
 

 

Introduction 
 
Thiamin pyrophosphokinase (TPK; EC 2.7.6.2) is 
a member of the pyrophosphotransferase fam-
ily. It catalyzes the transfer of a pyrophosphate 
group from ATP to thiamin to form thiamin pyro-
phosphate (TPP). The product, TPP, is a cofactor 
for the reactions catalyzed by pyruvate dehydro-
genase, α-ketoglutarate dehydrogenase, 
branched chain α-keto acid dehydrogenase, 
transketolase and 2-hydroxyphytanoyl-CoA 
lyase. Thus, TPP plays a central role in carbohy-
drate metabolism and TPK activity is critical to 
the cellular energy generation. In addition to 
TPP, thiamin monophosphate (TMP) and thia-
min triphosphate (TTP) are also found in human 
cells. Among thiamin and its phosphoesters, 
TPP is the major form [1, 2] and plays a central 
role in thiamin phosphoester synthesis. Follow-
ing thiamin transport into cells, it is converted to 
TPP by TPK in the cytosol very rapidly; after that, 
TMP and TTP can be synthesized from TPP [3-
5]. 
 
The catalytic parameters of TPK purified from 
various species and tissues have been charac-

terized. The Km of mammalian TPK for thiamin 
is close to physiological levels while Km for 
MgATP was found to be extremely high ranging 
from 59mM to 3mM [6-8]. Onozuka M and No-
saka K. determined the Km for MgATP with puri-
fied recombinant human TPK to be 1.2 mM at a 
later time, which is probably more reasonable 
regarding its physiological function [9]. Previ-
ously, we have solved crystal structures of 
mouse TPK, which shares 89% sequence iden-
tity to human TPK [10]. The TPK polypeptide 
consists of an α/β-domain and a β-sandwich 
domain. Mouse TPK associates as a dimer and 
thiamin is found in the dimer interface. The 
structure of TPP bound mouse TPK was solved 
subsequently and TPP adopts an F-
conformation in mouse TPK, which is different 
from the V-conformation seen in the enzymes 
that recruit TPP as cofactor [11]. In addition, we 
further demonstrated that pyrithiamine, an in-
hibitor of TPK that can induce WK syndrome in 
animals, is a substrate of TPK and can be phos-
phorylated [12]. Pyrithiamine pyrophosphate 
(PPP) along with Mg2+/AMP is located in the 
active site of the enzyme. In the above struc-
tures, mouse TPK exists as dimers. In this study, 
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we report a new crystal form of mouse TPK, in 
which each asymmetric unit contains four sub-
units of mouse TPK.  

 
Materials and methods 
 
Protein purification and crystallization   
 
Mouse TPK cDNA was cloned in pET28a vector 
(Novagen) for expression as a His-tagged pro-
tein in BL21 cells.   The transformed cells were 
cultured in TY media at 37oC until the OD600 
reached between 0.8 and 1.0. IPTG was then 
added to a final concentration of 70mg/mL and 
the culture was incubated at room temperature 
for an additional 12 to 15 hours. Cells were col-
lected by centrifugation and were lysed using a 
French Press. The recombinant mouse TPK was 
purified by nickel-chelate chromatography and 
analyzed by SDS-PAGE as previously described 
[10].  
 
Purified recombinant mouse TPK was sequen-
tially dialyzed against three buffers: (1) 5 mM 
EDTA, 150 mM NaCl, 50 mM Tris, pH7.5; (2) 1 
mM EDTA, 150 mM NaCl, 50 mM Tris, pH7.5; 
and (3) 150 mM NaCl. Dialyzed protein was 
then concentrated to 12 mg/mL using a Centri-

con concentrator. Crystals are yielded at room 
temperature in condition 1.15-1.3M sodium 
citrate, 0.1M NaHepes, pH 8.6 utilizing hanging 
drop vapor diffusion geometry. 
 
