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Aspartate 155 of human transketolase is essential for thiamine
diphosphate—magnesium binding, and cofactor binding is required for
dimer formation
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Abstract

Active human transketolase is a homodimeric enzyme possessing two active sites, each with a non-covalently bound
thiamine diphosphate and magnesium. Both subunits contribute residues at each site which are involved in cofactor binding
and in catalysis. His-tagged transketolase, produced in E. coli, was similar to transketolase purified from human tissues
with respect to K, apps for cofactor and substrates and with respect to cofactor-dependent hysteresis. Mutation of aspartate
155, corresponding to a conserved aspartate residue among thiamine diphosphate-binding proteins, resulted in an inactive
protein which could not bind the cofactor—magnesium complex and which could not dimerize. The results are consistent
with the suggestion that aspartate 155 is an important coordination site for magnesium. In support of this interpretation,
binding of cofactor by wild type apo-transketolase required the presence of magnesium. Additionally, monomeric
apo-his-transketolase required both magnesium and cofactor binding for dimer formation. © 1997 Elsevier Science B.V.
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1. Introduction

Transketolase (EC 2.2.1.1.) is a thiamine diphos-
phate (ThDP)- dependent enzyme which participates
in the non-oxidative branch of the pentose phosphate
pathway. It links the pentose phosphate pathway with
the glycolytic pathway. With the exception of spinach
and Candida boidinii {1,2], transketolase from all
species examined has been found to be a dimeric
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protein. In each case, there are two active centers
with one ThDP molecule and a bivalent cation tightly
bound at each center by non-covalent interactions.
Based upon the comparison of amino acid se-
quences for a number of ThDP-dependent enzymes, a
ThDP binding motif has been proposed [3.4]. The
motif begins with the highly conserved sequence
glycine-aspartate-glycine (GDG) and corcludes with
the highly conserved sequence asparagine-asparagine
(NN). This postulated ThDP-binding motif also exists
in human transketolase between residues 154 and 185
[5,6]. Crystallographic studies of yeast pyruvate de-
carboxylase [7] and transketolase [8], and pyruvate
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oxidase of Lactobacillus plantarum [9] indicate the
aspartate and the second asparagine within the motif
are complexed with a bivalent metal ion (magnesium
or calcium) which is also complexed with the phos-
phate groups of ThDP. These data indicate that the
bivalent metal ion plays a role in binding ThDP to
the polypeptide chain and that the proposed ThDP
binding motif is the interaction site for the metal ion
and the pyrophosphate portion of ThDP.

The proposed ThDP binding motif was examined
in  Zymomonas mobilis pyruvate decarboxylase
[10,11]. A change of the aspartate in the -GDG-
sequence to glycine, threonine, or asparagine gave an
inactive enzyme which did not bind ThDP. Addition-
ally, replacing the aspartate with glutamine produced
a dimer protein which, although still active, had
reduced affinity for ThDP. The major conclusion
from these studies was that a charge interaction be-
tween aspartate and magnesium was important for
ThDP binding.

Studies using purified transketolase from various
tissues have resulted in conflicting results with re-
spect to whether the isolated enzyme is a monomer or
a dimer. Heinrich et al. [12] found a molecular weight
for human transketolase consistent with a homodimer
when using ultracentrifugation, whereas a size inter-
mediate between a monomer and dimer was obtained
using gel filtration. A similar intermediate molecular
weight was obtained using gel filtration by Tacheuchi
et al. [13]. Finally, Booth and Nixon [14], citing
unpublished work, indicated both the apo- and holo-
transketolase were dimeric.

In order to begin to examine the role specific
amino acids play in cofactor binding and catalysis
carried out by human transketolase, we produced a
his-tagged version of the enzyme in E. coli. The
purified recombinant enzyme was found to be kineti-
cally very similar to transketolase from human tis-
sues. In the present study, we demonstrate that substi-
tution by alanine for aspartate 155, which is the
aspartate of human transketolase corresponding to the
highly conserved GDG, abolished all activity and
impaired transketolase dimer formation. In addition,
ThDP binding by monomeric apo-transketolase re-
quired the presence of magnesium. This led us to
examine a potential role for the ThDP-magnesium in
holoenzyme assembly, and we found that both ThDP
and magnesium are required for dimer formation.

