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Mammalian soluble thiamine triphosphatase (ThTPase) is a
25-kDa cytosolic enzyme that specifically catalyzes the conver-
sion of thiamine triphosphate (ThTP) to thiamine diphosphate
and has an absolute requirement for divalent cations. We have
investigated the kinetic properties of recombinant mouse thia-
mine triphosphatase (mThTPase) and determined its solution
structure by NMR spectroscopy. Residues responsible for bind-
ing Mg>* and ThTP were determined from NMR titration
experiments. The binding of Mg>* induced only a minor local
conformational change, whereas ThTP binding was found to
cause a more global conformational change. We derived a struc-
tural model for the mThTPase-ThTP-Mg>* ternary complex
and concluded from this that whereas free mThTPase has an
open cleft fold, the enzyme in the ternary complex adopts a tun-
nel fold. Our results provide a functional rationale for a number
of conserved residues and suggest an essential role for Mg>* in
catalysis. We propose a mechanism underlying the high sub-
strate specificity of mThTPase and discuss the possible role of
water molecules in enzymatic catalysis.

Two classes of enzymes are known to convert thiamine
triphosphate (ThTP)® to thiamine diphosphate in animal tis-
sues: a membrane-associated enzyme that is yet to be charac-
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terized and a soluble thiamine triphosphatase (ThTPase). ThT-
Pase was first identified in rat brain (1) and has been found in
most mammalian tissues studied to date (2). Biochemical stud-
ies of the purified, homogeneous ThTPase further revealed that
the enzyme is a 24 -25-kDa monomer with virtually absolute
specificity for ThTP (3, 4). The enzyme has an alkaline pH opti-
mum, and its catalytic activity depends critically on a divalent
metal cofactor, such as Mg?".

ThTPase is thought to regulate the intracellular concentra-
tion of ThTP, which is found in most animal cells but at a much
lower level than other forms of thiamine (5). Several lines of
biochemical evidence have shown that ThTP can phosphoryl-
ate proteins in the electric organ of Torpedo marmorata and in
rodent brain (6). In addition, ThTP is believed to act as one of
the messengers in cell signaling in response to cellular stress (7).
Despite the relatively high turnover rate of ThTP in neural cells
(8), its level is strictly maintained at a low concentration in vivo,
presumably through the activity of ThTPase.

The sequence of ThTPase does not closely resemble that of
any other protein identified in the mammalian genomes. How-
ever, recent bioinformatic analysis has suggested that mamma-
lian 25-kDa ThTPase and adenylate cyclase CyaB from Aero-
monas hydrophila define an ancient superfamily of domains,
called the CYTH domains, which play a role at the interface of
polyphosphate and nucleotide metabolism (9). The structures
of several CYTH domains have been determined, including
class IV adenylyl cyclase from Yersinia pestis (YpAC4, Protein
Data Bank (PDB) 2FJT) (10) and proteins with unknown func-
tions from Pyrococcus furiosus (PDB accession numbers 1YEM
and 2DC4), Vibrio parahemeolyticus (PDB 2ACA), and Nitro-
somonas europaea (PDB 2FBL). With the exception of the
hypothetical protein NE1496 from N. europaea, these struc-
tures are characterized by a closed tunnel fold resembling that
initially described for the RNA triphosphatase from Saccharo-
myces cerevisiae (Cetl, PDB 1D8H) (11). Given the fact that
Cetl and the two proposed founding members of CYTH family,
ThTPase and CyaB (9), are all metal-dependent enzymes that
act on the triphosphate-containing substrates, it has been pro-
posed that the tunnel fold is characteristic of a larger enzyme
superfamily, namely the “triphosphate tunnel metalloenzyme”
(TTM) superfamily (12). Despite its more open fold, Keppeti-
pola et al. (13) classified the hypothetical protein NE1496 from

pholino)-propanesulfonic acid; r.m.s.d., root-mean-square-deviation;
TAPS; N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid.
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N. europaea as a member of the TTM superfamily and gave it
the name “NeuTTM,” which we use here.

The enzymatic mechanism of TTM proteins has remained
elusive. Sequence analysis and recent mutational studies have
identified a few conserved residues, arrayed inside the tunnel,
as essential for catalysis (12, 13). However, how these residues
participate in enzyme catalysis is unclear.

We present here the solution structure of mouse ThTPase
(mThTPase) determined by NMR spectroscopy. Unlike most of
the TTM proteins studied so far, the enzyme has an open cleft
like NeuTTM. We used NMR titration experiments to identify
residues responsible for Mg>* and substrate (ThTP) binding.
These titration results, together with the intermolecular NOEs,
enabled us to build a structural model of the ground state ter-
nary complex, mThTPase:ThTP-Mg>", in which mThTPase
adopts a tunnel fold characteristic of a TTM protein. Our
results provide a framework for further characterization of
ThTPase and shed light on its catalytic mechanism.

EXPERIMENTAL PROCEDURES

Informatics—We used the Sesame laboratory information
management system (14) developed at the Center for Eukary-
otic Structural Genomics to select this target and to track all
subsequent steps in this study.

