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ABSTRACT: Thiamin monophosphate kinase (ThiL) catalyzes the ATP-dependent phosphorylation of thiamin
monophosphate (TMP) to form thiamin pyrophosphate (TPP), the active form of vitamin B1. ThiL is a
member of a small ATP binding superfamily that also includes the purine biosynthetic enzymes, PurM
and PurL, NiFe hydrogenase maturation protein, HypE, and selenophosphate synthase, SelD. The latter
four enzymes are believed to utilize phosphorylated intermediates during catalysis. To understand the
mechanism of ThiL and its relationship to the other superfamily members, we determined the structure of
Aquifex aeolicus ThiL (AaThiL) with nonhydrolyzable AMP-PCP and TMP, and also with the products
of the reaction, ADP and TPP. The results suggest that AaThiL utilizes a direct, inline transfer of the
γ-phosphate of ATP to TMP rather than a phosphorylated enzyme intermediate. The structure of ThiL is
compared to those of PurM, PurL, and HypE, and the ATP binding site is compared to that of PurL, for
which nucleotide complexes are available.

Thiamin, also known as vitamin B1, is required by all
living organisms and is an essential vitamin in the human
diet. The active form of thiamin, thiamin pyrophosphate
(TPP),1 stabilizes acyl carbanion intermediates and plays
important roles in carbohydrate metabolism and in the
pentose phosphate pathway (1). Often, the reactions catalyzed
by thiamin pyrophosphate involve decarboxylation reactions
of R-keto acids. In these reactions, the thiamin ylide adds to
the ketone. Loss of carbon dioxide from the resulting adduct
gives the thiamin-stabilized acyl carbanion, which can then
be protonated by an active site acid. Release of the cofactor
generates the aldehyde product (2).

The biosynthesis of thiamin pyrophosphate in prokaryotic
systems has been studied both structurally and mechanis-
tically (1, 3). The thiazole and pyrimidine moieties are
biosynthesized separately. Six enzymes act upon deoxy-D-
xylulose 5-phosphate, glycine, and cysteine to form the

thiazole moiety. The pyrimidine pyrophosphate is formed
by a rearrangement of 5-aminoimidazole ribonucleotide
catalyzed by ThiC, followed by phosphorylation by HMP-P
kinase. The thiazole and pyrimidine moieties are then joined
together to form thiamin monophosphate (TMP) in a reaction
catalyzed by thiamin phosphate synthase. Thiamin mono-
phosphate kinase (ThiL) is the final enzyme in the thiamin
biosynthetic pathway and is responsible for the phosphory-
lation of TMP to form TPP (Scheme 1), the biologically
relevant form of the cofactor (4).

In addition to ThiL’s role in thiamin biosynthesis, ThiL
has been postulated to be a member of the PurM ATP
binding superfamily (5). To date, only five proteins have been
identified as members of this superfamily: aminoimidazole
ribonucleotide synthetase (PurM), formylglycinamide ribo-
nucleotide amidotransferase (PurL), selenophosphate syn-
thetase (SelD), the NiFe hydrogenase maturation protein
HypE, and ThiL (5). Interestingly, PurL and PurM catalyze
sequential reactions in the purine biosynthetic pathway, and
the product of the reaction catalyzed by PurM is 5-amino-
imidazole ribonucleotide, the small molecule transformed
into the pyridine moiety of thiamin pyrophosphate. With the
exception of ThiL, these enzymes are believed to proceed
via a phosphoimidate intermediate (6). It is unclear why ThiL
belongs to this superfamily because the TMP phosphorylation
reaction is more likely to proceed by an inline phosphate
transfer in which a phosphorylated enzyme intermediate
would be unnecessary.
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The structure of Aquifex aeolicus ThiL (AaThiL) was
previously determined by the New York Structural Genomics
Group (Protein Data Bank entry 1VQV), but no substrate or
product complexes were available. We initiated additional
structural studies to investigate the place of ThiL within the
PurM ATP binding superfamily. AaThiL was cocrystallized
with �,γ-methylene adenosine 5′-triphosphate (AMP-PCP)
as a binary complex, and these crystals were then soaked
with TMP to yield the AMP-PCP-TMP ternary complex.
Additionally, AaThiL was cocrystallized with the reaction
products, TPP and adenosine 5′-diphosphate (ADP), to form
the ADP-TPP complex. These structures allow for com-
parison to the structures of the other members of the PurM
ATP binding superfamily, especially at the active sites.
Examination of the active site of ThiL, with substrates and
products bound, has eliminated the possibility of a phos-
phoimidate intermediate on ThiL and strongly supports a
direct, inline transfer of the γ-phosphate of ATP to TMP.

