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Abstract

The molecule of transketolase is a dimer with structurally and functionally identical subunits. Its active sites are located in the region of intersubunit contact, 
which has been shown also for other thiamine enzymes. This leads to the reciprocal infl uence of active sites in the binding of cofactors and during catalysis. In this 
review, it is shown that the functional non-equivalence of the active sites of transketolase from Saccharomyces cerevisiae is initially formed upon the binding of the fi rst 
cofactor, a divalent cation, not thiamine diphosphate, as previously thought. An attempt was made to fi nd the reason for the differences between catalytic measurements 
and crystallographic data on the possible part-of-the-sites reactivity of the functioning of transketolase. At the same time, the difference in the amplitudes of dichroic 
absorption during the binding of reversibly and irreversibly splitting substrates has nothing to do with the fl ip-fl op mechanism. It was also shown that with an increase in 
the concentration of substrates, a sharp decrease in activity occurs, which is explained by a switch from the alternate binding of the substrate in two active sites to its 
simultaneous binding both in one-substrate and two-substrate reactions. This fact could also be the reason for the rejection of the fl ip-fl op mechanism of catalysis by 
transketolase. The mechanism may be similar to human transketolase, which may have clinical application. 
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Abbreviations

TK: Transketolase; ScTK: Transketolase from the yeast 
Saccharomyces cerevisiae; ThDP: Thiamine Diphosphate; 
DHEThDP: 2-(,-dihydroxy ethyl)-thiamine diphosphate; HPA: 
-hydroxypyruvate; X5P: Xylulose 5-Phosphate; F6P: Fructose 
6-Phosphate; GlyA: Glycolaldehyde; G3P: Glyceraldehyde 
3-Phosphate; GAPDH: Glyceraldehyde 3-Phosphate 
Dehydrogenase; CD: Circular Dichroism 

Transketolase (TK, EC 2.2.1.1) is a key enzyme of the 
pentose phosphate pathway. TK catalyzes the interconversion 
of keto sugars and also sugars [1]. It can also more slowly 
catalyze the one-substrate reaction with only keto sugars 
[2,3]. TK is a dimeric enzyme and has two structurally and 
functionally identical active sites [4] each of which is located 
in the interface of identical subunits. The coenzyme thiamine 
diphosphate (ThDP) is associated with TK both directly and 
through a cation - calcium or magnesium [5,6]. ThDP interacts 

with the Pyr domain of the one subunit and the PP domain of 
the other, the latter through a divalent cation (Figure 1) [6]. 
So, each active site is formed by amino acids of both subunits, 
and catalysis proceeds in the area of intersubunit contact. In 
the absence of a cation in the active site, ThDP binding does 
not occur. The native enzyme isolated from the baker’s yeast 
Saccharomyces cerevisiae (ScTK) contains Ca2+ [7]. 

ScTK was discovered in 1953 independently by Horecker and 
Racker [8,9]. It is the fi rst ThDP-dependent enzyme whose 
crystal structure has been resolved [5,10]. It was shown that 
the ScTK subunits are identical both in amino acid sequence 
and tertiary structure. TK is the simplest representative of 
ThDP-dependent enzymes and can serve as a good model for 
studying their function. TK plays an important role in the life-
supporting activity of cells.

The study of TK is of great practical importance. TK is 
widely used in organic synthesis [11]. The synthetic use of 
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TK with hydroxypyruvate (HPA) as a donor substrate and 
with a number of different aldehydes has been well studied. 
Some researchers use immobilized TK for synthesis [12,13] or 
microfl uidic reactors [14,15]. To reduce the cost of synthesis, 
a cascade of TK and transaminase was used, the latter 
synthesizes HPA from serine [16-18]. To use substrates that 
do not catalyze by TK, mutants were obtained that catalyze 
non-a-hydroxylated aldehydes – propanal (propionaldehyde) 
[19,20], benzaldehyde [21], L-arabinose [22], polar aromatic 
aldehydes [23,24], and others. 