Cloning and Protein Production—The gene encoding mTh-
TPase (BC025562) was purchased from Open Biosystems. >N/
15N, '®C-labeled proteins were expressed and purified following
the standard Center for Eukaryotic Structural Genomics pipe-
line protocols for plasmid construction (15), protein produc-
tion (16), and protein purification (17).

ThTPase Enzyme Assay—The ThTPase assay was carried out
as previously described (18, 19). The standard reaction medium
contained 50 mm Na-TAPS (pH 8.3), 10 mm MgCl,, 0.5 mm
ThTP (synthesized as described (20)), and the enzyme prepara-
tion at the appropriate dilution. The total volume was 0.1 ml.
After incubation (20 min, 37 °C), the reaction was stopped by
the addition of 1 ml of phosphate reagent (21).

NMR Spectroscopy—All NMR spectra were recorded at the
National Magnetic Resonance Facility at Madison (NMRFAM)
using 600- and 900-MHz Varian Inova and 750-MHz Bruker
spectrometers equipped with 'H, **N, '3C triple-resonance
cryogenic probes. Unless indicated otherwise, the sample tem-
perature was controlled at 25 °C.

The sample used for determining the structure of mThTPase
contained 1.4 mm [U-*C, U-'*>*N]JmThTPase, 10 mm MOPS,
100 mm NaCl, 5 mm dithiothreitol, in 90% H,O, 10% D,O at pH
7.0. A suite of three-dimensional heteronuclear NMR experi-
ments, including HNCACB, CBCA(CO)NH, HNCO, HBHA-
(CO)NH, C(CO)NH, and HCCH total correlation spectroscopy
were acquired for sequential backbone and non-aromatic side
chain assignments of free mThTPase. Three-dimensional '>N-
edited NOESY-HSQC (7,,,;, = 100 ms), three-dimensional ali-
phatic '*C-edited NOESY-HSQC (7,,,,, = 100 ms), and three-
dimensional aromatic **C-edited NOESY-HSQC (r,,,, = 100
ms) data sets were acquired to measure NOEs used for addi-
tional assignments (side chain amide groups and aromatic
groups) and distance constraints.

10940 JOURNAL OF BIOLOGICAL CHEMISTRY

The sample used in determining the structure of the
mThTPase'ThTP complex (used in modeling the ternary com-
plex) contained 1.4 mm [U-"2C, U-">N]mThTPase, 2 mm unla-
beled ThTP, 10 mm MOPS, 100 mm NaCl, and 5 mMm dithiothre-
itolin 90% H,0, 10% D,O at pH 7.0. Data sets acquired with this
sample included three-dimensional HNCA and three-dimen-
sional HN(CO)CA for sequence specific assignments and
three-dimensional '°N-edited NOESY-HSQC (7,,,,, = 100 ms)
and three-dimensional *C-edited NOESY-HSQC (r,,;, = 100
ms) for NOE assignments. In addition, a '*>C,'°N-filtered, >C-
edited NOESY (7, = 150 ms) (22) spectrum was collected at
30°C to detect intermolecular NOEs between mThTPase and
ThTP.

Two-dimensional 'H,">N HSQC spectra were acquired to
monitor the titration of Mg®" or ThTP to 0.5 mm U-"°N-labeled
mThTPase, with ThTP at 0, 0.05, 0.1, 0.2, 0.3, 0.5, 1.0 mm and
Mg2+ at0, 1, 2, 4, 8 my, respectively. The spectra were processed
and analyzed, respectively, with the nmrPipe (23) and Sparky soft-
ware packages. The raw, time-domain NMR data sets and chemi-
cal shift assignments have been deposited in the BioMagResBank
(BMRB) data base under accession number 15063.

Structure Calculations—Interproton distance constraints for
free mThTPase were derived from a three-dimensional "°N-
edited NOESY-HSQC spectrum and a three-dimensional **C-
edited NOESY-HSQC spectrum. Backbone ¢ and i angles
were derived from TALOS-based analysis of backbone chemi-
cal shifts (24). The automated iterative refinement module (25)
in the CYANA software package (26) was used to generate the
initial NOE assignments and the initial set of structural models.
These NOE assignments were subsequently corrected and
extended through iterative analysis of NMR spectra and struc-
tural calculation. In the final round of CYANA refinement,
4698 NOE restraints and 289 dihedral angle restraints were
used. In addition, 176 hydrogen bond restraints, generated
from analysis of the secondary chemical shifts and from
observed NOEs characteristic for a-helices and B-sheets, were
also added to the set of restraints. Of the 100 final structures
calculated by CYANA, the 20 structures with the lowest target
functions were chosen for further refinement in explicit water
solvent by Xplor-NIH (27) followed by validation by Procheck-
NMR (28). The statistics for the 20 final structures are listed in
Table 1. The coordinates for these structural models, along
with the restraints employed, have been deposited in the PDB
under accession number 2JMU.