MATERIALS AND METHODS

Gene Synthesis. Primers for the gene synthesis of A.
aeolicus thiL were designed using the GeMS Web site (7)
(http://software.kosan.com/GeMS/). Gene synthesis was car-
ried out using the method described by Kodumal (8, 9). The
5′ synthon was cloned into pSTBlue1 (Novagen), and the 3′
synthon was cloned into pCR4-Blunt (Invitrogen). After
sequencing had been carried out, the two synthons were

merged by single-overlap extension PCR. The resulting PCR
fragment was cloned into pENTR-TEV-D-TOPO (Invitro-
gen). Sequencing revealed a missing base in the overlap
region. This was repaired by site-directed mutagenesis using
KOD DNA polymerase (New England Biolabs) and a
standard PCR protocol. The following primer and its reverse
complement were used (5′-GTT AAA CGC GCG TGT GAA
TTC TAC AAG TGC GAA GTG GTC GG-3′). Parental
DNA was digested with DpnI prior to transformation. Clones
were screened for the introduction of an EcoRI site and
verified by sequencing. A clone with the correct sequence
was named pAaThiL.ET and used as the entry vector in an
LR reaction using the Gateway system (Invitrogen) with a
destination vector based on the Novagen pET system. The
destination vector encodes an N-terminal six-His tag, and
the pENTR-TEV-D-TOPO vector encodes a TEV protease
site between the fusion tag and the AaThiL gene. A correct
clone was named pAaThiL.XF1 and used for protein
production.

Protein OVerexpression. pAaThiL.XF1 was transformed
into the B*R2 Escherichia coli cell line. Cells were grown
in LB medium at 37 °C with shaking (200 rpm) to an OD600

of 0.6. Overexpression of ThiL was induced with 1 mM
isopropyl �-D-thiogalactopyranoside, and cells were incu-
bated at 37 °C for 3 h. Cells were harvested by centrifugation,
resuspended in lysis buffer [300 mM NaCl, 50 mM
Na2HPO4, and 5 mM imidazole (pH 8.0)], and lysed by

Table 1: Summary of Data Collection Statistics

AaThiL-ATP AaThiL-AMP-PCP AaThiL-AMP-PCP-TMP AaThiL-ADP-TPP

beamline APS 24-ID-C APS 24-ID-C APS 24-ID-C APS 24-ID-C
resolution (Å) 2.30 2.20 2.60 1.48
wavelength (Å) 0.9795 0.9795 0.9795 0.9795
space group P212121 P212121 P212121 P212121

a (Å) 61.3 61.2 60.8 60.6
b (Å) 67.1 67.1 66.8 66.2
c (Å) 200.7 203.5 196.9 197.0
no. of reflections 226383 309648 71312 412005
no. of unique reflections 34823 (1980) 43410 (4269) 23068 (2062) 118539 (11700)
average I/σ 31.5 (1.9) 31.6 (6.0) 23.9 (6.1) 20.3 (3.4)
redundancy 6.5 (3.6) 7.1 (6.6) 3.2 (3.2) 3.6 (2.5)
completeness (%) 92.4 (53.4) 99.8 (99.9) 90.0 (82.6) 89.1 (88.9)
Rsym

a (%) 5.2 (36.5) 5.1 (32.5) 3.8 (14.3) 6.6 (28.6)
a Rsym ) ∑∑i|Ii - 〈I〉|/∑〈I〉, where 〈I〉 is the mean intensity of the N reflections with intensities Ii and common indices h, k, l.

Table 2: Summary of Data Refinement Statistics

AaThiL-ATP AaThiL-AMP-PCP AaThiL-AMP-PCP-TMP AaThiL-ADP-TPP

resolution (Å) 50.00-2.30 50.00-2.20 50.00-2.60 50.00-1.48
no. of protein atoms 4778 4750 4881 4906
no. of ligand atoms 62 62 116 116
no. of water atoms 101 90 14 547
no. of reflections in the working set 32928 38005 19849 102350
no. of reflections in the test set 2053 4312 2260 11388
R factora (%) 22.21 21.7 21.3 20.1
Rfree

b (%) 24.84 25.7 27.1 21.9
root-mean-square deviation from ideal values

bonds (Å) 0.006 0.006 0.007 0.004
angles (deg) 1.3 1.3 1.4 1.2

average B factor (Å2) 50.9 45.5 56.1 23.9
Ramachandran plot

most favored (%) 91.2 92.2 87.8 93.7
additionally allowed (%) 8.4 7.4 11.2 5.6
generously allowed (%) 0.4 0.4 0.4 0.7
disallowed (%) 0.0 0.0 0.6 0.0

a R factor ) ∑hkl||Fobs| - k|Fcal||/∑hkl|Fobs|, where Fobs and Fcal are observed and calculated structure factors, respectively. b For Rfree, the sum is
extended over a subset of reflections (10%) excluded from all stages of refinement.
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sonication. The crude lysate was then centrifuged at 40000g
for 25 min at 4 °C. The cleared lysate was applied to a Ni-
NTA column (Qiagen) and washed with the buffer described
above in a volume that was 75 times greater than the column
volume. The column was then washed with wash buffer [300
mM NaCl, 50 mM Na2HPO4, and 30 mM imidazole (pH
8.0)] to remove any nonspecific binding proteins for roughly
20 column volumes. AaThiL was then eluted from the
column using elution buffer [300 mM NaCl, 50 mM
Na2HPO4, and 250 mM imidazole (pH 8.0)] in 5 column
volumes. Protein was buffer exchanged into 10 mM Tris and
20 mM NaCl (pH 7.7) by overnight dialysis and was then
concentrated using an Amicon Ultra centrifugal filter with a
molecular mass cutoff of 10 kDa until a concentration of 13
mg/mL was reached as determined by the Bradford assay
(10). Protein purity was verified by SDS-PAGE to be 95%
(results not shown).