The study of the properties of TK is important because it is 
known that a number of diseases are associated with changes 
in the activity of TK. These are cancer [25-32], Alzheimer’s 
disease [33,34], diabetes, alcoholism [35-38] etc. 

The effect of TK on the suppression of the growth of cancer 
cells is that with a decrease in its activity, the level of ribose 
5-phosphate decreases, which inhibits the proliferation of 
cancer cells during antitumor treatment [39,40]. In addition, 
GlyA, a substrate of TK, is a highly reactive Maillard agent leading 
to the formation of protein modifi cations. Many diseases, such 
as diabetes, uremia, atherosclerosis, cataractogenesis, and 
Alzheimer’s disease, are associated with Maillard-derived 
glycation end products [41,42]. By reducing the concentration 
of GlyA in the reaction with TK, the formation of glycation end 
products can be suppressed [42]. TK is used for the biosynthesis 
of substrates. The enzyme produced by mutagenesis is widely 
used for the biosynthesis of substrates not catalyzed by native 
TK [43-46] and to increase enzyme thermostability [20,47].

The interaction of the active sites of TK, like other 
thiamine enzymes, is due to their close location in the area of   
intersubunit contact. This determines the reciprocal infl uence 
of active sites on each other – the binding of ThDP or substrate 
in one active site changes the characteristics of their binding 
in the second one. In this review, we show that the formation 

of nonequivalence of active sites begins with the binding 
of a cation, not ThDP, as previously thought. This review 
discusses the mechanism of mutual infl uence of active sites 
of transketolase, an enzyme whose molecule consists of two 
identical subunits. The conditions for switching the alternate 
operation of the TK active sites (the fl ip-fl op mechanism) to 
their simultaneous functioning are also discussed.

Nonequivalence of active sites of transketolase begins 
with calcium-binding

The binding of ThDP to apoTK is possible only if a cation 
is present in the active site. In native ScTK, ThDP is bound 
to the enzyme via Ca2+ [7]. In apoTK, one of the two calcium 
ions is strongly bound [48]. It can be removed only by keeping 
the enzyme with EGTA followed by dialysis in EDTA [49]. The 
technique is described in detail in the paper [50]. Removal of 
Ca2+ made it possible to determine the Kd for the binding of 
Ca2+ and Mg2+ [50]. Negative cooperativity with respect to the 
binding of both Ca2+ and Mg2+ was observed (Table 1, N 1,2). 
Negative cooperativity was also observed with the binding of 
ThDP in the presence of Ca2+ or Mg2+ (Table 1, N3.4) [50-52]. 
Previously obtained data on the positive cooperativity upon 
ThDP binding in the presence of Mg2+ were incorrect and were 
due to the fact that Ca2+ was not removed from one active site 
and, accordingly, the enzyme contained Ca2+ in one active site 
and Mg2+ in the second one [53]. The fact that Ca2+ remains 
bound in the fi rst active site upon the addition of an excess 
Mg2+ were shown later [50].

If Ca2+ was not added and was contained in only one active 
site, the affi nity of this active site for ThDP was reduced by two 
orders of magnitude (Table 1, N5). In this case, ThDP is bound 
by the pyrophosphate tail with Ca2+ located in one subunit, 
and by the aminopyrimidine ring with the second cation-free 
subunit. Thus, we can conclude that Ca2+ not only performs the 
function of direct binding to one ThDP molecule (fi rst cation), 

Figure 1: Cofactor-protein interactions in the thiamin diphosphate binding site of transketolase [6]. (*) - amino acid residues of the second subunit.
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but also changes the structure of the active site in the region 
of ThDP binding by its aminopyrimidine ring (second cation), 
and vice versa, for the second active site. An interesting fact is 
that the binding of Ca2+ in the active site of each subunit also 
changes the tertiary structure of this subunit, independently 
of the other, which was shown by the method of differential 
scanning calorimetry [50].