Based on chemical shift and NOE analysis, most constraints
used for structure calculation of free mThTPase were retained
in calculating the structure of mThTPase in complex with
ThTP and Mg?*. However, a number of NOE differences were
also identified, which led to the removal of 112 NOEs specific
for free mThTPase and the addition of 29 NOEs specific for
complexed mThTPase. In addition, 16 intermolecular NOEs
between mThTPase and ThTP were derived from a three-di-
mensional *C-edited NOESY-HSQC spectrum and a '*C,"°N-
filtered, '*C-edited NOESY-HSQC spectrum, and 20 ambigu-
ous distance restraints were derived from NMR titration and
mutational studies. The structure of the ternary complex was
calculated through standard annealing and torsion angle
dynamics using the program CNS 1.1 (29).
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FIGURE 1. Kinetic properties of recombinant mThTPase. A, ThTP hydrolysis
by recombinant mThTPase as a function of substrate concentration. The incu-
bation medium contained 10 (filled circle) or 0.2 mm (open circle) MgCl, and 50
mm Na-TAPS, pH 8.3. B, effect of Mg®" concentration on the specific activity of
mThTPase in the presence of 0.5 (filled circle) or 0.2 mm (open circle) ThTP and
50 mm Na-TAPS, pH 8.3. The concentration of free Mg®* was calculated from
total [MgCl,] and [ThTP] using the value of 65 um for the K, of the Mg-ThTP
complex (32). G, effect of pH on the specific activity of mThTPase in the pres-
ence of 10 mm MgCl, and 0.5 mm ThTP.

RESULTS

Enzyme Activity of mThTPase—The ThTPases from rat
(rThTPase) (1), bovine (bThTPase) (3), human (hThTPase)
(18), and pig (pThTPase) (19) have been shown to exhibit a
large variation of catalytic efficiency. Analysis of the effect of
ThTP concentration on the activity of recombinant mThTPase
indicated non-Michaelis-Menten kinetics, with inhibition by
excess substrate at [ThTP] > 0.5 mm (Fig. 14). Thus, it was not
possible to determine accurate K,, and k., values for this
enzyme. To explain substrate inhibition, it might be assumed
that the enzyme is able to catalyze hydrolysis of the Mg-ThTP
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complex but not free ThTP. At constant Mg>" concentration,
increasing substrate concentration would result in an accumu-
lation of free ThTP, which might act as a competitive inhibitor.
If this explanation were valid, substrate inhibition should be
strong at low Mg>" concentration and should be reversed by
excess Mg”>™". Fig. 14 clearly shows that this is not the case;
substrate inhibition is not reversed in the presence of high
[Mg®*] (10 mm) when compared with a lower concentration
(0.2 mm). It is therefore hard to explain substrate inhibition if
we assume that the substrate can only bind to the active site.
It seems more likely that ThTP also binds to some peripheral
non-catalytic site with lower affinity. Substrate inhibition
was observed previously for rThTPase (1) but at a much
higher substrate concentration, [ThTP] > 3 mm, than for
mThTPase. By contrast, no substrate inhibition was
observed for bThTpase (3), hThTPase (18), or pThTPase
(19). Our results also suggest that the activating effect of
Mg>™ reflects cation binding to an activation site on the
protein rather than complexation with the substrate. Indeed,
the apparent K, for Mg®™ is independent of ThTP concen-
tration (0.50 * 0.09 and 0.45 = 0.06 mMm, respectively, at 0.2
and 0.5 mMm ThTP), suggesting that it reflects the Ky,
between Mg>" and the activation site of the enzyme (Fig.
1B). As has been found for all other ThTPases, the enzymatic
activity of mThTPase is pH-dependent (Fig. 1C). The opti-
mal pH for mThTPase was found to be 8.5, in agreement with
that for hThTPase (18).

Three-dimensional Structure of Free mThTPase—The 20
conformers of mThTPase that represent its solution structure,
superimposed by the backbone atoms of their structured
regions, are shown in Fig. 2A. These structures overlay the aver-
age structure (residues 5—213) with a backbone atom r.m.s.d. of
1.06 A and an all heavy atom r.m.s.d. of 1.43 A. Analysis of the
backbone ¢ and i dihedral angles showed that 99.1% of these
angles fall within the allowed region in the Ramachandran plot
(Table 1). The outliers correspond to residues in the poorly
defined N and C termini and loop regions. The structure shows
that mThTPase in solution is monomeric; this result is in agree-
ment with observed "N R,/R, relaxation rates (data not
shown).

The overall structure of mThTPase is dominated by an anti-
parallel B-sheet that is folded in half to form a cup-shaped shal-
low cleft (Fig. 2B). The B-sheet consists of nine strands with
order 918762345 (Fig. 2C). The two longest strands are 32
(28 —41) and B6 (116 -131), which extend from one rim of the
cleft to the other and form the core of the cleft. On the 86 side
of the central 32— 36 sheet, the wall of the cleft is formed by four
half-length or shorter strands (87, 141-149; 88, 153-162; 1,
6—14; B9, 183-185). On the B2 side of the central B2-86 sheet,
the opposite wall of the cleft is formed by additional strands (33,
53-57; B4, 61— 66; 35, 80 — 82). This architecture, reinforced by
the natural twist of the B-strands, causes the strands at the two
edges of the B-sheet (81 and B5) to curl toward each other.
Further closure of the cleft is blocked by the two C-terminal
antiparallel a-helices (a7, 193-201; a8, 203-212) situated over
one end of the cleft. The a7- and a8-helices tightly associate
with each other through coil-coil interactions and are anchored
to the B-sheet by two hydrophobic clusters: a cluster of residues
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FIGURE 2. NMR solution structure of mThTPase. A, stereoscopic view of the backbone trace of the final family
of 20 conformers representing the structure with helical, sheet, and loop residues colored red, green, and gray,
respectively. B, ribbon diagram of the mThTPase structure, with individual elements of secondary structure
labeled. For clarity, the disordered residues 1-3 and 215-224 are not shown. C, schematic of the secondary
structure topology. The color schemes in Band C are the same as in A.

