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Abstract—Based on the available experimental data, we developed a kinetic model of the catalytic cycle of imidazologlycerol-
phosphate synthetase from Escherichia coli accounting for the synthetase and glutaminase activities of the enzyme. The rate
equations describing synthetase and glutaminase activities of imidazologlycerol-phosphate synthetase were derived from this
catalytic cycle. Using the literature data, we evaluated all kinetic parameters of the rate equations characterizing individual-
ly synthetase and glutaminase activities as well as the contribution of each activity depending on concentration of the sub-
strates, products, and effectors. As shown, in the presence of 5'-phosphoribosylformimino-5-aminoimidazolo-4-carboxam-
ideribonucleotide (ProFAR) and imidazologlycerol phosphate (IGP) glutaminase activity dominates over synthetase activity
at sufficiently low concentrations of 5'-phosphoribulosylformimino-5-aminoimidazolo-4-carboxamideribonucleotide
(PRFAR). Increased PRFAR concentrations resulted in decreased contribution of glutaminase activity and, consequently,
increased the contribution of synthetase activity in the enzyme functioning.
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Imidazologlycerol-phosphate synthetase (IGPS)
belongs to the group of aminotransferases that catalyze the
transfer of the amido group of glutamine onto various
acceptor molecules—intermediates in biosynthesis of
purine and pyrimidine nucleotides and amino acids [1].
Imidazologlycerol-phosphate synthetase from Escherichia
coli is a key enzyme in biosynthesis of histidine and struc-
turally is a heterodimer encoded by hisH and hisF [2].
Similar to other glutamine aminotransferases, IGPS cat-
alyzes two reactions [1, 2]:

PRFAR + GIn = AICAR + IGP + Glu, (1)
Gln = Glu + NH,. )

The essence of the first reaction is transfer of the
amido group of glutamine conjugated with decomposi-
tion of 5'-phosphoribulosylformimino-5-aminoimidazo-
lo-4-carboxamideribonucleotide (PRFAR) into 5-ami-
noimidazolo-4-carboxamido-1-B-D-ribofuranosyl 5'-
monophosphate (AICAR) and imidazologlycerol phos-
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phate (IGP) and synthesis of the imidazole ring. This
reaction is catalyzed due to the synthetase activity of
IGPS. In the second reaction, glutamine (Gln) is decom-
posed to glutamate (Glu). The rate of this reaction is gov-
erned by the glutaminase activity of IGPS.

In the present work, we developed a kinetic model of
the catalytic cycle of imidazologlycerol-phosphate syn-
thetase, derived the rate equations for glutaminase and
synthetase activities of the enzyme, and evaluated the
unknown parameters characterizing Kinetic properties of
this enzyme. Based on the rate equations and parameter
values obtained, we studied how concentrations of the
substrates and effectors determine the contributions of
glutaminase and synthetase activities into the enzyme
functioning.

METHODS OF INVESTIGATION

Experimental data. In this study, we used the follow-
ing available data on structural and functional properties
of IGPS.

1. The enzyme has two catalytic sites: one for bind-
ing to glutamine and another to PRFAR [1, 2].
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2. Binding to the substrates and dissociation of the
products occur accidentally [1, 2].

3. The amido group cleaved from glutamine is trans-
ferred on the catalytic site binding PRFAR without
emerging into solution, that is, an intramolecular transfer
of the amido group occurs [1, 2].

4. The glutaminase activity of imidazologlycerol-
phosphate synthetase manifests itself essentially only with
excess glutamine and depletion of PRFAR, the second
substrate [3, 4].

5. Whereas IGP, one of the products of the syn-
thetase reaction catalyzed by imidazologlycerol-phos-
phate synthetase, catalyzes the glutaminase reaction,
another product, AICAR, does not effect the latter [3, 4].

6. On the pathway of biosynthesis of histidine, the
reaction catalyzed by IGPS is preceded by another reac-
tion catalyzed by ProFAR isomerase, its substrate, 5'-
phosphoribosylformimino-5-aminoimidazolo-4-carbox-
amidoribonucleotide (ProFAR), being an activator of the
glutaminase activity of IGPS [3, 4].