Protein Crystallization, Data Collection, and Structure
Determination. Crystallization experiments were conducted
using the hanging drop vapor diffusion method at 22 °C by
combining equal volumes of protein and reservoir solution.
Initial conditions were found using sparse matrix screens
Crystal Screen 1 and 2 (Hampton Research) and Wizard
Screen 1 and 2 (Emerald Biosystems). To obtain binary
complexes, AaThiL was incubated with 4 mM AMP-PCP
or ATP and 4 mM MgCl2 on ice for 1 h prior to
crystallization experiments. Optimized conditions for the
AaThiL binary complexes included 100 mM HEPES (pH
7.4), 6–11% isopropyl alcohol, 200 mM NaCl, and 4–6%
2-methyl-2,4-pentanediol (MPD); 100 mM CaCl2 was used
as an additive in a 1:9 ratio with the reservoir solution
described above. Crystals reached their maximum size of
200 µm × 100 µm × 100 µm within 3 days. Cryoprotection
of these crystals was conducted by increasing the MPD

FIGURE 1: Overall structure of AaThiL. (A) Ribbon diagram of the monomer of AaThiL. The A domain is colored red, and the B domain
is colored green. All figures were generated using PyMol (16). (B) Topology diagram of AaThiL. The A domain and the B domain are
shown separately. (C) Ribbon diagram of the dimer of AaThiL. The A domain is colored red, and the B domain is colored green in one
monomer; to emphasize domain interactions, the A and B domains of the second monomer are shown in muted tones. The products, TPP
and ADP, are shown as stick representations. A 90° rotation provides both a side view of the dimer and a view down the �-barrel.
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concentration to 15% and adding 2% ethylene glycol to the
crystallization conditions. To form a ternary substrate

complex, TMP was soaked into the cocrystallized AaThiL
and AMP-PCP crystals by transferring the crystals to a
solution containing the mother liquor and 20 mM TMP and
allowing the crystals to soak for 5 min before being frozen.
To obtain AaThiL ADP-TPP crystals, AaThiL was incu-
bated on ice with 4 mM ADP, 4 mM TPP, and 4 mM MgCl2.
Optimized conditions for the product complex included 100
mM imidazole (pH 8.0), 7–10% PEG 8000, and 100-250
mM Ca(C2H3O2)2. These crystals reached their maximum
size of 200 µm × 80 µm × 80 µm within 1 week and were
cryoprotected using 15% ethylene glycol in addition to the
crystallization conditions.

Data sets were collected for AaThiL with AMP-PCP,
AMP-PCP-TMP, and ADP-TPP complexes at the Ad-
vanced Photon Source 24-ID-C beamline using a Quan-
tum315 detector (Area Detector Systems Corp.) at the
wavelength 0.9795 Å. The data set for AaThiL complexed
with ATP was collected at the A1 station at the Cornell High
Energy Synchrotron Source (CHESS) using a Quantum210
detector (Area Detector Systems Corp.) and a wavelength
of 0.9771 Å. All data sets were collected using an oscillation
range of 0.5° to resolve the diffraction patterns. Crystals were
indexed in the P212121 space group with the following cell
dimensions: a ) 61.2 Å, b ) 67.1 Å, and c ) 203.5 Å for
the binary complexes (giving a Matthews coefficient of 2.82
and a solvent content of 56%). The binary structure with
AMP-PCP bound was determined to 2.20 Å resolution, and
the structure with ATP bound was determined to 1.98 Å
resolution. Cell dimensions were as follows: a ) 60.8 Å, b
) 66.8 Å, and c ) 197.0 Å for the ternary complexes
containing either TMP or TPP with a smaller Matthews
coefficient of 2.67 and 54% solvent content (11). The
substrate analogue ternary complex, AMP-PCP-TMP, was
determined to 2.60 Å resolution, and the ADP-TPP product
ternary complex was determined to 1.48 Å resolution. The
data collection and refinement statistics are given in Tables
1 and 2.

Data were indexed, integrated, and scaled using the
HKL2000 suite of programs (12). Structures were determined
using molecular replacement with the thiamin monophos-
phate kinase structure (Protein Data Bank entry 1VQV) as
the search model (13). Ligands and missing residues were
manually added using COOT (14). Structures were then
refined using rigid body, simulated annealing, B factor
refinement, and minimization with CNS (15). Figures were
generated using ChemDraw and PyMOL (16).

RESULTS

Structure of the AaThiL Protomer. The ternary complex
models of AaThiL contain all 306 possible residues, as well
as two to six residues of the His tag. However, the binary
complexes lacking TMP or TPP have no density for the final
6-11 C-terminal residues, and they are not included in the
model. The AaThiL protomer is composed of two domains,
A and B, as seen in Figure 1A. The A domain consists of
the first 140 residues and adopts an R/�-fold. The mixed
�-sheet has a strand order of �1v�2V�5v�3V�4V, shown in
Figure 1B. The �-strands are unusually long, with �2 and
�3 each having 11 residues, �5 10 residues, and �9 nine
residues. The fifth strand, �1, is shorter with only five
residues. The �-sheet is flanked on one side by four R-helices.