TABLE 1

Statistics for the 20 energy-minimized conformers of free mThTPase
and the mThTPase:ThTP:Mg?* ternary complex

Distance constraints mThTPase "ﬁ}:[hg }:;gze;
Long [(i — j) = 5] (intramolecular) 1455 1384
Medium [1 < (i — j) < 5] 683 671
Sequential [(i — j) = 1] 921 912
Intraresidue [i = j] 1639 1636
Intermolecular
Unambiguous 21
Ambiguous 18
Dihedral angle constraints (¢ and i) 289 289
Hydrogen bond constraints 176 174
Average pairwise r.m.s.d. to the
mean structure (A)
Residues 5-213
Backbone (C*, C’, N, O) 1.06 = 0.17 1.11 = 0.17
Heavy atoms 143 £ 0.15 1.43 * 0.14
Regular secondary structural
elements
Backbone (Ca, C’, N, O) 0.73 £0.13 0.64 = 0.10
Heavy atoms 1.06 = 0.12 1.01 £ 0.07
Deviations from idealized covalent
geometry
Bond (A) 0.019 = 0.001 0.002 = 0.001
Angles (°) 1.218 = 0.024 0.477 = 0.006
Impropers (°) 1455+ 0.046  0.561 = 0.006
r.m.s.d.
r.m.s.d. from experimental 0.018 £ 0.001 0.007 £ 0.001
distance restraints (A)
r.m.s.d. from experimental 0.585 = 0.044  0.251 * 0.055
dihedral restraints (°)
Ramachandran statistics (% of all
residues)
Most favored 86.7 81.2
Additionally allowed 11.2 13.9
Generously allowed 12 3.1
Disallowed 0.9 1.8

(Tyr-39, Trp-53, Leu-194, Leu-198, Leu-209) on one side of the
two helices and a cluster of residues (Phe-121, Phe-151, Tyr-
153, Ala-119, Lys-193, Tyr-197) on the other side of the two
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helices. Several helices are attached
to the outside face of the B-sheet.
Three helices (al, 18 -25; a5, 165—
167; a6, 168 —182) cover the outer
faces of strands B1, 32, B6, B7, and
B8 so as to enclose a hydrophobic
cluster composed of side chains
from residues Val-8, Phe-12, Leu-22,
Leu-29, Trp-128, Ile-144, Leu-146,
Val-162, Lys-165, and Leu-182.
Three additional helices (a2, 46 —49;
a3, 85-96; o4, 106-113) are
attached to the outer faces of
strands B2 and 3 so as to enclose
another hydrophobic cluster com-
posed of side chains from residues
Leu-47, Leu-54, Trp-62, Ile-88, Leu-
92, Phe-93, Leu-95, Val-106, Leu-
110, Leu-113, and Leu-115.

The mThTPase structure also
contains poorly defined regions.
The most prominent of these is the
loop that connects B4 and 85 (lg4 g5,
67-79). This 13-residue loop, which
protrudes from one rim of the cleft,
constitutes the major dynamic element at the top of the cleft.
Residues at both the N terminus (1-4) and C terminus (214 —
224) are structurally disordered as evidenced by chemical shift
and NOE analysis.

NMR Titrations—To map the Mg>" and ThTP binding sites
in mThTPase, we carried out separate titrations of the enzyme
with Mg>* or ThTP by adding increasing amounts of Mg>" or
ThTP to an NMR sample containing 0.5 mM mThTPase. At
each titration point, a 'H,"”N HSQC spectrum was collected to
monitor changes in chemical shifts (Fig. 3, A and B). Changes in
'HN and '°N chemical shifts between the free state of mThT-
Pase and the Mg®>" or ThTP-bound state were calculated
according to the formula, A, (HN) = [(A8;> + (A8./5)%)/
2]'"2, where A8, and A8, correspond, respectively, to the
chemical shift differences in "H™ and '®N. In the absence of
Mg>*, we saw no evidence for hydrolysis of the added ThTP.

