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Abstract—The Michaelis constant values for substrates of transketolase from human tissues were determined over a wide
range of substrate concentrations. It is shown that K, values determined by other authors are significantly overestimated and

explained why this is so.
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Transketolase (TK; EC 2.2.1.1) is a key enzyme of
the non-oxidative branch of the pentose-phosphate path-
way of conversion of carbohydrates and is a thiamine
diphosphate (TDP)-dependent enzyme. TK is detected
in all the studied organs and tissues of plants and animals
and also in microorganisms [1-4]. TK is a transferase,
demonstrates wide substrate specificity, and catalyzes
reversible transfer of a two-carbon fragment from keto-
substrates to aldo-substrates [1]. TK has been isolated
from many sources including human tissues. TK is a
homodimer and uses bivalent metal cations and TDP as
cofactors.

Saccharomyces cerevisiae transketolase (sTK) is the
most studied. In 1992 it was the first TDP-dependent
enzyme whose structure was determined by X-ray analy-
sis [5]. There are X-ray structural data for apo- and
holoenzyme [6, 7], for TK complexes with TDP analogs
[8, 9], and with acceptor substrate [10]. Now sTK can be
considered as a model enzyme for development of meth-
ods for study of properties of TK from various sources.

Recently human TK (hTK) has attracted consider-
able interest [11, 12] because its functioning is somehow

Abbreviations: DOETDP, a,p-dioxyethylthiamine diphosphate;
DTT, dithiothreitol; F-6-P, fructose-6-phosphate; GAPD,
glyceraldehyde-3-phosphate dehydrogenase; hTK, human
transketolase; R-5-P, ribose-5-phosphate; sTK, Saccharomyces
cerevisiae transketolase; TDP, thiamine diphosphate; TK,
transketolase; X-5-P, xylulose-5-phosphate.
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related with development of Wernicke—Korsakoff syn-
drome, alcoholism, Alzheimer’s disease, and oncological
diseases [13, 14]. In particular, enhanced expression of a
TK-like protein (TKTL1) in human tumor cells was
shown [15-17], this protein differing from TK of normal
tissues in primary structure. Human TK has higher sub-
strate specificity than the well-studied sTK. It uses only
phosphorylated ketoses (xylulose-5-phosphate (X-5-P),
fructose-6-phosphate (F-6-P), sedoheptulose-7-phos-
phate) as donor substrates and phosphorylated aldoses
(ribose-5-phosphate (R-5-P), 3-phosphoglycerol alde-
hyde) and free glycolic aldehyde as acceptor substrates.
Unlike all other studied TKs, hTK is inactive against
hydroxypyruvate [4].

In fact, the study of hTK properties has only begun.
Of the enzyme properties described in literature we have
chosen K|, for substrates: reported values are significantly
higher than those determined by us [18]. Those given in
[19] seem to be also significantly overestimated.

The goal of this work is to determine why K, values
for h'TK substrates determined by various authors differ so
much.

MATERIALS AND METHODS

Reagents. The following reagents were used in this
work: NAD™, glyceraldehyde-3-phosphate dehydroge-
nase (GAPD) from rabbit muscle, TDP, MgCl,, R-5-P,
F-6-P, glycyl glycine, and sodium arsenate from Sigma-

1061



1062

Aldrich Chemie GmbH (Germany), dithiothreitol
(DTT) from Fluka (Germany). X-5-P was synthesized as
described earlier [20] and its barium salt thus obtained
had 88% purity and did not contain aldehyde impurities.

Preparation of transketolase. Recombinant hTK was
obtained as the holoenzyme by heterolytic expression in
Escherichia coli as described earlier [18]. Its specific
activity estimated by method 1 (see below) was 3 U/mg.
According to SDS-PAGE data, the preparation was
homogenous. The concentration of hTK was determined
using its molar extinction coefficient at 280 nm, which
was calculated via amino acid sequence using the
ProtParam package [21]; it appeared to be 0.8
(mg'ml)~"cm™! for the holoenzyme containing two TDP
molecules.

Activity estimation. Transketolase activity was esti-
mated via the rate of NAD™ reduction using GAPD as an
auxiliary enzyme and X-5-P and R-5-P as substrates [2]
(method 1) or via the rate of oxidation of the a-carban-
ionic intermediate formed as a result of F-6-P cleavage
[22] (method 2):

DOETDP + 2Fe(CN)}~ + H,0 X5 TDP +
+ CH,0OH—COOH + 2Fe(CN)¥ + 2H*.