Similar results on the effect of the cation on the affi nity of 
ThDP for TK were obtained for TK from E. coli. In the absence 
of externally added Mg2+, Kd for ThDP binding was 113 or 206 
mkM, while with the addition of Mg2+ it decreased to 1.3 mkM, 
that is, also by two orders of magnitude [54,55].

So, active sites of TK are initially equivalent. Their close 
arrangement leads to the fact that already upon binding of the 
fi rst cofactor – calcium or magnesium ion, the affi nity for the 
cation in the second active site changes [50]. After the cations 
bind to both active sites, they again become functionally 
equivalent. Similarly, the binding of ThDP at the fi rst active site 
decreases the affi nity of ThDP for the second active site. After 
binding of ThDP at both active sites, they become functionally 
equivalent.

About fl ip-fl op mechanism of transketolase reaction

Two-substrate (transferase) TK reaction proceeds in two 
stages (Figure 2). The fi rst stage of catalysis is the binding 
(Compounds IV, V) and cleavage (Compounds VI, VII) of the 
fi rst substrate – keto sugar. In this case, DHEThDP is formed, 
and the fi rst reaction product is released into the medium. The 
second stage of catalysis is the binding of the second substrate 
– aldo sugar (Compound IX), to DHEThDP, followed by the 
release of the second reaction product (Compound X) into the 
medium. Flip-fl op in this case means the alternating work of 
the active sites. When the fi rst stage of catalysis occurs in the 
fi rst active site, the second stage occurs in the second active 
site, and vice versa.

For the one-substrate TK reaction, the second substrate is 
also a keto substrate. Therefore, the fl ip-fl op mechanism of 
the one-substrate reaction will mean the alternating binding 
of the fi rst keto substrate molecule to the thiazole ring of 
ThDP (Figure 3, compound II) and the second keto substrate 
molecule (Figure 3, compounds V-VII), while the fi rst formed 
GlyA molecule was transferred on the aminopyrimidine ring of 
ThDP (Figure 3, compound IV) [56].

The fi rst evidence of the fl ip-fl op mechanism was provided 
by Racker [57]. He showed that during the incubation of 
holoTK with radioactive ketose ([14C] F6P), one-half of the 
associated radioactivity was in DHEThDP, and the other mainly 
belonged to ketose. The issue of the existence of a fl ip-fl op 
mechanism for TK remained controversial. This was discussed 
both in experiments under equilibrium conditions – on the 
circular dichroism (CD) spectra and in crystals of holoTK with 
substrates, and in kinetic studies.

Dichroic absorption spectra of hydroxypyruvate and re-
versibly cleaved substrates

The binding of ThDP to apoTK leads to the formation of 

Table 1: Binding constants for cofactors of ScTK for the fi rst (upper line) and second 
(lower line) active sites.

N Kd, M Data of [50] Data of [51] Data of [52]

1 for Ca2+ 1.2±0.1x10-8

1.4±0.1x10-7

2 for Mg2+ 1.4±0.1x10-7

2.0±0.1x10-6

3 for ThDP (+ 0.1 mM Ca2+)
3.6±0.3x10-8

3.8±0.4x10-7

8.0x10-8

5.0x10-7

3.2x10-8

2.5x10-7

4 for ThDP (+2.5 mM Mg2+)
2.9±0.4x10-7

2.0±0.2x10-6

4.0x10-7

5.7x10-6

positive cooperativity 
(wrong)

5
for ThDP (no cations 

added)