In the titration with Mg>", progressive shifting of NMR
peaks from their positions in free mThTPase after each addi-
tion (Fig. 3A) indicated that free mThTPase is capable of bind-
ing Mg?". Furthermore, all the chemical shift changes fell into
the fast exchange limit on the NMR time scale, indicative of
weak binding. The peaks that moved upon Mg>" addition cor-
respond to a small number of residues in mThTPase (supple-
mental Fig. S1), suggesting that Mg®* binding leads to a local
change in the conformation of mThTPase. Residues that dis-
played the largest chemical shift changes were identified as res-
idues 7-11, 142-149, 157-160, 190, and 193. This result is con-
sistent with the earlier suggestion, from studies on Cetl and
CthTTM (a homologue of NeuTTM from Clostridium thermo-
cellum) (11, 13), that residues equivalent to Glu-7, Glu-9, Asp-
145, Glu-157, and Glu-159 in mThTPase are responsible for
metal binding. Indeed, when mapped onto the structure of
mThTPase, these most perturbed residues are all located inside
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ThTP

L — addition of ThTP led to decreased
m

intensities of peaks from free mTh-
TPase and the appearance of new
peaks corresponding to the
mThTPase'ThTP complex. The
effects were found to be widespread
and included residues on all nine
B-strands and in the region between
a6 and a8 (supplemental Fig. S1).
Those residues with the largest
backbone titration shifts A8, (HN)

FIGURE 3. Interaction of mThTPase with Mg>* and ThTP. A, overlaid two-dimensional 'H,"*N HSQC spectra
of 0.5 mm [U-"°>NImThTPase in the presence of various concentrations of Mg?" highlighting the progressive
chemical shift changes of selected residues (bars). B, overlaid two-dimensional 'H,"N HSQC spectra of 0.5 mm
[U-">N]JmThTPase in the presence of various concentrations of ThTP illustrating the discontinuous chemical
shift changes between free mThTPase and the mThTPase'ThTP complex. C, surface representation of the
solution structure of mThTPase showing in red the residues that display the largest chemical shift changes
ve > 0.05 ppm) between 0 and 8 mm Mg?*. D, surface representation of the solution structure of mThTPase
showing the residues that display large chemical shift changes between 0 and 1 mm added ThTP (red, A3, >
0.4 ppm; yellow, 0.4 ppm > A8, > 0.3 ppm). The side chain '>CP*<signals from residues Asp-145, Asp-147,and

(A

Met-195 (also shown in red) displayed chemical shifts changes > 0.9 ppm.

the cleft (Fig. 3C) and appear to define a single Mg®" binding
site. On the basis of the Mg®"-dependent chemical shift
changes and the assumption of 1:1 stoichiometry, a dissociation
constant (K)) of 1.1 mm was estimated for the mThTPase-Mg? "
complex. Residues Ala-190 and Lys-193, along with those resi-
dues exhibiting minor titration shifts (32—34, 55— 64, 120 —125)
(supplemental Fig. S1), are located peripheral to this site. Thus,
their chemical shift changes presumably arise from a secondary
or indirect binding effect.

The titration of mThTPase with ThTP (Fig. 3B) led to spec-
tral changes consistent with a slow process on the chemical
shift timescale (indicative of tight binding with K, = 1 um). The
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7.5 included Glu-9, His-31, Glu-81,
Thr-123, Arg-125, Glu-157, Glu-
189, Ala-190, Lys-193, and to a
lesser extent, Arg-10, Lys-65,
Val-33, and Leu-194. Furthermore,
large side chain chemical shift
changes were observed for a few res-
idues exhibiting only moderate
backbone chemical shift perturba-
tions. These residues included Asp-
145 (A8(CB) = —2.2 ppm), Asp-147
(A8(CB) = 1.4 ppm), Ala-192
(A8(CB) = —1.0 ppm), and Met-195
(A8(Ce) = 0.9 ppm). When mapped
onto the structure of mThTPase,
the residues with the largest chemi-
cal shift perturbations were located
in the interior of the cleft (Fig. 3D).
The presence of ThTP also induced
severe broadening of signals from
residues in this region: 6 -11,77-79,
125-128, 157-160, 188-189, and
191-193. Analysis of the ThTP
titration was consistent with a
mThTPase'ThTP stoichiometry of
1:1. Although no significant spectral
changes occurred upon increasing
the ThTP concentration from 1 to 2
mM, when the ThTP concentration
was increased to 4 mMm or higher,
signals from a number of residues
exhibited additional broadening
and chemical shift changes; these
included the indole group of Trp-53
and the backbone amides of Tyr-79
and Glu-81. It remains to be determined whether this is the
result of binding to the secondary site, whose existence was
suggested by the kinetic data (Fig. 14).

To further establish the role of Mg®" in mThTPase function,
we also examined changes in the spectrum of the
mThTPase'ThTP complex upon Ca>" addition (supplemental
Fig. S2). Ca®>* has been shown to inhibit hThTPase activity
through competition with Mg>* (1, 18). Our results showed
that the addition of Ca®>" to the enzyme-substrate complex led
to the progressive shifting of a small number of peaks and to the
reappearance of some mThTPase peaks that had disappeared in
the spectrum of the ThTPase'ThTP complex. The intensities of
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these signals were consistently enhanced in the presence of
Ca®"*. Most of the affected peaks, such as those from Glu-7,
Arg-125, and Glu-159, mapped to the Mg>" or substrate bind-
ing sites (supplemental Fig. S2).