2. Materials and methods
2.1. Construction of pHisTK-2 plasmid

A synthetic oligonucleotide (5-GCGGATC-
CAAGGAGGTTTATTAATGAGAGGATCGCATC-
ACCATCACCATCACGGAATGGAGAGCTACCA-
CAAG-3') containing a BamHI site, a Shine—
Dalgarno sequence, the His-tag codons, and the first
6 codons of the human transketolase gene [6,15] was
used as one primer while the other primer
(5 GATCTGTAGTTAGCCGGACC-3') corresponded
to the cDNA sequence further downstream and in the
opposite orientation. Amplification by PCR [16] was
carried out in a reaction with the hurnan transketolase
cDNA as a template. The 650 bp amplified fragment
was digested with BamHI and HindIIl. The resulting
480 bp fragment was ligated into BamHI/ HindIII
digested pGEM-1 (Promega). Sequence analysis [17]
was performed on the resulting construct, pHisTK-1,
to ensure the presence of the histidine tag and that no
alterations to the transketolase sequence occurred
during amplification. The remaining 1600 bp of
transketolase ¢cDNA in the form of a HindIII frag-
ment was inserted into the Hindlll site of the above
construct. The resulting construct, containing the his-
tagged transketolase cDNA downstream of a T7 pro-
moter and ribosome binding site, was designated
pHisTK-2.

2.2. Purification of the his-tagged transketolase

pHisTK-2 was transformed into the DE3 strain of
E. coli [18]. Cells were grown at 37°C until an ODy,
of 0.3-0.4 was reached. 1 mM IPTG was added and
a further incubation for 3 h at 30°C was carried out.
The cells were pelleted and resuspended in 10 ml
(per liter of culture) Tris~HCI buffer (10 mM pH
8.0). 30 ug of lysozyme were added per 10 ml of
sample, and the mixture was incubated at room tem-
perature for 10 min. The sample was frozen in dry
ice /ethanol and thawed at 37°C, a procedure re-
peated three times. 100 ug/ml DNase 1 was added
per 10 ml, and the mix was incubated at room
temperature for 10 min. The sample was cleared by
spinning for 10 min at 12000 X g. The supernatant
was loaded on a Ni-agarose column (1 ml resin per
liter of culture), and the column was washed with 20
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ml of 50 mM imidazole, 100 mM NaCl, 10 mM
sodium phosphate, pH 8.0. His-transketolase protein
was eluted with 0.5 M imidazole, 100 mM NaCl, 10
mM sodium phosphate, pH 8.0 and dialyzed against
10 mM Tris—HCI, pH 8.0, overnight at 3°C. Typical
yields of the his-tagged transketolase were between
(0.8 and 1.5 mg per liter of culture.

2.3. Gel electrophoresis of proteins

SDS-polyacrylamide resolving gels of 8% con-
tained 375 mM Tris—HCI (pH 8.8) and 0.1% (w/v)
SDS; stacking gels were 3.1% acrylamide and con-
tained 150 mM Tris—HCI (pH 6.8) and 0.1% SDS.
Following degassing under vacuum, all gels were
polymerized by the addition of 0.1 volume of 10%
(w/v) ammonium persulfate and a small aliquot of
TEMED. Running buffer was 25 mM Tris-OH, 192
mM glycine, and 0.1% SDS. Prior to electrophoresis,
1 volume of 2 X sample buffer (125 mM Tris—HCl,
pH 6.8, 4% SDS, 20% glycerol, with or without 1.4
M B-mercaptoethanol) was added to all samples.
Samples were boiled for 3 min. To visualize total
protein, gels were silver-stained (Bio-Rad). Native
polyacrylamide gel electrophoresis was performed
similarly. The buffers were modified by omitting
SDS (and B-mercaptoethanol for the sample buffer),
and pH 8.8 was used in all native gel buffers.