Figure 2: A scheme of two-substrate transketolase reaction [6].
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a negative dichroic absorption band with a maximum of 320 
nm [58]. When irreversibly cleaved HPA is added to holoTK, 
inversion of the negative band is observed. When reversible 
cleaved substrates are added, the negative absorption band 
disappears only (Figure 4A) [59]. Accordingly, the amplitude 
of the change in dichroic absorption for HPA is 2 times higher 
than for other keto substrates. To understand the reason for 
this, the measurement of CD spectra was carried out upon 
binding of xylulose 5-phosphate (X5P) in the presence of 
triosephosphate isomerase, glycerophosphate dehydrogenase, 
and NADH, i.e. when the reaction becomes irreversible. Under 
these conditions, the same inversion of the dichroic absorption 
band for X5P binding was observed as for the irreversibly 
cleaved HPA, and with the same amplitude (Figure 3B). This 
fact shows that the reason for the difference in amplitudes 
upon binding of X5P or HPA is the presence or absence of 
reversibility of the reaction and not fl ip-fl op.

CD spectra: A – CD spectra of TK: (1) apoTK; (2) holoTK; 
(3) holoTK + F6P; (4) holoTK + HPA [61]; B – Near ultraviolet 
differential CD spectra of TK: (1) (holoTK + HPA) – holoTK; 
(2) (holoTK + X5P) – holoTK; (3) the same as (2) but in the 
presence of triosephosphate isomerase, a-glycerophosphate 
dehydrogenase and NADH [60]. 

Kinetics of G3P accumulation during the one-substrate TK 
reaction determined by the change in optical density overtime 
at 340 nm. The sample contained 5 mkg/ml TK and 70 mkM 
X5P: C – (1) GAPDH was added into the sample before starting 
the reaction; (2-6) GAPDH was added 0.5, 1.5, 2, 4, and 7 min 
after the beginning of the reaction, respectively (shown by 
arrows) [60]; D – (1) in the presence of GAPDH (a continuous 
record was made); (2) in the absence of GAPDH (after different 
time intervals, the amount of G3P accumulated in the reaction 
mixture was determined) [59]. 

To prove the reversibility of the reaction with X5P, the one-
substrate reaction was carried out with the addition of NAD+ 
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(i) at the beginning of the reaction, (ii) at various intervals 

after the start of the reaction, and (iii) was not added at all. 
If the reaction was carried out with the addition of NAD+ and 
GAPDH immediately, a constant reaction velocity was observed 
(Figure 4C, 4D, curves 1). If NAD+ and GAPDH were added not 
immediately, but sometime after the start of the reaction, then 
in their absence a certain amount of X5P was formed. After 
the addition of NAD+ and GAPDH, the X5P formed was rapidly 
converted and then the reaction proceeded at a constant rate 
equal to that in curve 1 (Figure 4C, curves 2-6). The magnitude 
of the burst (due to the formation of X5P in the absence of 
NAD+ and GAPDH) shows that after 2 min the formation of 
X5P in their absence stops. In another set of experiments, the 
reaction was carried out in the absence of NAD+ and GAPDH, 
and the amount of glyceraldehyde 3-phosphate (G3P) formed 
was measured after stopping the reaction by denaturing TK. In 
this case, in the absence of NAD+ and GAPDH, the reaction also 
stops after 2 min (Figure 4D, curve 2), while in their presence 
the reaction rate remains constant for a long time (Figure 4D, 
curve 1). 

Figure 3: A scheme of the one-substrate transketolase reaction [56].

Figure 4: Circular dichroism spectra and kinetics of the one-substrate transketolase 
reaction [60,61].
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Thus, the reason for the slowing down and subsequent 
termination of the reaction of holoTK with X5P in the absence 
of auxiliary enzymes is true that it is reversible and continues 
until an equilibrium is reached between the initial substrate 
(X5P) and the reaction products (G3P and erythrulose) and 
therefore these results are not relevant to the fl ip-fl op 
mechanism.