FIGURE 2: Schematic diagrams for the active sites of the substrate
and product complexes. Interactions between ligand and residues,
ions, and water molecules are shown with dashed lines. (A) Binding
of AMP-PCP within the active site of AaThiL. (B) Binding of ADP
within the active site of AaThiL. (C) Binding of TMP within the
active site of AaThiL. (D) Binding of TPP within the active site of
AaThiL.
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Two of the R-helices, R3 and R4, are also longer than
average, each with 18 residues. The B domain, consisting
of the 160 C-terminal residues, has an R/�-fold as well. The
mixed �-sheet has a strand order of �7V�9v�6V�10v�8V�11V.
The �-strands are much shorter than the �-strands found in
the A domain. The longest �-strand, �10, has eight residues,
and the two shortest strands, �8 and �11, each have four
residues. �10 has a sharp twist, seen in Figure 1A, that results
in a bend in the �-sheet. The �-sheet is flanked on both sides
by R-helices. Five R-helices, R5, R6, and R8-R10, are found
on one side of the �-sheet, while R7 is the only R-helix on
the other side of the �-sheet. The A domain and B domain
are linked by a short connective loop between �5 and �6.

Structure of the AaThiL Dimer. The unit cell contains one
dimer per asymmetric unit (Figure 1C). The surface area of
the dimer is approximately 25500 Å2, with 6300 Å2 buried
at the interface between protomers (17). The primary
interaction between protomers occurs in the A domain in
which the 2-fold related �-sheets come together to form an
eight stranded �-barrel. The short �1 strand stacks on top of
�4 to form one long strand that is of a length comparable to
that of the other �-strands in the �-barrel. This �-barrel is
flanked by R-helices from the A domains. R2 of one protomer
and R4 of the second protomer run parallel to each other,
and hydrophobic residues along each R-helix interact with
the opposite R-helix. A noncrystallographic 2-fold axis runs
through the �-barrel. The interface between protomers is
stabilized primarily through hydrophobic interactions and the
packing of �-strands against each other. A disulfide bond
forms between Cys34 and Cys34*, where the asterisk

indicates the 2-fold-related protomer. Ten hydrogen bonds
form between protomers. The carboxylate group of Glu20
forms a hydrogen bond to the amine of Lys105*; the amide
group of Asn46 is hydrogen bonded to both the hydroxyl
group of Ser121 and the oxygen atom of the amide group
of the side chain of Asn87, and the carboxylate of Asp91 is
hydrogen bonded to the amine of Lys4. The hydroxyl group
of Tyr33 is hydrogen bonded to the carboxylate group of
Glu135, and the amine of Lys125 forms a hydrogen bond
to the carboxylate of Glu124. In addition to these hydrogen
bonds, four hydrogen bonds are formed between the back-
bone atoms of the two protomers. The carbonyl oxygen
atoms of Met1, Asp91, Leu92, and Glu90 form hydrogen
bonds to the nitrogen atoms of the amide bonds in Val94,
Arg2, Leu3, and Lys4, respectively. The ends of the �-strands
are composed of mostly hydrophilic residues that are exposed
to solvent. Additionally, several highly conserved aspartate
residues that contribute to the formation of the active site
are found within the �-barrel facing away from the �-barrel
core.

ATP Binding Site. The AaThiL dimer has two equivalent
active sites, located mostly within a single protomer but with
some interactions from the opposite protomer. The active
site is located in a cleft between the A and B domains and
also involves �-strands �3 and �4 of the A domain of the
2-fold-related protomer. The interactions between the resi-
dues of the active site and ATP are shown in Figures 2A
and 3. ATP binds deeply within the active site cleft and has
no exposure to the solvent. The adenine base of ATP binds
in a highly hydrophobic pocket, rich with highly conserved

FIGURE 3: Stereoviews of the active site of the AaThiL ternary complexes. (A) Stereoview of the active site in the AMP-PCP and TMP
structure. The 1FO - FC map is contoured at 2.5σ and is colored blue. (B) Stereoview of the active site in the ADP and TPP structure. The
magnesium ions, shown as green spheres, have moved to adjust to the shift of the transferred phosphate group. The 1FO - FC map is again
contoured at 2.5σ and is colored blue.
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isoleucine and valine residues, formed on one side by the
�4 strand from the opposing protomer. The hydroxyl group
of Tyr101* forms hydrogen bonds to N6 and N1 of the
adenine base. The amino group of the adenine base is also
hydrogen bonded to the backbone carbonyl group of