Data collection, processing and structure deter-
mination 
 
For the TPP-Mg2+-complexed structure, crystals 
were soaked with 20mM TPP and 0.1M MgAMP, 
pH7.0 for 2 hours before data collection. For 
thiamin-Mg2+ complexed structure, crystal was 
soaked with 10mM thiamin and 0.1M AMPCPP, 
pH7.0. Crystals were cryo-protected in 15% glyc-
erol. Both data sets were collected at Argonne 
National Laboratory BioCARS 14BM-C. The raw 
intensity data were merged and scaled by 
HKL2000 [13]. The intensity output was con-
verted into structure factors using the program 
package CCP4 [14]. Molecular replacement was 
done using the initial phase information from 
the mouse TPK dimeric structure by CNS (v1.0) 
[15]. Models were manually adjusted in pro-
gram O and refined by CNS (v1.0). Thiamin and 
TPP coordinates were acquired as previously 
described [10, 11]. Statistics for crystallo-
graphic data and refinement are shown in Table 
1. 

Table 1. Crystallographic data and refinement statistics 
Data sets TPP-Mg-mouse TPK Thiamin-Mg-mouse TPK 
Data collection 
Wavelength (Å) 0.9 
Space group P21 
Resolution (Å) 2.76 2.42 
Cell constants 

a, b, c (Å) 

a, b, g (o) 

  

     75.38, 94.83, 83.8590 

               105.3, 90 

  

75.54, 95.21, 84.2790 

105.2, 90 
Measured reflections 99673 164426 
Unique reflections 27991 43925 
Completeness (%) 96.7 99.9 
Rsym (%) 12 (45.6) 12.4 (37.8) 
Refinement 
Rwork / Rfree (%) 22.1 (22.4) 21.9 (22.6) 
Number of atoms/AU 
Nonhydrogen atoms 8233 8359 

Solvent molecules 280 442 
RMSD 

Bond length (Å ) 0.013 0.011 
Bond angles (o) 1.8 1.6 

8233 8359 
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Results 
 
The overall structure 
 
A new crystal form of mouse TPK with P21 space 
group was acquired. Structures of mouse TPK 
complexed with TPP-Mg2+ and thiamin-Mg2+ in 
this new crystal form were solved by crystal 
soaking experiment at resolution 2.7 Å and 2.4 
Å, respectively. In the new crystal form, the 
asymmetric unit contains a tetrameric TPK, 
which consists of two protein dimers. Each 
dimer component roughly keeps its general U-
shaped structure described in the P3121 space 
group [10] with shifts in some secondary struc-
tural elements. The RMSD of all atoms (side 
chain and main chain) and main chain atoms 
only between one dimer component of the 
tetramer and the previously solved dimer is 
0.909Å and 0.495Å, respectively. The four 
chains assigned as A, B, C and D, in which sub-
unit A and B or C and D form the original dimeric 
unit, are shown in green, red, yellow and blue, 
respectively (Figure 1). The two U-shaped 
dimers are arranged as that the arm of one U is 
embedded in the cleft of the other and forms an 
overall structure similar to an interlocked two 
crescents when viewed parallel to its 2-fold axis.  
Residues 13 to 16, 37 to 38, 57 to 59 and 60 
to 62 of subunit A interact with residues 76 to 
78, 51 to 57, 158 to 160 and 27 to 31 of sub-
unit D, respectively. In addition, subunit A also 
interacts with subunit C mainly through residues 
54 to 55, 25 to 27, and residue 243 with that of 

25 to 27, 55 to 57, and residue 243 of the C 
subunit, respectively. While subunit A interacts 
with both subunits of the opposite dimer, sub-
unit B interacts with subunit C only.  Intensive 
interactions are between residues 27 to 31, 53 
to 57, and 76 to 78 of B subunits and residues 
59 to 61, 37 to 38, and 13 to 16 of the C sub-
unit, respectively. Moreover, residue 242 and 
243 at the C-terminus of B subunit interacts 
with residue 82 and 86 of C subunit.   
 