Binding of substrates with transketolase in crystals 

The crystals of holoScTK [62,63] and holoTK from E.coli 
[64] were obtained with various substrates – HPA [63,64], 
X5P [64], fructose 6-phosphate (F6P) [62,64]. In crystals 
with HPA, dihydroxy ethyl thiamine diphosphate (DHEThDP), 
the product of the fi rst half-reaction, was detected in both 
active sites, which excluded the fl ip-fl op mechanism [63-65]. 
In holoScTK, upon preparation of crystals with F6P, the fi rst 
product of the one-substrate reaction erythrose 4-phosphate, 
was determined [62]. In this case, it can be concluded that 
the splitting of F6P occurred in both active sites. In crystals 
of holoTK from E.coli with X5P and F6P, only molecules of the 
initial substrates were determined in the region of the active 
site [64], by 90% for X5P and 75% for F6P. DHEThDP can be 
less than 5% [64]. That is, in crystals with these substrates, the 
one-substrate reaction practically does not occur. The same 
authors showed that upon the preparation of crystals with 
X5P and F6P in the presence of auxiliary enzymes, DHEThDP 
is formed, and during kinetic measurements in solution, the 
fl ip-fl op mechanism is observed [64]. These data confi rm the 
previously obtained results by measuring the amount of the 
reaction product in the absence and in the presence of auxiliary 
enzymes (Figure 4).

For human TK using 1H NMR, it was shown that DHEThDP 
is not formed in holoTK crystals with X5P; crystals with 
F6P contain 12% DHEThDP and crystals with sedoheptulose 
7-phosphate form almost the same amount of DHEThDP and 
donor-ThDP adduct [66]. Thus, at least for sedoheptulose 
7-phosphate, a fl ip-fl op mechanism may be possible.

Thus, on the basis of crystallographic data, conclusions 
were drawn both for and against the fl ip-fl op mechanism of 
the TK reaction.

Activity measurements data 

Most activity measurements show the presence of a fl ip-
fl op mechanism. Evidence for nonequivalence of the two active 
sites in TK was given in the review [61]. This is the biphasic 
nature of TK inactivation or, as when using tetranitromethane, 
stopping inactivation in the presence of a donor substrate with 
residual activity of 50%. The difference in dichroic absorption 
of HPA and X5P in review [61] is explained by the fl ip-fl op 
mechanism in error, which is proved by the data in Figure 4. 
The use of stopped-fl ow activity measurements showed later 
that in the pre-stationary phase of the one-substrate TK 
reaction, one mole of X5P is cleaved and one mole of the reaction 
product (G3P) is formed per mole of the enzyme, equally in 
holoTK and in semiholoTK. The conclusion was made that only 
one of the two active sites functions at a time [67]. However, 

this conclusion was incorrect, since did not exclude a fl ip-
fl op mechanism, in which different stages of catalysis occur 
simultaneously in two active sites - while in one active site of 
TK a release of the reaction product formed in the second stage 
occurs, in the second active site at this moment the substrate 
is bound.

In article [50] it was shown that in the one-substrate 
reaction when measuring the activity of holoTK with varying 
concentrations of HPA or X5P, with an increase in the substrate 
concentration, the activity fi rst increases, and then abrupt 
decrease in activity occurs, after which the activity begins to 
increase again, starting with a new, more low level (curves 1,2 
in Figure 5). It was possible to calculate the Km values for both 
parts of the curves only if the independence of the fi rst and 
second parts of the saturation curves was allowed. At the same 
time, the activity of both semiholo TKs (in the fi rst and the 
second active sites) was the same, which indicates the initial 
identity of the active sites [50]. The only explanation for this 
abrupt decrease in activity is that up to a certain concentration 
of substrates (up to 2.5 mkM for X5P and up to 100 mkM for 
HPA), active sites work alternately (fl ip-fl op), and then they 
begin to work simultaneously, as a result of which the activity 
of each active site decreases. So, the inclusion of the fl ip-fl op 
mechanism depends on the concentration of the substrate. 
Similar results were obtained for F6P and GlyA [56] (curves 
3-6 in Figure 4).