Asn119*. The hydroxyl groups of the ribose sugar form
hydrogen bonds to three ordered water molecules that are
involved in water-mediated hydrogen bonding to the protein
backbone at Gly25, Asp26, Asp27, Thr28, and Ala29; these
residues form a turn between strands �1 and �2. The
phosphate tail in both binary complex structures is precisely
positioned by the presence of three magnesium ions. These
magnesium ions are coordinated to several strictly conserved
aspartate residues, Asp27, Asp43, Asp71, and Asp207. Mg1
is coordinated to both the R-phosphate and �-phosphate
groups of AMP-PCP or ATP and is also coordinated by the
carboxylate group of Asp43, the carbonyl groups of the
backbone at Thr42, Asn119*, and two water molecules. Mg2
coordinates the �-phosphate and γ-phosphate groups and is
positioned by Asp43, Asp71, and one water molecule. The
third magnesium ion is coordinated to the same phosphate

FIGURE 4: Sequence alignment of randomly selected ThiL proteins. Strictly conserved residues are colored white and highlighted with a red
background, while less conserved residues are colored red. The secondary structure from AaThiL is shown above the alignment. Alignments
were performed using ClustalW (34) and ESPript (35).

Table 3: Summary of DALI Search Results

protein
PDB
entry Z score rmsd

no. of aligned
residues

ThiL 1yaw 42.2 1.1 287
TkHypE 2z1f 28.2 2.6 263
TmPurL (AMP-PCP/FGAR) 2hs4 19.6 3.1 249
EcPurM 1cli 19.6 3.1 242
StPurL 1t3t 14.2 3.0 240
TmPurL 1vk3 13.3 3.5 210
YjgF 1qu9 8.4 2.4 94
YjgH 1pf5 6.6 2.9 91
YjgF 2ewc 5.4 3.2 92
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groups as Mg2 and is held in position by Asp27, Asp71,
Asp207, and one water molecule. The �-phosphate group is
also hydrogen bonded to Arg142, the only positively charged
residue located within the active site. In the AMP-PCP-TMP
complex, Mg1 moves 2.9 Å to coordinate to both ligands
while maintaining its coordination to the protein. The other
magnesium ions remain coordinated to the same residues
and phosphate groups observed in the binary complexes. In
addition to the three magnesium ions seen in the binary
complexes, a fourth magnesium ion is found coordinated to
the oxygen atom of the �-phosphate group, which is not
coordinated to any of the other magnesium ions. Mg4 is also
coordinated to Thr41, Asp71, the carbonyl group of Asp27,
and three water molecules. A fifth magnesium ion, Mg5, is
found coordinated to the R-phosphate and �-phosphate
groups of TPP, as well as three water molecules and Asp210.

The conversion of ATP to ADP results in movement of
the magnesium ions. Mg1 remains coordinated to the
R-phosphate and �-phosphate groups but loses its coordina-
tion to Thr42 and is instead bound by only the two water
molecules, Asp43, and Asn119*. Mg2 coordinates to the
same oxygen atom as Mg1 as well as Asp71, Asp43, and
two water molecules. Asp27, Asp71, Asp207, a water
molecule, and the �-phosphate group of ADP are coordinated
to Mg3.

Thiamin Binding Site. ATP binds deeply within the active
site, and in both binary complexes, the C-terminal end (6-10
residues) is disordered. Binding of TMP leads to ordering
of the C-terminus. In the structure with AMP-PCP, the
electron density of the A chain can be seen through Pro300

and for the B chain through Lys297. Ordering of the
C-terminus in the ternary complex results in a lid forming
over the active site, shielding the substrates from the solvent.
Additionally, the ordering of the C-terminus causes the c
axis of the unit cell to be shortened by approximately 6 Å
(from 203 to 197 Å).

Several residues of the lid interact directly with TMP.
Trp303 stabilizes the thiazole ring through π-stacking, and
this residue, while not strictly conserved, is always an
aromatic residue, as seen in the sequence alignment (Figure
4). Strictly conserved His305 is coordinated to an oxygen
atom of the R-phosphate group of TMP, one of the few
interactions between a positively charged residue and the
phosphate tail. The pyrimidine portion of TMP is partially
exposed to the solvent with few interactions between the
pyrimidine ring and the active site residues. The amino group
of the pyrimidine ring forms a hydrogen bond to Glu260,
which is conserved among ThiL’s. N3 of the pyrimidine ring
is hydrogen bonded to an ordered water molecule, which
provides water-mediated hydrogen bonding to the backbone
carbonyl oxygen atom of His50 and the hydroxyl group of
Tyr55. The phosphate group of TMP is positioned by a
magnesium ion. Mg1 is coordinated to the phosphate group
as well as to phosphate groups of AMP-PCP, Asp43, and
Asn119*.

Conversion of TMP to TPP results in some movement of
the magnesium ions. These interactions are shown in Figures
2B and 3. The γ-phosphate group of ATP moves ap-
proximately 2.3 Å to form the products ADP and TPP. Three
magnesium ions, Mg1, Mg2, and Mg5, and Ser209 coordi-

FIGURE 5: Comparison of the YjgF gene product from E. coli and AaThiL. (A) Structure of the trimer of YjgF. (B) Stereoview of the
superpositioning of the YjgF trimer on the monomer of AaThiL. AaThiL is colored green, while the monomers of YjgF are colored yellow,
blue, and red.
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nate the �-phosphate group of TPP. Mg1 is also coordinated
to Asn119* and Asp43; Mg2 is positioned between the
�-phosphate group of TPP and the �-phosphate group of
ADP, and Mg5 interacts with both the R-phosphate and
�-phosphate groups of TPP. Attempts to prepare a binary
complex with TMP were unsuccessful, suggesting that ATP
binding precedes TMP binding.