Structural changes accommodating the new 
comer of another dimeric protein in the 
tetrameric structure are mostly located either 
on loops or at the end of helices. For example, 
the loop containing residues 52 to 58 on the A 
subunit shifted toward A subunit itself to make 
room for the joining of C and D subunit. Most of 
the residues in the dimer-dimer interface have 
conformational changes, which can be on either 
side chain or main chain or both. The most spe-
cial one is the C-terminal residue Ser243. The C
-terminus points to a different direction from 
that of the dimeric structure (Figure 2A). The 
arrangement of the tetramer and the movement 
of C-terminus brought Ser243 on A and C sub-
unit close to each other. As a result, the dis-
tance between the hydroxyl oxygen of Ser243 of 
A subunit and the main chain carbonyl oxygen 
of Ser243 of C subunit is 2.93 Å (Figure 2B). 
However, Ser243 of subunit B and D are not 
close because only one fold symmetry is found 
in the tetrameric structure. Instead, Ser243 of B 
and D subunit is pushed close to residue Glu61 

Figure 1. The overall structure of mouse TPK tetramer. A. A view of the tetramer structure parallel to its two fold axis. 
B. A view of the tetramer structure perpendicular to its two fold axis. The four subunits assigned as A, B, C and D are 
colored in green, red, yellow and blue, respectively. A and B or C and D form the previously described U-shaped dimer 
unit. 
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and Lys86 of A and C subunits, respectively.  
 
Residues in the dimer interface between two 
monomers in the original dimer structure and 
residues in the dimer-dimer interfaces between 
two dimer units are located in different do-
mains; the former are mainly located in the β 
roll domain at C-terminus while the latter are 

located mostly in the α/β sandwich domain at 
the N-terminus. However, Asp159 on B and D 
subunits can be found in both kinds of inter-
faces.  
 
In addition to the changes related to tetramer 
formation of mouse TPK, the conformation of 
the His tags at the N-terminus are different from 
the dimeric structure and the His tags are more 
ordered (Figure 2A). The four His tags are not 
identical. His tags on subunit A and C are simi-
lar, and His tags on subunit B and D are similar.  
 
The dimer-dimer interface 
 
The buried surface area between the interface 
of the two dimers is 3191 Å2, which is about 
18% of the total accessible surface area of a 
dimer if His tags are not included.  Eleven hydro-
gen bonds between the two dimer units are 
found (Table 2). Altogether 78 residues includ-
ing 10 arginines are located in the dimer-dimer 
interface. Arginine residue has been found sta-
tistically to be the second most abundant resi-
dues in protein oligomeric interfaces and func-
tions to form hydrogen bonds [16]. In mouse 
TPK, 5 of the 10 arginine residues are involved 
in hydrogen bonding directly with residues from 
opposite dimer, while one of them form hydro-
gen bond across the interface via a water mole-
cule. 
 
The more closed active site 
 
In the tetramer structure, the joining of a sec-
ond dimer helps to form a less solvent exposed 
active site. A fairly solvent exposed active site is 
seen in the dimeric ternary complex of mouse 
TPK with PPP and MgAMP. The nucleotide binds 
to the protein loosely due to the fact of the high 
B factor for AMP in the ‘A’ subunit of TPK and 
the mixed occupancy of HEPES and AMP in the 
‘B’ subunit [12]. Figure 3A shows the molecular 
surface of the dimer mouse TPK in complexed 
with PPP-MgAMP and the solvent exposed bind-
ing groove for PPP and MgAMP. The opening of 
the binding groove might be important for prod-
ucts release and substrates binding. However, 
for an enzyme with high reaction specificity and 
efficiency, this opening is likely to be sealed 
following substrates binding. In the tetramer 
form of mouse TPK, the way the two dimer units 
associate with each other provide a more closed 
binding groove (Figure 3B). In addition, the 
tetrameric structure has potential to provide 

Figure 2. Differences between a dimer unit of the 
tetrameric structure and the dimeric structure of 
mouse TPK. A. Superposition of mouse TPK dimer (in 
gray) and tetramer (in green and red). The N-terminal 
His tags are oriented differently and the C-termini are 
pointed to different directions compared with the 
dimeric structure. B. A zoom in picture of the two C-
terminal Ser in A and C subunits. The arrangement of 
the tetramer and the shift of the C-terminal residue, 
Ser243, of A and C subunit brought the two residues 
close enough to form a hydrogen bond between the 
hydroxyl oxygen of Ser in A subunit and the carbonyl 
oxygen of Ser in C subunit. 
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specific interactions between mouse TPK and 
the adenine ring of the nucleotide. Superposi-
tion of the tetramer mouse TPK onto the dimeric 
ternary structure shows that the carboxyl oxygen 
of Glu57 in subunit C is only 4.96 Å away from 
the N6 atom of AMP (Figure 3C). Slight confor-
mational change with the side chain of Glu57 
can bring the carboxyl oxygen close enough to 
form a hydrogen bond with the adenine ring. 
Therefore, the tetramer structure can potentially 
lower the Km between the protein and the nu-
cleotide substrate. 
 