An abrupt decrease in activity has also been shown in 
1990 for a-ketoglutarate dehydrogenase after reducing its 
sulphydryl groups [68] (Figure 5). It is likely that the reason 
for this is the same as for TK.

The reaction mixture contained 50mM glycylglycine (only 
in (2) – 10mM), pH 7.6, 0.1 mM Ca2+, 0.1mM ThDP and (1) 
–7mM sodium arsenate, 0.37mM NAD+, 3U/ml GAPDH, 3.2mM 
dithiothreitol, 5mkg/ml TK, 0.003-0.62mM X5P; (2) –50mkg /
ml TK, 0.03-0.6mM HPA; (3) – 7mM sodium arsenate, 0.3mM 
NAD+, 10U/ml GAPDH, 3.2 mM dithiothreitol, 250mkg/ml TK, 
0.15-10mkM F6P; (4) – measurement with 1mM K3Fe(CN)6 
after 2h of incubation of 0.2 mg/ml TK with 0.1-5.4 mM GlyA; 
the same ingredients were added to the reference cuvette, 
but without preincubation; (5) –7 mM sodium arsenate, 0.3 
mM NAD+, 10 U/ml GAPDH, 3.2mM dithiothreitol, 40mkg/ml 
holoTK, 1-170mkM F6P, 1.5mM ribose 5-phosphate; (6) – as 
(4) with addition of 1.5mM ribose 5-phosphate. 

Flip-fl op mechanism in transketolase reaction 

The article of Wielgus-Kutrowska, Grycuk, Bzowska [69] 
considered three possible variants of part-of-the-sites binding 
and reactivity of active sites of dimeric enzymes (Figure 6). (A) 
- after binding the substrate in one of two active sites of initially 
different (1) or initially identical (2) subunits, the second active 
site is unable to bind the substrate, for example, due to steric 
hindrances, and catalysis occurs in only one active site. (B) - 
both active sites can bind the substrate, but catalysis occurs 
only in one of them. In (B-2), the ligand binds randomly to one 
active site, and this determines the function of each active site 
during one catalytic cycle. (C) - fl ip-fl op, alternating substrate 
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binding, and catalysis in both active sites. It can only operate 
when asymmetry is induced by ligand binding. In this case, 
active sites occupy the same states, but one after the other, and 
not simultaneously.

Under equilibrium conditions, substrate HPA binding 
occurs in TK simultaneously in both active sites, as shown by 
CD as well as in crystals with HPA (DHEThDP was located in 
both active sites) [63-65]. With phosphorylated substrates in 
most active sites was the initial substrate [64,66]. Catalysis is 
also carried out by both active sites. This is obvious because 
the activity of holoTK is twice as high as that of semiholoTK. 
Therefore, variants A and B showed in Figure 7 can be excluded. 
Accordingly, only variant C is possible for TK. During TK 
catalysis, the strong binding of substrate to one subunit of the 
dimer decreases its binding affi nity in the other subunit. Under 
equilibrium conditions, the active site with a lower affi nity for 
the substrate can also bind the substrate slowly and weakly. 
Therefore, the possibility of a fl ip-fl op mechanism, in our 
opinion, can be considered only under dynamic conditions, i.e. 
in catalysis.

Therefore, alternative functioning of active sites is possible 
due to their resulting difference in the affi nity for binding of 
substrates. The binding of one substrate molecule at the fi rst 
active site sharply decreases the affi nity of the second substrate 
molecule for the second active site and vice versa. 

In our articles [50,56] we showed that the fl ip-fl op 
mechanism for ScTK is associated with the presence of two Km 
for donor substrates. In the fi rst region of the curve (Km1), the 
active sites work alternately (while binding and cleavage of the 
donor substrate occurs in the fi rst active site, binding of the 
acceptor substrate with DHEThDP occurs in the second one). 
With the increase in the substrate concentration (Km2 region), 
a sharp decrease in the activity of both active sites occurs, 
which can be explained only by their simultaneously work.