2.4. Preparation of apo-transketolase

3.4 ml of saturated ammonium sulfate solution
were added to 4.1 ml of a solution of his-transketo-
lase in 10 mM Tris, pH 8.0, 1 mM EDTA. In some
instances, 2 mg of insulin was included as carrier
(preparations with or without carrier gave identical
subsequent results). After gentle mixing, the solution
was allowed to stand at 0°C for 20 min. The pH of
the solution was then adjusted to 3.5 by the addition
of H,SO,. After incubation of the mixture at 0°C for
up to 30 min, the mixture was centrifuged at 30000
X g for 20 min. The pellet was resuspended in 20
mM Tris, pH 8.0 and used as a source of the apo-en-
zyme. Successful removal of cofactor was monitored
by assaying for transketolase activity in the absence
and presence of added magnesium and /or ThDP.

2.5. Transketolase assay

The assay [6] consisted of sample protein, 100 mM
Tris, pH 7.5, 10 mM ribose 5-phosphate, 2 mM
xylulose 5-phosphate, 1.2 mM MgCl,, 0.1 mM
NADH, 1.2 U alpha-glycerophosphate dehydroge-
nase/ triose phosphate isomerase, and 1 mM ThDP
in a final volume of 0.6 ml. The nmole of NADH
oxidized during a typical reaction were calculated
from the change in absorbance [19]. The transketolase
activity was expressed as umole/min/mg.

2.6. PCR based site-directed mutagenesis

A two-step PCR site-directed mutagenesis proce-
dure was used as described [20]. Briefly, the first step
involved PCR with the mutagenic primer (5'-
TGCTGGGAGcTGGGGAGCTG-3,— lower case ¢
represents the altered nucleotide resulting in the D to
A codon change) and another primer corresponding
to a nearby region of the human transketolase cDNA
and to the opposite strand. The resulting mutant
fragment served as a primer for a second amplifica-
tion. The second PCR product was digested with the
appropriate enzymes and the resulting fragment was
used to replace the unmutated fragment in pHisTK-2
which had been digested with the same two enzymes.
Sequence analysis was carried out to confirm the
presence of only the desired mutation and no other
unintentional bp changes.

2.7. Chemical cross-linking

Purified protein was dialyzed overnight against
cross-linking buffer (20 mM sodium phosphate, 100
mM sodium chloride, pH 7.3). The cross-linker
dithiobis(succinimidyl propionate) (DTSP) was added
to the purified protein (20 pwg/ml) to give a final
concentration of 1-5 mM, and the reaction was
incubated for 20 min. The solution was adjusted to 40
mM lysine and incubated for another 10 min. To stop
the reaction, N-ethylmaleimide was added to give 40
mM final concentration. Prior to loading onto an 8%
SDS-PAGE, 2 X SDS sample buffer without B-mer-
captoethanol was added to the reaction followed by
boiling for 2 min. Cross-linking was reversed for a
portion of each sample by including [-mercapto-
ethanol in the sample buffer.
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2.8. Equilibrium dialysis

Binding of ThDP was characterized by estimating
the dissociation constant using equilibrium dialysis.
Dialysis was carried out at room temperature for 3 h
in 20 mM Tris—-HCl, pH 8.0, | mM MgCl,, 2 uM
ThDP, and either 0.1 uM or 1 uM apo-transketo-
lase. A similar series of experiments were performed
at 3°C for 15 h. When magnesium was left out of the
buffer, 2 mM EDTA was included. ThDP concentra-
tions were determined spectrophotometrically [21].

3. Results

3.1. Purification and characterization of his-transke-
tolase

A histidine tagged version of human transketolase
was generated and purified from E. coli. As indi-
cated in Fig. 1a, a single passage over nickel-agarose
resulted in his-transketolase preparations of > 95%
purity. The specific activity of different batches of
purified his-transketolase ranged from 6 to 10
pumol /min - mg, comparable to that of highly puri-
fied human transketolase from leukocytes [22] and
erythrocytes [14]. K, apps for ThDP were calculated
using both initial velocities and steady state veloci-
ties, and the values obtained were essentially identi-
cal to the K_ apps of fibroblast transketolase
[15,23,24]. Similarly, K apps for xylulose 5-phos-
phate (donor substrate) and ribose 5-phosphate
(acceptor substrate) were the same as published val-
ues for transketolase from human tissues [13,25]. The
ThDP-dependent hysteresis of the his-tagged enzyme
was also found to be normal with the lag period of
the progress curve being highly dependent on ThDP
concentration [23,24].