Some kinetic properties of the enzyme functioning
as synthetase, i.e., catalyzing only reaction (1), were
investigated earlier [3]. The authors determined (at pH 8
and 25°C) Michaelis constants for Gln and PRFAR:

mGin = 240 UM, K3, prpar = 1.5 uM (3)
and the maximal number of cycles of the enzyme:
kS, = 8.5 sec™. 4)
In the same work Klem and Davisson evaluated the
Michaelis constant for Gln and the maximal number of
cycles of the enzyme functioning as glutaminase, i.c., cat-
alyzing only reaction (2):
K& G = 4800 uM, k2, = 0.07 sec™". )
To characterize quantitatively the effect of ProFAR
and IGP on the glutaminase activity of IGPS, Klem and
Davisson evaluated the apparent Michaelis constant for
GIn and apparent maximal number of cycles of the
enzyme functioning as glutaminase in the presence of the
activators ProFAR and IGP:
[ProFAR], = 2000 uM,
Kﬁ;ﬁg{%‘}n = 2800 uM,
k&pronR = 2.6 sec”!, ©6)
[IGP], = 9000 uM,
K %ﬁ{fl,i!Gln = 1900 uM,
k&G, = 2.7 sec™". (7)
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Kinetic characteristics of the enzyme functioning,
that is, changes in concentrations of the substrates and
products in the presence of 9 nM IGPS with time, were
also monitored in [3].

Catalytic cycle. The experimental data mentioned in
items 1-6 of the previous section were accounted for on
development of kinetic model of the catalytic cycle of
imidazologlycerol-phosphate synthetase presented in Fig.
1. We suggested that the enzyme functions via the
Random Bi Ter mechanism according to the Cleland
classification [5]; this agrees with items 1 and 2 of the pre-
vious section. Transfer of the triple enzyme—substrate
complex GIn-E-PRFAR into the enzyme—product com-
plex Glu-E- IGP-AICAR corresponds with an intermolec-
ular transfer of the amido group mentioned in item 3 of
the previous section and subsequent transformation of
PRFAR into AICAR and IGP. As a result of accidental
order of the substrate binding, in the absence of PRFAR
a complex of the enzyme with glutamine GIn-E is formed
and glutaminase reaction (2) catalyzed by free enzyme
proceeds (E — GIn‘E — Glu-E* — E); this corresponds
with item 4 of the previous section. Activation of the glu-
taminase reaction in the presence of ProFAR and IGP
described in items 5 and 6 of the previous section is
accounted for due to inclusion of the additional reaction
cycles (E — E-ProFAR — GIn'E-ProFAR —
Glu-E*ProFAR — E-ProFAR) and (E'IGP —
GIn‘E-IGP —» Glu'E*IGP — E-IGP) into the standard
Random Bi Ter mechanism. In the present work, we did
not study how the rate of glutaminase reaction depends
on concentration of one of its products (NH); that is why
NH; is not presented directly in Fig. 1.

Deduction of the rate equations. According to the
scheme of the catalytic cycle of IGPS presented in Fig. 1,
the rate equations for synthetase and glutaminase reac-
tions can be written as follows:

vy = ki[GIn'E-PRFAR] — k_,[Glu-E-IGP-AICAR], (8)

v, = (ko|GIn'E] — k_,[Glu-E*]) +
(ky|GIn"E-IGP] — k_,|Glu-E*IGP]) +
(ky|GIn"E-ProFAR] — k_,[Glu-E*ProFAR]).  (9)

Deducing the equations which describe the depend-
ence of the rates of synthetase and glutaminase reactions
on concentrations of the substrates, products, and effec-
tors, we suggested that the rates of all reactions of the sub-
strate binding and dissociation of the products are signif-
icantly higher than the rates of catalytic reactions desig-
nated as 1, 2, 3, and 4 in Fig. 1. This suggestion allowed
obtaining analytical expressions for concentrations of the
enzyme states being the terms of Egs. (8) and (9)
(GIn'E-PRFAR, Glu'E-IGP-AICAR, GIn‘E, Glu-E*,
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Fig. 1. Catalytic cycle of imidazologlycerol-phosphate synthetase. The dissociation constants of the substrate—product complexes and the
rate constants are presented near the corresponding stages of the catalytic cycle.

GIn'E-IGP, Glu'E*IGP, GIn'E-ProFAR, and Glu-E*
ProFAR), and thus, deduction of dependence of the rates
of synthetase and glutaminase reactions on concentra-
tions of the substrates, products, and effectors (Appendix
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Here [HisHF] is the total concentration of imida-
zologlycerol-phosphate synthetase; K, and K§ are the
dissociation constants of the substrate (or product) A
from free enzyme; Kz, and K§, are the dissociation con-
stants of the substrate (or product) A from the enzyme
complex with the substrate (or product) B; K-g, are the
dissociation constants of the substrate (or product) A
from the enzyme complexes with the substrates (or prod-
ucts) Band C; k;, k_; (i =1, 2, 3, 4) are the rate constants

of catalytic stages of the enzyme cycle. The dissociation
and rate constants are presented in Fig. 1 near the corre-
sponding reactions.

