotic enzyme. A very interesting shift of
∼8 Å is observed in the ATP binding loop containing residues
451-455, compared to the loop containing residues 184-188 in
BsThiM. The adenine base remains more solvent exposed in the
bacterial enzyme with no hydrogen bond between the adenine
base and the protein. In the bifunctional enzyme the adenine ring
is shielded by the loop containing residues 451-455. There are
two hydrogen bonds between the ring and the protein. The N1 of
the adenine base makes one hydrogen bond with the main chain
nitrogen of Ile455, and the other one is betweenN3of the adenine
base and the side chain of Lys497, which is replaced byGly226 in
BsThiM.
Conformational Changes upon Thz and AMP-PCP

Binding. Thz binding in the C-terminal domain induces an
interesting change of space group from primitive monoclinic P21
to C-centered monoclinic C2, having three monomers in the
asymmetric unit, composing half of the hexamer. However, the
whole hexamer is generated by the crystallographic 2-fold axis.
The active site loop, preceded by the single turn helix containing
residues 456-464, also becomes ordered upon ligand binding.
This observation is consistent with the fact that several residues in
this region make contact with the ligand.
Relationship of the Two CgTHI6 Active Sites. Substrate

channeling is a common phenomenon in most multifunctional
enzymes (45). The product of the C-terminal domain, ThZ-P, is
the substrate of the N-terminal domain in bifunctional CgTHI6.

Our biochemical studies reveal that the consumption of ThZ was
higher in the presence of HMP-PP, possibly due to removal of
ThZ-P, suggesting cooperative interaction between two domains
and raising the possibility of a channel between the two domains.
However, in the crystal structure of CgTHI6, the two active
sites are∼40 Å apart with no apparent channel. The possibility
of interchain channeling was also considered; however, in this
case the two active sites are even farther apart. Therefore,
it appears that ThZ-P is transferred from one domain to the
other by diffusion before condensation with HMP-PP to form
product.
Trapping of an Intermediate in the THI6/CF3HMP-PP

Complex. The active site of this complex surprisingly showed
three fragments of density for carboxy-ThZ-P, the pyrimidine
moiety, and PP, providing a snapshot of the enzyme-intermedi-
ate complex (Figure 3B). The distance between the C70 of
pyrimidine and the closest oxygen of PP was 2.7 Å, much longer
than an average C-O single bond length, which is 1.43 Å. The
distance between the C70 and the nitrogen of the thiazole ring
was 3 Å, also longer than a standard C-O single bond, which
is 1.47 Å. This suggests clearly that C70 of the pyrimidine is not
bonded to either nucleophile. The pyrimidine moiety was mod-
eled in the active site as an iminemethide resulting from the
deprotonation of the carbenium ion. The strongly electron
withdrawing trifluoromethyl substituent in the pyrimidine ring
would destabilize the carbenium ion favoring the formation of
iminemethide by deprotonation. The active site contents support
a dissociative mechanism where the ionization of HMP-PP
is followed by the nucleophilic attack by the thiazole nitrogen.
A similar trapping of an intermediate was observed in the case of
bacterial TPS (41).
Catalytic Mechanism. The study of the THI6/ThMP and

THI6/ThMP/PP complexes shows that all of the active site
residues are conserved betweenCgTHI6 and BsTPS. The binding
conformations of the products, ThMP, PP, and Mg2þ, also
remain the same in the two active sites, indicating the involve-
ment of a similar dissociative mechanism with the formation
of pyrimidine carbocation (14, 15, 41). The binding of HMP-PP
and Thz-P or carboxy-Thz-P to the active site is followed by the
closing of the C-loop, forming a stable enzyme-substrate ter-
nary complex. The ionization of HMP-PP is facilitated by the

FIGURE 7: Comparison of the dimeric subunit of CgTHI6with other enzymes. (A) Ribbon diagram showing the dimer of theN-terminal domain
of CgTHI6. (B) Ribbon diagram showing the dimer of BsTPS. (C) Ribbon diagram showing the dimer of BsTenI. (D) Ribbon diagram showing
the dimer of PfTPS. In all figures the monomers are labeled by different colors.
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stabilization of pyrophosphate as a leaving group and the delo-
calization of the positive charge in the pyrimidine ring. This
intermediate is trapped by the nucleophilic thiazole moiety to
form thiamin phosphate or carboxy thiamin phosphate, followed
by the decarboxylation for the latter product. The decarboxyla-
tion is facilitated by the positive charge on the nitrogen atom of
the thiazole ring.

The structural comparison of the THI6/Thz-P/AMP-PCP
complex and the ThiM/Thz-P/AMP-PCP complex shows that
the active site residues are mostly conserved between the two
enzymes with a similar kind of ligand binding. This provides
an insight to the similar mechanism of action between the two
enzymes. The positioning of the γ-phosphoryl of AMP-PCP
and the Thz indicates an inline phosphate transfer in the pres-
ence of ATP. Cys467 is the probable candidate for the base to

deprotonate the thiazole alcohol and facilitate phosphorylation.
Interestingly, this cysteine residue is replaced by aspartate in the
other closely related small molecule kinases, ribokinase and
adenosine kinase (46, 47).

The substrates for the bacterial and S. cerevisiae TPS are
carboxy-Thz-P or Thz-P and HMP-PP. The mechanism of
the decarboxylation is not yet established. The active site of the
THI6/CF3HMP-PP/carboxy-Thz-P complex indicates that there
are two lysine residues (Lys151 and Lys146) positioned near the
thiazole carboxylate group. Lys146 is strictly conserved in THI6
orthologues as well as in the bacterial TPS homologues. On the
other hand, Lys151 does not remain conserved in the eukaryotes
and is replaced by a histidine residue (His132) in BsTPS. This
suggests that Lys146 is likely to be involved in binding the
thiazole carboxylate.

FIGURE 8: Sequence alignment for the C-terminal (ThiM) domain of CgTHI6 and representative monofunctional bacterial homologues.
Numbering and secondary structural elements refer to CgTHI6. Absolutely conserved residues are highlighted with red blocks, and similar
residues are shown in pink font.
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family of kinase structures. Structure 6, 183–193.