Ligand binding 
 
TPP is localized in all of the four subunits of 
mouse TPK tetramer structure. TPP binds in a 
similar way as that in the dimeric structure in F 
conformation [11]. Mg2+ was identified in adja-

Table 2. Hydrogen bonds between residues across the dimer interface 
Residues and atoms on dimer AB         Residues and atoms on dimer CD Distance 

Chian Residue Atom   Chain Residue Atom     
A 13 PRO O   D 76 ARG NH1   3.07 
A 58 GLY O   D 159 ASP N   3.24 
A 61 GLU OE2   D 31 ARG NH2   2.99 
A 62 SER OG   D 30 ALA N   3.16 
A 76 ARG NH1   C 76 ARG NH1   2.78 
A 243 SER OG   C 243 SER OT   2.93 
                        
B 29 ASP OD1   C 62 SER OG   3.08 
B 30 ALA N   C 62 SER OG   3.08 
B 76 ARG NH2   C 13 PRO O   3.19 
B 78 GLU OE2   C 14 THR OG1   2.99 
B 159 ASP N   C 58 GLY O   3.29 

 

Figure 3. Molecular surface of the dimeric and tetrameric struc-
tures. A. Molecular surface of the dimeric ternary complex of 
mouse TPK with PPP-MgAMP. AMP is shown in orange. PPP is 
shown in green. The binding groove is open to the solvent. B. 
The tetramer mouse TPK is superimposed with the dimer struc-
ture and the molecular surface is shown. The joining of another 
dimer unit helps to seal the active site. C. Glu57 may provide 
additional hydrogen bond across the two dimer interface in the 
tetrameric structure when nucleotide is bound. The dimeric PPP
-MgAMP mouse TPK complex is superimposed onto the 
tetrameric structure. PPP and Mg2+ are shown in magenta. AMP 
is shown in red. Distance is shown in angstrom. The dimer 
structure is shown in yellow; the A and C subunits of the 
tetramer structure are shown in blue and green. The common 
part of the two structures is illustrated by ribbon diagram. The C 
subunit of tetramer, which does not exist in the dimer structure, 
is in stick presentation. Glu57 in tetramer is 4.96 Å away from 
the N6 atom of AMP in the dimer structure.  
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cent to the pyrophosphate group of TPP in three 
subunits (Figure 4A). It coordinates with the 
carboxyl group of Asp46, Asp73, Asp100, and 
the phosphate group of TPP. However, no elec-
tron density can be assigned to MgAMP with 
certainty. 
 
In the crystal structure yielded by soaking crys-
tals with thiamin and MgAMPCPP, electron den-
sity for thiamin and Mg2+ are also identified 
(Figure 4B). The ring systems of thiamin bind to 
the protein in a similar way as that of thiamin in 
the dimer structure. However, the hydroxyl 
group of thiamin turned away from the side 
chain of Asp71. Mg2+ interacts with the protein 
by its coordination with the side chains of Asp 
46, Asp 71, Asp73 and Asp100. The binding of 
Mg2+ reorganized the conformation of the side 
chains of these four Asp residues in the 
tetramer structure as shown in Figure 4B. The 
movement of the hydroxyl group of thiamin and 
that of the side chain of Asp71 abolished the 
hydrogen bond between them that used to exist 
in the dimeric structure complexed with thiamin 
only. Similarly, no electron density can be as-
signed to AMPCPP with certainty.  
 
Discussion 
 
A new crystal form of P21 was yielded.  TPP-
Mg2+ and thiamin-Mg2+ complexed mouse TPK 

structure were consequently solved by soaking 
experiments with this new crystal form. In these 
structures, two dimeric units of mouse TPK oc-
cupy the asymmetric units and mouse TPK as-
sociates as a tetramer, which is different from 
the previously described dimeric structure.  
 