3.2. Characterization of DI55A his-transketolase

Through mutagenesis, we have begun to examine
the role of certain amino acid residues thought to be
important in ThDP-binding and in catalysis. One such
mutation is D155A, or a change in aspartate 155 to
alanine. As described above, aspartate 135 corre-
sponds to the aspartate of the GDG conserved se-
quence and is implicated in coordination to magne-
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Fig. 1. Gel analysis and assay progress curves for purified mutant
and unmutated his-transketolase. (A) SDS-PAGE of purified
histidine-tagged transketolase. Proteins were purified using Ni-
agarose as described in Section 2, Materials and methods. Lane
1, purified his-transketolase; lane 2, purified D155A protein. (B)
Progress curves of transketolase assay. The loss of absorbance at
340 nm versus time is plotted for his-transketolase (WT) and
D155A protein. 1 pg of his-transketolase and 10 g of DI55A
protein were used in the assays shown. The curve labeled blank
represents a background reaction containing no protein. The
decrease in absorbance is a direct measure of transketolase
activity.
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sium based on comparisons of the human enzyme
with the yeast sequence and structure [5,8,26]. The
DI55A mutant his-transketolase was generated and
purified as described for the unmutated enzyme (Fig.
la). As shown in Fig. 1b, substitution of aspartate
155 by alanine completely abolished all activity,
indicating the critical importance of this residue.

To examine if loss of activity of the DI155A pro-
tein was due to a loss of ThDP binding, equilibrium
dialysis was performed on the mutated and unmu-
tated proteins. For his-transketolase, a dissociation
constant of 0.12 uM was obtained when the apo-en-
zyme was dialyzed against ThDP and magnesium. No
binding was detectable when dialysis was performed
with the D155A apoenzyme. From crystal studies of
yeast transketolase [8,27] and mutation studies of
pyruvate decarboxylase [10,11], the equivalent aspar-
tate serves as a coordination site for magnesium.
Thus, the inability of D155A to bind ThDP may
reflect an inability to coordinate magnesium. This
suggestion was supported by the finding that when
dialyzed against ThDP alone in the absence of mag-
nesium, wild type his-transketolase gave no ThDP
binding. Thus, magnesium binding is required for
ThDP binding.

Since no ThDP was bound by the D155A protein
and thus it is analogous to apo-enzyme, we were
interested in determining if the D155A polypeptide
existed as a monomer or dimer. Unmutated his-trans-
ketolase and DI155A his-transketolase were treated
with the cross-linker DTSP followed by fractionation
by SDS-PAGE. Prior to electrophoresis, cross-linking
was reversed for a portion of each sample. The
results are shown in Fig. 2.

As expected, in both instances reversal of the
cross-linking gave a single band of 69 kD represent-
ing the monomer (lane 1, wild type; lane 3, D155A).
For his-transketolase, cross-linking resulted in a dif-
fuse band of ca. 130 kD representing the homodimer
(lane 2). D155A protein gave no band corresponding
to a dimer and only a diffuse band migrating faster
than the monomer (lane 4). The fact that transketo-
lase has 42 lysines (the reactive residues for DTSP)
and the apparent high efficiency of cross-linking by
DTSP probably resulted in a large number of intra-
molecular cross-links [28]. This may account for the
aberrant migration of the DIS5A cross-linked
monomer as well as the diffuse band for cross-linked

Fig. 2. Chemical cross-linking of his-transketolase and D155A.
DTSP was used to cross-link either his-transketolase (lane 2) or
D155A mutant protein (lane 4). For a portion of each sample,
cross-linking was reversed prior to electrophoresis by inclusion
of B-mercaptoethanol in the sample buffer (lane 1, his-transketo-
lase; lane 3, D155A). Arrow a, cross-linked his-transketolase
dimer; arrow b, his-transketolase monomer; arrow ¢, cross-linked
D155A monomer.

his-transketolase dimer. As no dimer could be de-
tected for the mutant protein, loss of the ability to
bind the ThDP-magnesium complex in the D155A
protein resulted in an inability to dimerize. Similar
results were obtained using a different, water-soluble
cross-linker (not shown).