DISCUSSION

Conformational Changes in ThiL upon Substrate Binding.
The lack of substrate or product bound to ThiL in the
deposited structure (Protein Data Bank entry 1VQV) pre-
sented several questions about the enzyme’s mechanism of
action. Our results showed that when ATP or AMP-PCP
binds in the binary complexes, several disordered regions
in the unliganded structure become ordered, although the
C-terminus remains disordered. Residues 7-9, 25, 32, 33,
289, and 301–306 from the A chain and residues 25, 33–36,
and 301–306 from the B chain are disordered in unliganded

AaThiL. Gly7, Glu8, and Phe9 make up a loop between R1
and R2. Binding of ATP appears to order this loop, and the
side chain of Glu8 points into the active site. The loop near
the ATP molecule between R2 and �1, composed of residues
20–28, lacks density for Gly25, and the conformation of this
loop changes upon binding of ATP. The unliganded AaThiL
structure includes two phosphate ions bound to each pro-
tomer; however, these phosphate groups are located on the
surface of the protein and do not correspond to phosphate
group locations in the AaThiL active site.

Binding of TMP results in some additional changes in the
structure of AaThiL. The rmsd is 0.6 Å between the AMP-
PCP and AMP-PCP-TMP structures. The most noticeable
and important structural change is the ordering of the
C-terminal residues when TMP binds. The last five residues
are mostly conserved among ThiL’s, as seen in Figure 4.
Trp303 is consistently an aromatic residue and stabilizes the
bound thiamin group by providing π-stacking with the
thiazole ring. His305 is strongly conserved, as is Phe306.
His305 directly interacts with the R-phosphate group of TMP,
providing stabilization. Phe306 fits neatly into a pocket of
hydrophobic residues Leu3, Leu11, Leu88, Val97, and
Ile120. This pocket shows no movement or conformational
changes of residues resulting from TMP binding. Within the
active site, two additional magnesium ions, Mg4 and Mg5,
are bound in the ternary substrate complex. These magnesium
ions play a key role in positioning the phosphate group of
TMP. The highly conserved aspartate residues, Asp27,
Asp43, Asp71, and Asp207, retain the side chain conforma-
tions seen in the binary complexes when TMP binds.

Little change occurs with the conversion of substrates to
products, with an rmsd between these two structures of 0.4
Å. The γ-phosphate group moves 2.4 Å toward TMP to
become the �-phosphate group of TPP, and in turn, Mg1
moves 2.5 Å to maintain its coordination to this phosphate
group and help stabilize the transition state. The �-phosphate
and R-phosphate groups of ADP and ATP do not move, and
the R-phosphate of TMP and TPP also remains in place. The
side chains of all active site residues, including the residues
of the C-terminal tail, are in the same conformation in the
substrate complex and the product complex.

Comparison of ThiL to Other Proteins. The structure
determination of E. coli PurM (EcPurM) revealed that this
enzyme adopted a novel fold that binds ATP (5). BLAST
searching using this enzyme identified four other enzymes,
PurL, SelD, HypE, and ThiL, as likely members of this ATP
binding superfamily. These five enzymes each contain a short
signature amino acid sequence, Dx4GA/GxP, which charac-
terizes members of the superfamily. Thus far, no other
sequence motif has been identified for this superfamily.

Structures have been determined for every member of the
superfamily except SelD. There are two forms of PurL,
designated large and small. The structure of Salmonella
typhimurium PurL (StPurL) (6) represents the large PurL’s,
which are found in eukaryotes and Gram-negative bacteria.
StPurL (140 kDa) is a multifunctional enzyme in which the
formylglycinamide ribonucleotide synthetase domain shows
2-fold pseudosymmetry and adopts the fold of a PurM dimer.
Small PurL’s are found in Gram-positive bacteria and are
represented by the structure of Thermatoga maritima PurL
(TmPurL) (18). TmPurL (80 kDa) corresponds to the
formylglycinamide ribonucleotide synthetase domain of large

FIGURE 6: Comparison of AaThiL to other members of the PurM
ATP binding superfamily. (A) Ribbon diagram of TkHypE super-
imposed on AaThiL. TkHypE is colored red and AaThiL green.
(B) Ribbon diagram of EcPurM superimposed on AaThiL. EcPurM
is colored yellow and AaThiL green. (C) Ribbon diagram of
TmPurL superimposed on AaThiL. TmPurL is colored blue and
AaThiL green.

X-ray Structures of ThiL Biochemistry, Vol. 47, No. 12, 2008 3817



PurL. TmPurL and other small PurL’s require two additional
enzymes, PurS and PurQ, to be active. Recently, the structure
of Thermococcus kodakaraensis KOD1 HypE (TkHypE),
involved in the maturation of NiFe hydrogenase, was
determined (19). Like ThiL and PurM, HypE is a homodimer
in the crystal structure.

A DALI search was performed using AaThiL as the search
structure, and the results are summarized in Table 3 (20).