For method 1, the reaction mixture contained in
final volume 1 ml: 50 mM glycyl glycine, 10 mM sodium
arsenate, 0.37 mM NAD™, 3 U GAPD, 3.2 mM DTT,
2.5 mM MgCl,, 0.2 mM TDP, 0.05-0.25 ug hTK, 0.25-
0.50 mM X-5-P, 1.0 mM R-5-P, pH 7.6. X-5-P and R-5-
P concentrations varied on K, determination are given in
figures and the table. Reaction was initiated by addition
of X-5-P. Spectra were recorded in 1-cm pathlength
cuvettes at 340 nm using an AMINCO DW 2000 spec-
trophotometer (USA).

Method 2 is based on decrease in optical absorption
at 420 nm caused by reduction of hexacyanoferrate (III)
anion. The initial reaction rate was constant during the
first 30 sec. The reaction mixture contained in final vol-
ume 2 ml: 50 mM glycyl glycine, 2.5 mM MgCl,, 0.1 mM
TDP, 1.25 mM K;[Fe(CN)¢], 152-1100 uM F-6-P,
0.9 mg hTK, pH 7.6. Reaction was initiated by addition
of the enzyme. There was no enzyme in the reference
cuvette.

X-5-P concentration was determined enzymatically
directly before the experiment using yeast TK in a
GAPD-conjugated system. The reaction mixture con-
tained 50 mM glycyl glycine, 0.37 mM NAD*, 10 mM
sodium arsenate, 3.2 mM DTT, 2.5 mM CacCl,, 0.2 mM
TDP, 1 mM R-5-P, and 11.5 pg/ml sTK, pH 7.6. The
reaction was initiated by addition of X-5-P in such
amount that optical absorption changed by 0.01-0.05
optical unit during full exhaustion of the substrate.
Spectra were recorded in 1-cm pathlength cuvettes at
340 nm in the final volume 2 ml.
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RESULTS AND DISCUSSION

Determination of Michaelis constant for X-5-P and
R-5-P. The data for hTK affinity to donor substrate (X-5-
P) as well as to acceptor substrate (R-5-P) can be found
in the literature, but they are significantly different. For
example, earlier we found that K, is 11 and 63 uM for X-
5-P and R-5-P, respectively [18], whereas the correspon-
ding values in [4, 11, 23-26] are 270-490 uM for X-5-P
and 390-630 uM for R-5-P. Such high K, values for hTK
substrates are also reported in [19] (255 uM for X-5-P and
480 uM for R-5-P).

According to the “ping-pong” kinetic mechanism,
substrates (donor and acceptor) are bound in the TK
active site in strict consequence. The donor substrate is
the first to interact with the enzyme; its cleavage gives the
first reaction product — aldose. Then the acceptor sub-
strate is bound; it interacts with DOETDP (a,B-
dioxyethylthiamine diphosphate), the transketolase reac-
tion intermediate, and this results in the second reaction
product — ketose. For this mechanism the following
dependence of the enzymatic reaction rate on concentra-
tions of substrates is observed:

Vmax [AJO[B] 0

v= ; (1
[BloKx + [AloKp + [Alo[ Blo

where V,,,, is the maximal reaction rate at the saturating
concentration of both substrates, K is the Michaelis con-
stant for donor substrate, Ky is the Michaelis constant for
acceptor substrate, [4], and [ B], are the initial concentra-
tions of donor and acceptor substrates, respectively. The
data can be analyzed using the Michaelis—Menten equa-
tion if one of substrates is in excess. This was precisely so
when K, was determined for substrates in hTK-catalyzed
reaction by us [18] and other authors [4, 11, 23-26].

However, it should be taken into account that in the
case of TK both substrates (donor and acceptor) have one
and the same contact area — the positively charged amino
acid residues near the entry to the substrate channel,
which interact with the phosphate group of substrates [ 10,
19]. For yeast TK it was shown that phosphorylated donor
substrates and acceptor substrates compete for the bind-
ing site in the active center [27]. This suggests that there
may also be a competition in the case of human TK. High
K, values obtained by other authors can then be rational-
ized by this competition, because these values were deter-
mined at very high concentrations of one substrate at var-
ied concentration the other: 2 mM X-5-P, 2 and 10 mM
R-5-P [4, 11, 19, 23, 26]. In our experiments K, was
determined at fixed substrate concentrations of 175 uM
and 1 mM, respectively [18].