Two values   of Km upon binding of the donor substrate are 
observed only in the presence of excess Ca2+ in the medium. The 
enzyme with Ca2+ in the active sites only and the enzyme with 
Mg2+ in the active sites and in the medium have one Km equal 
to the second Km with a lower affi nity for the enzyme in the 
presence of excess Ca2+ (Table 2) [50]. These data are consistent 
with the calorimeter data that the presence of excess Ca2+, not 
Mg2+ in the medium increases the thermal stability of holoTK 
[50], i.e. somehow changes the structure of the whole molecule 
and, in all likelihood, the structure of active sites. This issue 
requires further study. We cannot say yet that the fl ip-fl op 
mechanism occurs when one Km is determined, that is, in the 
absence of Ca2+ in the medium or in the presence of Mg2+ in the 
active sites and in the medium. It is likely that the decrease in 
affi nity for substrates under these conditions as compared to 
the Km1 in the presence of Ca2+ in the medium, is due to another 
reason.

Two semiholo TKs (semiholoTK 1 is the enzyme in which 
ThDP is bound to only one active site; semiholoTK 2 is the 
enzyme in which the fi rst active site is blocked by an inactive 
coenzyme analog, and only the active site with low-affi nity 
functions) have equal values   of Km as for X5P, and for HPA 

(Table 2) [50]. Therefore, both active sites of TK are initially 
identical in substrate binding. If we compare the Km values   for 
holoTK with the Km values   for two semiholo TKs, the results 
for X5P and HPA will differ. For HPA, Km for both semiholoTKs 
is the same as Km1, that is, there is no infl uence of active sites 
on each other. For X5P, in holoTK, Km1 is reduced by 50 times 
compared to Km in both semiholoTKs (Table 2). Such an increase 
in affi nity for X5P during the functioning of two active sites is 
explained by their interaction and can be associated either with 
the size of the substrate molecule or with the presence of a 
phosphate residue in it. This issue also requires further study.

Conclusion

The review summarizes data on a regulation possible 
mechanism of dimeric enzymes with identical subunits on 
an example of ScTK. The regulation of enzymes with identical 
subunits is due to their mutual infl uence. The binding of a 
ligand to the one subunit leads to a change in the properties of 

Figure 5: Dependence of holo ScTK activity in the one-substrate reaction in the 
presence of Ca2+ on the concentration of X5P (1) [50], HPA (2) [50], F6P (3) [56], and 
GlyA (4) [56] and in the two-substrate reaction on the concentration of F6P (5) [56] 

and GlyA (6) [56].

Figure 6: The plots of the ketoglutarate dehydrogenase activity versus ketoglutarate 
concentration before (A) and after (B) the reduction by dihydrolipoate [68].
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the other subunit. For TK, the reason for this is that its active 
sites are located in the   intersubunit contact area, and each active 
site is formed by amino acid residues of both subunits [6]. For 
dimeric enzymes (or dimers of dimers), the close location of 
active sites in the area of   subunit contact leads to their close 
interaction, so that the binding of cofactors and substrates 
in one active site changes the relative position of amino acid 
residues (causes a structural transition) in the second active 
site, changing its affi nity to the ligand [70]. After the cofactor 
or ligand binds to both active sites, they become identical. 
The same interaction of active sites also explains the fl ip-fl op 
mechanism in catalysis. The conditions for the operation of 
the TK in the fl ip-fl op mode require further study. Until that 
time, the authors were divided into completely denying and 
fully supporting its possibility. It should be taken into account 
that it is precise as a result of the alternating binding of not 
only substrates but also inhibitors that TK inactivation is only 
halfway through [59]. The reason for the infl uence of calcium 
outside the active sites (and, possibly, only calcium in the 

active site) on the structure and catalytic properties of ScTK 
also requires further study.
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