Although we cannot rule out the possibility that 
the tetrameric structure is an artifact from crys-
tallographic packing, it is also possible that the 
tetrameric structure is a new higher order of 
oligomeric status of mouse TPK and it could be 
physiologically relevant. Firstly, the buried sur-
face area between the two dimers is more than 
3000 Å2 and occupies about 18% of the total 
surface area of a dimer. The area of the buried 
surface and the number of hydrogen bonds indi-
cates a moderate affinity between the two 
dimers [17]. Secondly, the active site of the 
tetramer mouse TPK appears to be more closed 
and can potentially provide specific interactions 
between the side chain of Glu57 and the ade-
nine ring of ATP. This specific interaction be-
tween an oxygen of the protein and the N6 atom 
of nucleotide can be found in all protein kinases 
and small molecule kinases, but is missing in 
the dimeric ternary structure of mouse TPK. 
Sequence analysis shows that Glu57 is con-
served in human and mouse TPK and, is re-
placed by an Asp in yeast. It is possible that ATP 
binding favors the tetramer equilibrium because 

Figure 4. Magnesium binding in tetrameric TPP-Mg and thiamin-Mg structure complex. A. Magnesium binding in TPP-
Mg mouse TPK complex. Magnesium coordinates with the α-phosphate of TPP and Asp 46, 71 and 73. B. Superposi-
tion of thiamin molecules and residues surrounding magnesium ion of the dimeric (in green) and tetrameric (in red) 
structure. Magnesium ion binds to the enzyme via coordination with Asp 46, 71, 73 and 100. The hydroxyl group of 
thiamin shifted and the hydrogen bond, which used to exist between the hydroxyl group of thiamin and Asp71 in the 
dimeric structure, is abolished in the tetrameric structure. Distance is shown in angstrom. 
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the binding may introduce two extra hydrogen 
bonds between the N6 atom of ATP and Glu57 
of the opposite dimer unit due to protein sym-
metry. Beside mouse TPK, it has been shown 
that the binding of MgATP promotes the dimeri-
zation of MalK, the ATPase component of the 
maltose transporter in E. coli previously [18].  
 
The potential hydrogen bond between ATP and 
Glu57 of opposing dimer may help lower the 
high Km between mouse TPK and ATP. Mouse 
TPK has been characterized with high Km for 
ATP and low kinase activity by in vitro kinetic 
studies [6-8]. In good agreement, our dimeric 
ternary structure of mouse TPK shows that the 
ligand-binding groove lacks for specific interac-
tions between the protein and the adenine ring 
of the nucleotide and is exposed to the solvent. 
However, it has been reported that thiamin is 
converted into TPP very rapidly in vivo [19] and 
free thiamin is maintained to be about 5-7% of 
total thiamin content in tissues [20]. Therefore, 
the high Km and low specific activity character-
ized in vitro may not reflect the in vivo activity of 
TPK. It is tempting to propose that there is equi-
librium between dimer and tetramer mouse TPK 
in vivo. The dimer form could be dominant at 
most circumstances but has a low activity. The 
tetramer species of mouse TPK may have 
higher activity by having a lower Km for ATP and 
a higher catalytic efficiency. The activity of 
mouse TPK could be regulated in vivo via the 
oligomeric state transition. It is possible that 
some factors, e.g. phosphorylation on certain 
residue, can promote the activity of this enzyme 
by expediting the tetramer formation. This 
model of co-exists of dimer and tetramer mouse 
TPK appears to be supported as well by our ana-
lytical ultracentrifuge experiment done with 
1mg/mL his-tag cleaved mouse TPK apoen-
zyme, which shows that about 95% exists as 
dimer and 5% exists as tetramer (data not 
shown). In addition, TPK has been reported to 
exist as both a dimer and a tetramer previously. 
Sanemori and Kawasaki reported both dimer 
and tetramer states of TPK [21]. Rat kidney TPK 
has also been reported to behave as a tetramer 
with positive cooperativity [22]. Therefore, it is 
possible that the activity of mouse TPK is regu-
lated by its oligomeric status. 
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