Structural Model of the mThTPaseThTP-Mg®" Ternary
Complex—The NMR titrations described above provided
insight into the Mg®" and ThTP binding sites of mThTPase. In
deriving a structural model for the mThTPase"ThTP-Mg*™ ter-
nary complex, we introduced distance constraints between
Mg®" and the side chain carboxylates of Glu-7, Glu-9, Asp-145,
Glu-157, and Glu-159 and ambiguous distance constraints
between Mg>" and the B-, y-phosphate groups of ThTP. On
the basis of the NMR titration results with added ThTP and
the effects of ThTPase mutations on catalysis (12, 13), we
introduced ambiguous distance constraints between ThTP
and Lys-11, Arg-55, Arg-57, Lys-65, Glu-81, Arg-125, Asp-
147, and Lys-193, Met-195 of mThTPase. These inferred

TABLE 2
Intermolecular "H-"H NOEs between ThTP and mThTPase
ThTP mThTPase
C6'-H Ala-192 (H™ H%)
C2-H Lys-65 (H?2%), Ala-192 (HP), Met-195 (H*?, HF)
C3,5'-H2 Ala-192 (HB), Met-195 (H*2/3, H¢)
5-CH2 Lys-65 (H 2)
2'-CH3 Met-195 (H9), Leu-210 (H%, HE*3, H?'2), Ala-213 (HF)
4'-CH3 Lys-65 (H*>3), Ala-192 (HP)

FIGURE 4. Structural model of the ternary complex. A, stereoscopic view of the backbones of the family of 20
conformers representing the ternary complex of mThTPase (magenta), Mg>* (gold), and ThTP (green). B, ribbon
diagram of structure of the ternary complex. C, ribbon diagram of structure of hThTPase bound to citric acid
(CIT) and SO . D, stereoscopic view of overlaid structures of free mThTPase (blue) and complexed mThTase

(magenta).
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constraints, along with experimentally derived dihedral
angle and NOE constraints (Table 2), served as input for
calculating the structure of the mThTPase-ThTP-Mg>"
complex (Fig. 44).

The 20 conformers representing the structure of the
mThTPase'ThTP-Mg>" complex (Fig. 4A4) loosely define the
positions of Mg>* and ThTP. In the complex, mThTPase
adopts a tunnel fold, formed by joining of the N-terminal ends
of B1 and B5. The substrate assumes a “C”-shaped conforma-
tion that aligns along the groove (Fig. 4B). The phosphate
groups of the substrate are anchored near the Mg>*, and the
aminopyrimidine and thiazolium rings lie in a more hydropho-
bic site at the far end of the cleft.

Subsequent to the deposition and release of our structure
of mThTPase, an x-ray crystal structure of hThTPase, bound
to a citric acid molecule and a SO3~ ion, became available
from the Protein Data Bank (accession number 3BHD) (Fig.
4C). Interestingly, the structure of hThTPase exhibits a tun-
nel fold that superimposes well with our model of mThTPase
in the ternary complex. The backbone r.m.s.d. between the
hThTPase structure and the lowest energy conformer of
the mThTPase:ThTP-Mg?" complex (over the structured
region) was 2.6 A. By contrast, the backbone r.m.s.d. between
corresponding regions of the lowest energy conformer of
free mThTPase and the hThTPase structure was 8.0 A. Fur-
ther analysis of the hThTPase structure revealed that the
citrate molecule, which has abun-
dant negative charges, occupies a
position that is structurally equiv-
alent to that of the triphosphate
group of ThTP in the mThTPase:
ThTP-Mg®“ternary complex. The
residues of hThTPase that make
contacts with the citric acid (Glu-7,
Glu-9, Lys-11, Trp-53, Arg-55, Lys-
65, His-76, Tyr-79, Glu-157, Ala-
192, and Lys-193) are the same ones
involved in binding phosphates in
the mThTPase'ThTP-Mg>*ternary
complex. In addition, the SO~
ion in the hThTPase structure,
which is positioned similarly to
the a-phosphate of ThTP in the
mThTPase'ThTP-Mg>" complex,
helps to close the tunnel through
interactions with residues Arg-55,
Arg-57, and Lys-65. We conclude
that the x-ray structure of the (citric
acid, SOZ27)-bound hThTPase,
which adopts a tunnel structure, is
a better model of the substrate
complex than of the free enzyme.
Thus it is possible that free hThT-
Pase may adopt an open structure
of the type observed here for
mThTPase.

Comparison of the structural
models for free mThTPase and its
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FIGURE 5. Close-up views of substrate binding to mThTPase. A, interaction of mThTPase with Mg?* and
substrate phosphate groups. B, interaction of mThTPase with the thiamine moiety. The color scheme is the

same as in Fig. 4.

ternary complex (mThTPase'ThTP-Mg>") shows that the indi-
vidual secondary structural elements are conserved but that
the complex manifests a closed tunnel fold, distinct from the
open cleft assumed by free mThTPase (Fig. 4D). This change
is a consequence of inward bending of strands B1, 83, B4,
and B5 from the two sides of cleft and the resulting antipar-
allel pairing of B1 with 5. Because most residues making
contact with Mg>* and the phosphate groups of ThTP are
located in these strands, it appears that electrostatic attrac-
tions involving mThTPase, Mg2+, and the substrate are the
driving forces for closing the cleft. Closure of the cleft may
lead to proper alignment of the active site residues for catal-
ysis and thus supports the hypothesis that the cleft fold needs
to transit toward a tunnel conformation in order for catalysis
to occur (13).