That is why we decided to consider this problem; for
this at various constant concentrations of one substrate
we determined the apparent Michaelis constants (K, ,,,)
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Fig. 1. Reciprocal K,,, ,,, for X-5-P versus reciprocal R-5-P concen-
tration. X-5-P concentration was varied from 8 to 220 uM. R-5-P
constant concentration (uM): 1) 66.3; 2) 140.6; 3) 278.5; 4) 460.

for the other substrate. According to Eq. (1), K, ,,, recip-
rocal values linearly depend on reciprocal concentrations
of the first substrate. The intersection of this line with the
X-axis gives the negative reciprocal K, value for the first
substrate, and intersection with the Y-axis reveals the K|,
for the second substrate.

The reciprocal K, ,,, for X-5-P versus reciprocal R-
5-P concentration is presented in Fig. 1. The intersection
of this line with the X-axis gives K, = 116 uM for R-5-P,
and the intersection with the Y-axis gives K,, = 22 uM for
X-5-P. Both values are close to those obtained by us ear-
lier (63 and 11 uM, respectively [18]) and are significant-
ly lower than those obtained by other authors.

The data obtained using high concentrations of the
fixed substrate (R-5-P) indicate that our suggestion about
competition between substrates as the origin of high K|,
values (literature data) is true. All the curves of TK reac-
tion rate versus X-5-P concentration in double-reciprocal
coordinates intersect in one point on the Y-axis (Fig. 2),
which contradicts Eq. (1) and indicates that X-5-P and
R-5-P compete for the binding site of the enzyme. The

K., for X-5-P at various R-5-P concentrations (according
to Hanes [28])

[R-5-P], mM K,, for X-5-P, yM
1 40+5
2 100 + 10
5 200 + 20
10 410 £ 30
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Fig. 2. Activity of hTK versus X-5-P concentration at high R-5-P
concentrations. X-5-P concentration was varied from 10 to 600 uM.
R-5-P constant concentrations (mM): 1) 1; 2) 2; 3) 5; 4) 10.

K, values for X-5-P in the presence of various R-5-P
concentrations including those used in the cited literature
are given in the table. As can be seen, on increased R-5-P
concentration K, for X-5-P significantly increases, and at
10 mM R-5-P (the maximal concentration of the fixed
substrate used by several authors on determination of K,
for X-5-P) K, attains the maximal value comparable with
those obtained earlier (270-490 uM) [4, 11, 23].

The K., values of hTK for X-5-P and R-5-P obtained
by us seem to be more reasonable than those from litera-
ture also in the physiological aspect. As is known, con-
centrations of TK substrates including X-5-P and R-5-P
are 1-100 uM in tissues [4], whereas K|, values for these
substrates given in literature are several times higher (270-
490 and 390-630 uM, respectively). It is unlikely that
hTK can function under such conditions in vivo, whereas
K, values obtained by us (11-40 and 63-116 uM) fit bet-
ter to concentrations of substrates in human tissues.

Determination of K, for F-6-P. The rate of the trans-
ketolase reaction at various F-6-P concentrations was
determined via the rate of oxidation of the a-carbanionic
intermediate (DOETDP) with hexacyanoferrate (III)
anion. Substrate concentration was varied from 152 to
1100 uM. The K, (340 uM) was determined using the
Michaelis—Menten equation. It should be noted that F-
6-P affinity to hTK appeared to be significantly lower
than X-5-P affinity (at the minimal saturating concentra-
tion of R-5-P co-substrate). This may be significant
under physiological conditions. The matter is that F-6-P
is a typical substrate for glycolysis, and X-5-P and TK are,
respectively, a substrate and key enzyme of the pentose-
phosphate pathway for conversion of carbohydrates. That
is why when phosphorylated saccharides compete for the
active site of the enzyme (as mentioned above), X-5-P
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having significantly lower K, for hTK than F-6-P has an

obvious advantage.

This work was financially supported by the Russian

Foundation for Basic Research (grant 9-04-00544).