The proteins most structurally similar to ThiL are as expected
the other members of the PurM ATP binding superfamily.
The top DALI score corresponded to HypE. HypE requires
carbamoylation at a conserved cysteine residue at the
C-terminus; however, this modification was not present in
the crystal structure (19). An ATP-dependent dehydration
transfers the resulting cyanide ligand to a HypCD complex.
Although TkHypE forms a dimer crystallographically, the

FIGURE 7: Structural sequence alignment of all available structures of the PurM ATP binding superfamily. The conserved residues are
colored white and highlighted with a red background, while less conserved residues are colored red. The only conserved residues are the
signature sequence for the superfamily and glycine residues important for folding. The structural alignment was done using VAST (23).
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biologically active form is uncertain because E. coli HypE
has also been reported to be a monomer (21).

AaThiL and TkHypE were structurally aligned using the
DaliLite Pairwise comparison (22). The Z score for these
two structures was 28.2, and the rmsd was 2.6 Å, reflecting
the similarity of these two structures (Figure 6A). No density
for ATP is observed in the HypE structure; however, the
C-terminal tail shows different conformations depending on
whether ATP was added during crystallization. Inclusion of
ATP in the crystallization conditions resulted in an inward
conformation in which the C-terminal tail folded back into
the active site, which suggests that after carbamoylation at
Cys338 the C-terminal end could enter the active site for
dehydration. The position of Cys338 corresponds to the
thiazole ring in the AaThiL structures. For both AaThiL and
TkHypE, the C-terminal tail appears to form a lid over the
active site when both substrates are present.

The superpositions of EcPurM and TmPurL upon AaThiL
are shown in panels B and C of Figure 6, respectively. In
both superpositions, the A domains are more structurally
conserved than the B domains. The rmsd for the entire
EcPurM structure when compared to AaThiL is 3.2 Å and
drops to 2.1 Å when only the A domains are compared. The
TmPurL structure has an overall rmsd of 3.2 Å, and the rmsd
of the A domain is 2.0 Å. Comparisons of the B domains
yield rmsd values similar to that of the overall structure, 3.1
Å for EcPurM and 3.0 Å for TmPurL. The higher degree of
similarity in the A domains for the members of the PurM
ATP binding superfamily is not surprising as the A domains
are responsible for forming the dimer interface and the
binding of ATP occurs almost entirely within the A domain.
The B domain interacts with the second substrate and is

expected to show greater variation because each enzyme has
evolved to catalyze a different chemical reaction.

Despite this strong structural similarity, the level of
sequence identity is low between AaThiL and other PurM
superfamily members, ranging from 20% identity with
TkHypE to 13% identity with StPurL. The only conserved
sequence based on multiple-sequence alignments is the
signature sequence motif of Dx4GA/GxP. To identify any
other conserved sequence motifs, a structural alignment was
carried out using VAST (23). As seen in Figure 7, the
signature sequence motif is structurally conserved, as well
as five glycine residues, but no other residue is conserved
within the superfamily. The aspartate residue from the
signature motif is responsible for coordinating a magnesium
ion in the active sites of TmPurL and AaThiL and, by
inference, the active sites of StPurL, EcPurM, and HypE for
which no complex structures are available. This magnesium
ion coordinates the �-phosphate and γ-phosphate groups of
ATP. The conserved glycine residues are found at the ends
of �-strands or R-helices and most likely play structural roles
within the PurM ATP binding superfamily.

Also identified through the DALI search with Z scores
ranging from 8.4 to 5.4 and rmsd values between 2.4 and
3.1 Å for 90-95 residues aligned were a series of proteins
belonging to the YjgF family. The function of the YjgF
family of proteins is largely unassigned, although one
family member, YabJ, has been implicated in the regula-
tion of purines (24). Members of the YjgF family of
proteins (Protein Data Bank entry 1QU9) adopt a fold that
is similar to that of chorismate mutase with a six-stranded
mixed �-sheet, �1v�2V�3v�6V�4v�5v, flanked on one side
by two R-helices (25). Like the �-strands of the A domain
of the PurM superfamily, these �-strands are unusually
long and contain 8-10 residues. ThiL has a strand order
of �1v�2V�5v�3V�4V, and in the DALI alignment, strands
�1, �2, �5, �3, and �4 of AaThiL superimpose on strands
�2, �3, �6, �4, and �5, respectively, of YjgF. YjgF is a
trimer and forms a 12-stranded central �-barrel that is
reminiscent of the eight-stranded central �-barrel of the
AaThiL dimer. Clefts that are postulated to be in the active
site are formed between the subunits of the YjgF trimer.
After the DALI alignment, the cleft of YjgF superimposes
on the active site of ThiL (Figure 5B). Examination of
the YjgF cleft and the active site of ThiL failed to reveal
the conserved aspartate residue from the signature motif.
Therefore, the shared structural motif is unlikely to bind
ATP in the YjgF family.

FIGURE 8: Superposition of the active sites of AaThiL and TmPurL. The ThiL structure is colored green and the PurL structure blue.