Structural analysis of the ternary complex revealed a num-
ber of contacts between the enzyme and the substrate. Sev-
eral basic residues, including Lys-11, Arg-55, Arg-57, Lys-65,
Arg-125, and Lys-193, stabilize the three phosphate groups
through electrostatic contacts (Fig. 5A4). Specifically, Lys-11
interacts with the a- and B-phosphate groups; Arg-55, Arg-
57, and Lys-193 surround the y-phosphate; and Lys-65 and
Arg-125 are in close proximity with all the three phosphate
groups. Through interactions with distinct phosphates,
these residues presumably serve to align the phosphate
groups relative to Mg®" and may facilitate product release.
Also, note that each of these basic residues forms an ion pair
with an acidic residue in mThTPase. Lys-11 makes ionic
contacts with both Glu-157 and Glu-188; Arg-55 and Arg-57
engage in a bidentate salt bridge with Glu-63; Lys-65 makes
an ionic interaction with Glu-81; and Arg-125 forms a salt
bridge with Asp-147. These ion pairs, most of which are
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conserved in NeuTTM and other
TTMs, likely are required to prop-
erly orient the basic residues for
efficient catalysis. Indeed, bio-
chemical studies on CthTTM have
indicated that the disruption of
any of these ion pairs reduces the
Mg>"-dependent ATPase activity
of this enzyme (13).

The aminopyrimidine and thia-
zolium rings of ThTP are accommo-
dated in a hydrophobic pocket
formed by residues Tyr-79, Ala-192,
Met-195, Leu-210, and Ala-213
(Fig. 5B). This region of mThTPase
undergoes a major reorganization
upon complex formation. Residues
Ala-190, Pro-191, and Val-196
move toward residues Tyr-153 and
Val-155 and constitute a new
hydrophobic cluster in the complex.
This cluster is stabilized by the for-
mation of a hydrogen bond between
the hydroxyl group of Tyr-153 and
the backbone oxygen of Pro-191.
On the other side of a7, complex
formation leads to participation of the side chain of Met-195 in
the hydrophobic cluster enclosed by 82, a2, B3, a7, and 8.

DISCUSSION

On the basis of sequence comparisons, ThTPase was pro-
posed as a founding member of the CYTH domain family (9)
and, more recently, as a member of the TTM superfamily
(12). As the name implies, most TTM domains contain a
tunnel fold, as first described for Cetl (11) (Fig. 6A4), with
highly conserved active site residues pointing into the tunnel
(10-13). Although free mThTPase has an open cleft, it adopts
the tunnel fold in the presence of substrate. This further estab-
lishes ThTPase as a member of the TTM family. One other
protein in the family has been shown to have an open cleft
similar to that of free mThTPase: the hypothetical protein
NE1486 from N. europaea (PDB 2FBL) solved by the Midwest
Center for Structural Genomics and recently assigned to the
TTM family and renamed NeuTTM (13). Superposition of the
backbone C* atoms of the structures of NeuTTM and free
mThTPase yielded an r.m.s.d. of 4.2 A over 134 amino acids. An
important open question is whether the substrate-bound form
of NeuTTM adopts a tunnel fold.

ThTPase sequences are highly conserved across various
mammalian species (19). The 74% sequence identity between
human hThTPase and mThTPase (Fig. 6A) suggests that they
share a conserved molecular mechanism. By contrast, the
sequence identity among members of the CYTH superfamily is
considerably lower (Fig. 6A). Structure-based sequence align-
ment of mThTPase with other TTM domains indicated that
highly conserved residues are located in nearly all the
B-strands (except B5) and in some a-helices (al, a4, a5/6,
a7). These structural elements constitute the backbone of
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FIGURE 6. Comparison of mThTPase and selected members of the TTM superfamily. A, comparison of the structure of mouse thiamine triphosphatase
(mThTPase, PDB 2JMU) determined here with those of selected members of the TTM superfamily: YpAC4, the class IV adenylyl cyclase from Y. pestis (PDB 2FJT);
Cet1, the RNA triphosphatase from S. cerevisiae (PDB 1D8H); PF0863, the TTM protein from P. furiosus (PDB 1YEM), and NeuTTM, a hypothetical protein from
N. europaea (PDB 2FBL). B, structure-based sequence alignment of TTM family members. Identical residues are colored in yellow and highlighted in blue; similar
residues are highlighted in green; completely conserved residues are colored in red and highlighted in blue.

the cleft/tunnel-fold architecture. Of particular note, the and Arg-125 of mThTPase. The sequence comparison pre-
Bl-strand contains four completely conserved residues sented here, together with NMR titration results described
(Glu-7, Glu-9, Lys-11, Phe-12). Other completely conserved above and the effects of previous mutational studies, enabled us
residues in TTM proteins include residues equivalent to Lys-65 to model the active site inside the hydrophilic groove of
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mThTPase. The nine highly conserved charged residues
(Glu-7, Glu-9, Lys-11, Arg-55, Lys-65, Arg-125, Asp-145, Glu-
157, Glu-159), which have been hypothesized to bind the sub-
strate phosphates and divalent cations (10—13), are all recapit-
ulated in mThTPase. The postulated phosphate binding
residues (Lys-11, Arg-55, Lys-65, Arg-125) are splayed apart in
free mThTPase but come close and point toward the tunnel
center in the ternary complex. These observations not only
provide an intimate link between ThTPase and other reported
TTM proteins but also suggest a unique enzyme activation
mechanism for ThTPase.