10.

11.

12.

13.

REFERENCES

. Datta, A. G., and Racker, E. (1961) J. Biol. Chem., 236,

617-628.

Kochetov, G. A. (1982) Methods Enzymol., 90, 209-223.
Kochetov, G. A. (1986) Biokhimiya, 51, 2010-2029.
Schenk, G., Duggleby, R., and Nixon, P. (1998) Int. J.
Biochem. Cell Biol., 30, 1297-1318.

Lindgqvist, Y., Schneider, G., Ermler, V., and Sundstrom,
M. (1992) EMBO J., 11, 2373-2379.

Nikkola, M., Lindqvist, Y., and Schneider, G. (1994) J.
Mol. Biol., 238, 387-404.

Sundstrom, M., Lindqvist, Y., and Schneider, G. (1992)
FEBS Lett., 313, 229-231.

Nilsson, U., Lindgvist, Y., Kluger, R., and Schneider, G.
(1993) FEBS Lett., 326, 145-148.

Konig, S., Schellenberger, A., Neef, H., and Schneider, G.
(1994) J. Biol. Chem., 269, 10879-10882.

Nilsson, U., Meshalkina, L., Lindqvist, Y., and Schneider,
G. (1997) J. Biol. Chem., 272, 1864-1869.

Schenk, G., Duggleby, R. G., and Nixon, P. E (1998) Jaz.
J. Biochem. Cell. Biol., 30, 369-378.

Obiol-Pardo, C., and Rubio-Martinez, J. (2009) J. Mol.
Graph. Model., 27, 723-734.

McCool, B. A., Plonk, S. G., Martin, P. R., and Singleton,
C. K. (1993) J. Biol. Chem., 268, 1397-1404.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.
26.
27.

28.

MESHALKINA et al.

Kaufman, K. A., and Harper, C. (2009) Int. J. Biochem. Cell
Biol., 41, 717-720.

Coy, J. E, Dressler, D., Wilde, J., and Schubert, P. (2005)
Clin. Lab., 51, 257-273.

Zerilli, M., Amato, M. C., Martorana, A., Cabibi, D., Coy,
J. E, Cappello, E, Pompei, G., Russo, A., Giordano, C.,
and Rodolico, V. (2008) Cancer, 113, 936-944.

Xiaojun, X., Zur Hausen, A., Coy, J. F,, and Lochelt, M.
(2009) Int. J. Cancer, 124, 1330-1337.

Meshalkina, L. E., Solovjeva, O. N., Khodak, Yu. A.,
Drutsa, V. L., and Kochetov, G. A. (2010) Biochemistry
(Moscow), 75, 873-880.

Mitschke, L., Parthier, C., Schroder-Tittmann, K., Coy, J.,
Ludtke, S., and Tittmann, K. (2010) J. Biol. Chem., 285,
31559-31570.

Solovjeva, O. N., and Kochetov, G. A. (2008) J. Mol. Cat.:
B Enzymatic, 54, 90-92.

Gasteiger, C., Gattiker, A., Duvaud, S., Wilkins, M. R., Appel,
R. D., and Bairoch, A. (2005) The Proteomics. Protocols
Handbook, Humana Press, Totowa, New Jersey, pp. 571-607.
Usmanov, R. A., and Kochetov, G. A. (1981) Biochem. Int.,
3, 33-39.

Singleton, C. K., Wang, J. J., Shan, L., and Martin, P. R.
(1996) Biochemistry, 35, 15865-15869.

Takeuchi, T., Nishimo, K., and Itokawa, Y. (1986) Biochim.
Biophys. Acta, 872, 24-32.

Paoletti, F., Mocali, A., Marchi, M., and Truchi, E (1989)
Biochem. Biophys. Res. Commun., 161, 150-155.

Tate, J. R., and Nixon, P. E (1987) Anal. Biochem., 160, 78-87.
Solovjeva, O. N., Meshalkina, L. A., Kovina, M. V.,
Selivanov, V. A., Bykova, I. A., and Kochetov, G. A. (2000)
Biochemistry (Moscow), 65, 1202-1205.

Hanes, C. S. (1932) Biochem. J., 26, 1406-1421.

BIOCHEMISTRY (Moscow) Vol. 76 No. 9 2011