FIGURE 9: Proposed phosphoimidate intermediates for SelD, PurL,
and PurM.
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ActiVe Site Comparison. While structures of EcPurM,
StPurL, and TkHypE have nothing bound, the structures
of both AaThiL and TmPurL have been determined with
substrates or products bound to the active site (18). The
superposition of the AaThiL and TmPurL active sites is
shown in Figure 8. The two AMP-PCP molecules bind
similarly, although the ribose moiety is slightly rotated
in TmPurL. This results in a slight shift in the phosphate
tail placing the γ-phosphate groups 2.3 Å apart. Overall,
the secondary structural elements surrounding AMP-PCP
superimpose well. Two magnesium ions, Mg1 and Mg2,
are present in the active sites of both structures and
precisely position ATP for phosphate transfer. A third
magnesium ion in the AaThiL structure, Mg3, has no
structural equivalent in the TmPurL structure and coor-
dinates the R-phosphate and �-phosphate groups of AMP-
PCP. In other ATP-dependent enzymes, this role of
positioning the phosphate tail is often played by positively
charged residues, which are lacking in the PurM ATP
binding superfamily.

The TMP and formylglycinamide ribonucleotide (FGAR)
binding sites are in similar locations but show fewer
similarities to the ATP binding sites. Both substrates have a
phosphate group; however, the phosphate group plays a
different role in the two enzymes. The phosphate group of
TMP is directly involved in the reaction as the acceptor of
the γ-phosphate group of ATP. The TMP phosphate group
is pointed into the active site and is aligned with the
γ-phosphate group of AMP-PCP. The transfer is facilitated
by Mg1 and Mg2 in AaThiL. In contrast, the phosphate group
of FGAR is not directly involved in the reaction catalyzed
by PurL; rather, it is the carbonyl group of FGAR that is
phosphorylated. The oxygen atom of the carbonyl group of
FGAR is 2.1 Å from the oxygen atom of the phosphate group
of TMP, and no magnesium ions are located near FGAR in
the TmPurL structure. Each structure has two conserved
histidine residues that form hydrogen bonds to TMP or
FGAR; no other positively charged residues hydrogen bond
to TMP, and FGAR has only one additional hydrogen bond
to a positively charged residue.

Comparison to Proteins Binding Thiamin. TPP in cells
usually acts as a cofactor where it participates in a variety
of enzymatic reactions. TPP-dependent enzymes require
either a magnesium ion or a calcium ion, and the TPP
cofactors exist in similar conformations when bound to TPP-
dependent enzymes (26). For example, in yeast pyruvate
decarboxylase (Protein Data Bank entry 1PYD) (27) and
yeast transketolase (Protein Data Bank entry 1AY0) (28),
N4 is positioned to deprotonate C2 of the thiazole ring. In
contrast, TPP when not serving as a cofactor, as well as
thiamin and TMP, is usually found in different conformations
when bound to proteins. For example, in thiamin phosphate
synthase (Protein Data Bank entry 1G4S), TMP is bound
such that N4 is pointed away from C2 (29). In this
conformation, N4 is unable to deprotonate C2, preventing
the carbanion from forming (26). In AaThiL, the pyrimidine
ring of TPP is rotated such that N4 is pointed toward C2 of
the thiazole ring; however, the conformation TPP adopts in
ThiL is different from both described above. While N4 is
pointed toward C2, the pyrimidine ring is rotated 100°
compared to TPP as a cofactor, which may prevent TPP
activation in the ThiL binding site.

Mechanistic Implications. The presence of a phosphoimi-
date intermediate (Figure 9) was proposed as a common
theme among the members of the PurM superfamily (6).
Positional isotope exchange studies performed on SelD
suggest a phosphorylated enzyme intermediate, although the
phosphorylated residue has not been definitively identified
(30, 31). Studies on PurL in which the amide carbonyl
oxygen atom from FGAR is labeled with 18O show that this
oxygen atom is found in the inorganic phosphate product,
also supporting a phosphoimidate intermediate (32). These
observations suggest that ThiL might transfer the phosphate
to TMP indirectly through a phosphoenzyme intermediate
rather than directly through an inline mechanism (33).
Inspection of the AaThiL complexes revealed no candidate
(e.g., backbone amide or amino acid side chain) with suitable
geometry for formation of a phosphoenzyme intermediate.
The binary complexes showed that Ser209 is possibly
positioned for phosphorylation; however, the ternary com-
plexes with AMP-PCP and TMP or with ADP and TPP
showed that Ser209 is better positioned to provide a hydrogen
bond to the γ-phosphate of ATP or the �-phosphate of TPP
and is poorly positioned to take part in a double-displacement
mechanism. Additionally, the γ-phosphate of ATP is posi-
tioned only 2.7 Å from the �-phosphate of TPP with an ideal
geometry for inline transfer. The active site of ThiL is
relatively simple; only two of the protein side chains
participate directly in catalysis (Arg142 and Ser209). The
five magnesium ions and several water molecules present in
the ternary substrate and product complexes orient the
substrates, stabilize the trigonal bipyramidal intermediate,
and activate ADP as a leaving group (Figure 2). These
observations support a direct inline transfer rather than an
indirect double transfer via a phosphoenzyme intermediate.
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