The largest sequence variations among members of the TTM
family are found in the secondary structural elements corre-
sponding to 5, a2, a3, a8, 1134,,35, and 166,37 of mThTPase.
These variable regions include putative active site features of
mThTPase, such as the mobile loop I3, g5 surrounding the cleft
and the hydrophobic platform formed by one face of a7 and a8
(Fig. 5C). Other differences may explain the unique structural
characteristics of mThTPase. For example, all other TTM pro-
teins have been reported to be homodimers resulting from
the pairing of strands a4-a4’ plus peripheral hydrophobic
contacts. In mThTPase, which is a monomer, the potential
dimer interface on a4 is blocked by an extra helix («3). In
addition, another extra helix (a8), present in mThTPase but
not in most tunnel TTM proteins, forms a barrier that pre-
vents closure of the cleft in free mThTPase. In the ternary
complex, a8 must be pushed outward to allow the formation
of the tunnel.

Despite their highly conserved active sites, TTM domains act
on a diverse array of substrates. A characteristic feature of
mThTPase is its specificity for ThTP. Results from previous
studies (18), as well as this work (data not shown), indicate that
the affinity of ThTPase for ATP is very low (K, > 1 mm) when
compared with that for ThTP (K, = 1 um), although the recog-
nition of their phosphate groups appears to involve the same set
of active site residues (data not shown). The structure of mTh-
TPase suggests that its high substrate specificity may derive
from the residues in the C-terminal helix a8 that recognize the
aminopyrimidine and thiazolium moieties of ThTP.

The activity of ThTPase is critically dependent on the proper
divalent cation. Although the enzyme is activated by Mg>™,
Ca®" inhibits its activity by competition with Mg>* (18). An
investigation of the role of metal ion on the phosphatase activity
of Cet1 (30) revealed that the binding of Mn>* did not trigger a
major conformational rearrangement. Instead, it presumably
perturbed the alignment of the active site residues that ulti-
mately influence substrate catalysis. In this study, we observed
that the addition of Mg®* or ThTP caused distinct conforma-
tional changes in mThTPase. Binding of ThTP was found to be
tight and induced an extensive conformational change. By
contrast, Mg " binding was weak, and residues whose chemical
shifts were affected by added Mg?" mapped to a localized site.
The addition of the inhibitor Ca®>* to the ThTPase:ThTP com-
plex stabilized active site residues that exhibited ms-scale
dynamics (NMR exchange broadening) in the binary complex.
Taken together, these results suggest that Mg>", rather than
assisting substrate binding, is essential for the precise align-
ment of active site residues with the substrate phosphates for
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catalysis. Although Ca®" stabilizes active site residues, it may
inhibit the activity by failing to achieve the proper alignment.

The optimal pH for the enzymatic catalysis of mThTPase
occurs at pH 8.0. A plot of the log specific activity versus pH
(Fig. 1C) indicates that the enzyme is activated by a single dep-
rotonation step with pK, ~ 7.5 and becomes less active above
pH 10. The lower deprotonation could correspond to a general
base that removes the proton from water when it attacks the y
phosphate, or it could be a group whose deprotonation acti-
vates the enzyme by altering the charge in the active site. The
lower activity at high pH could be the result of any of a number
of possibilities, including destabilization of the protein
structure.

The active site conservation among TTM domains implies
that the family utilizes a common catalytic mechanism. The
NMR titrations, along with the structural models of mThTPase
and its complexes presented here, support the hypothesis that
residues Glu-7, Glu-9, Arg-55, Arg-125, Asp-145, Glu-157, and
Glu-159 are essential for binding divalent metals and substrate
phosphates. In particular, it appears that the water bridge that
mediates the coordination of divalent metals with active site
residues (e.g. Asp-145 in mThTPase) is also highly conserved
(10-13). Given the conservation of the water bridge and the
catalytic role of the water molecule in ATPase catalysis (31), it is
intriguingly possible that a water bridge may serve as a nucleo-
philic agent to attack the substrates of TTM domains. Further
mutational studies and biochemical characterization will be
required to test this hypothesis.
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SUPPLEMENTARY FIGURES

Fig. S1. Plot of Ad,.(NH) for mThTPase as a function of the protein sequence. The
regions exhibiting the largest chemical shift changes are highlighted in gray.

Fig. S2. Overlaid 2D ['H,"°N]-HSQC spectra highlight the changes in signals of selected
residues induced by the addition of Ca*". The NMR spectra collected with 0, 1 and 2 mM
added Ca®" are colored in blue, green, and red, respectively. The side chain imino groups
of W70 and W128, and the side chain guanidyl group of R125 are labeled with the
respective residue name followed by a superscript “g”.
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