3.3. Magnesium and ThDP binding are required for
dimerization

The absence of ThDP, and presumably magne-
sium, binding and of dimerization for D155A sug-
gests that dimerization of unmutated transketolase
requires binding of ThDP or magnesium or both. To
address this, cross-linking was carried out on the wild
type apo-enzyme; however, the results were ambigu-
ous as the apo-enzyme was unstable under the cross-
linking conditions. Thus, native gel electrophoresis
was carried out. As seen in Fig. 3a, holo-enzyme
(lane 1) migrated slower than apo-his-transketolase
(lane 2). By running several gels of different percent-
ages of acrylamide [29], the molecular weight of the
holo- and apo-enzyme bands was determined (Fig.
3b). Apo-his-transketolase had an apparent molecular
weight of 62 kD, consistent with the expected 69 kD
for a monomer. The size of the holo-enzyme was
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Fig. 3. Native gel electrophoresis of apo- and holo-his-transketo-
lase. Resolved his-transketolase was prepared as described in
Section 2, Materials and methods. (A) The gel shown is a 7% gel
run at pH 8.8. Lane 1, holo his-transketolase; lane 2, apo
his-transketolase; lane 3, apo his-transketolase plus 1 mM magne-
sium; lane 4, apo his-transketolase plus 1 mM ThDP; lane 5, apo
his-transketolase plus 1 mM magnesium and 1 mM ThDP. (B)
Ferguson plots [37,38] were used to determine the retardation
coefficients (K ) of size markers (200, 66, and 30 kD) and of
apo- and holo-his-transketolase. Gels of 8%, 6.5%, and 5% were
used. Ky is plotted versus the molecular weight of the size
markers [29]. Squares represent size markers and x’s are the Ky
values for the apo- and holo-transketolase.

found to be 139 kD, consistent with it being a
homodimer. Significantly, formation of the dimer
band required the addition of ThDP and magnesium
to the apo-enzyme (lane 5), while addition of ThDP
alone (lane 4) or magnesium alone (lane 3) resulted
in no dimer formation. Thus, consistent with the
suggestions based on the D155A results, dimerization
of human transketolase required the presence of mag-
nesium and ThDP. Attempts of native gel elec-
trophoresis on D155A were ambiguous as the mu-
tated protein was unstable under the native gel condi-
tions and resulted in much smearing.

4. Discussion

The results presented here demonstrate that dimer
formation for human transketolase requires aspartate
155, a residue which is also necessary for binding the
ThDP-magnesium cofactor. Aspartate 155 corre-
sponds to the aspartate in the previously proposed
ThDP binding motif [3,4]. This aspartate is highly
conserved in ThDP-dependent enzymes and is thought
to be involved in coordinating the bi-valent cation
which in turn interacts with the pyrophosphate moi-
ety of ThDP. For yeast transketolase, the magnesium
is coordinated through water molecules or directly to
four amino acid residues, including the invariant
aspartate, and to two sites on ThDP [8,27]. In the
present study, the substitution of aspartate 155 by
alanine completely abolished transketolase activity
and the ability to bind ThDP. In light of the yeast
crystal studies, we interpret our findings on D155A
as indicating a loss of a crucial coordination site to
magnesium, which in turn results in an inability to
bind ThDP. Although our results do not directly
demonstrate D155 as a magnesium coordination site,
this interpretation is consistent with our finding that
magnesium was required for ThDP binding to wild
type apo-transketolase.

Our findings and interpretation are consistent with
and generalize the findings of Duggleby and cowork-
ers [10,11] who determined that most alterations in
the corresponding aspartate in pyruvate decarboxyl-
ase of Zymomonas mobilis resulted in an inactive
enzyme which could not bind ThDP. They also con-
cluded that the charge interaction between the aspar-
tate and magnesium was important for ThDP binding.
A major difference between the two sets of results is
the fact that loss of binding of ThDP due to mutation
of the corresponding aspartate did not affect the
subunit composition of the tetrameric pyruvate decar-
boxylase; i.e. it remained a tetramer. For human
transketolase, however, loss of ThDP binding due to
mutation of aspartate 155 resulted in an inability to
form the dimer.

The aspartate 155 equivalent in yeast transketolase
has been shown from crystal studies to be involved
only in cation binding and not in subunit-subunit
interaction [8]. This indicates that lack of dimeriza-
tion of the DI5S5A protein was not due to a direct
interaction of this residue in one subunit with residues