In Egs. (10), there are 22 parameters—the rate and
dissociation constants characterizing kinetic properties of
certain stages of the catalytic cycle presented in Fig. 1.
However, in the enzymatic kinetics the rate equations are
usually written using parameters, which characterize
kinetic properties of the enzyme as a whole. The
Michaelis constants, the maximal number of the enzyme
cycles, and the equilibrium constant are used as such
kinetic parameters [6]. To describe kinetic properties of
imidazologlycerol-phosphate synthetase, we used 17
kinetic parameters of this kind. The synthetase reaction
was characterized by the maximal number of cycles of the
enzyme catalyzing this reaction (k¢,), the equilibrium
constant of synthetase reaction (K%,), and the Michaelis
constants of the substrates and products of this reaction
(K prears K Gins Ko Kiiops and Ky arcar)- The glu-
taminase reaction in the absence of activators was charac-
terized by the maximal number of cycles of the enzyme
catalyzing this reaction (k¢,,), the equilibrium constant of
glutaminase reaction (K%,), and the Michaelis constants
of the substrates and products of this reaction (K3, g1, and

K& ). To account for the effect of activators on the glu-
taminase reaction, we entered the following parameters:
the maximal number of the enzyme cycles at infinitely
high concentration of IGP (k&!6P) or ProFAR (k&FefR)
and the Michaelis constants of the substrates and prod-
ucts of the glutaminase reaction at infinitely high concen-
tration of IGP (K%/h, and K&/Gh) or ProFAR (K&ReMR
and K&Eo®). We found functional interrelations
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between thus defined kinetic parameters of the imida-
zologlycerol-phosphate synthetase and parameters char-
acterizing kinetic properties of certain stages of its cat-
alytic cycle. Using this interrelation, we expressed param-
eters of the catalytic cycle via kinetic parameters (see
Appendix 2) and wrote the rate equations (10) using tra-
ditional kinetic parameters:

v, = [HiSAHF ] o ks (PRFARJ[GIn]-[AICAR] [IGPI[GIu]/K?, ) ;

g
m, PRFAR Km, Gln

1 g g IGP 2 ProFAR
.g = [HISI_IF] [ k;ﬂ[ kc:l(] P [IGP] + kc: ProFAR [PrOFAR] ]([Gln] - [Glu]/Kil ) ;
A Km,uln Km,(nn KLGP Km,uln KPmMR
K
mt 01 BROAN) S G0, POPAR) O] IOHL
rT\,GIn Km,PR}’AK K m,Gln K ;,Gln K ProFAR K;Glu Km:(iln

2IGP
JIGPI( | [Ghl | [Ghn] |, [Glul | [AICAR]  [Glul [IGPI _(,, KiorKch |
KIGP k KriG’lu Kxi,oln K K K

m,Glu AICAR KGlu KQIU.IGP GluIGP**Glu

. [IAICAR] [Glu] Ky | [AICAR] [IGP] Ko, [AICAR][IGP] [Glu] | (11
K KgJGP K KZV,AIUAR K\(}P Kr%\:lx(;'lﬁ K\iv.AHZAR KIGP Krgn:lfyrli

s
mAICAR DBmGl Bigp

In Egs. (11), there are 22 parameters: 17 are kinetic
parameters and the other five are the dissociation con-
stants of the products and effectors (Kycar, Ko Kigps
KGiu16p, and Kpoar); as shown in Appendix 2, the disso-
ciation constant of glutamate from the free enzyme must
be higher than the Michaelis constant for glutamate in the
glutaminase reaction:

Krg‘n,Glu < KGlU‘ (12)

Methods for study of IGPS models. All the models
presented in this work were studied using the DBSolve 5.0
program package [7]. We obtained time-dependent vari-
ables in the given system of differential equations with the
given initial conditions by the methods of numerical inte-
gration supplied by this package. The Hook—Jeaves algo-
rithm was used to identify parameter values from experi-
mental data.

RESULTS AND DISCUSSION

Evaluation of parameters of the rate equations. To
find the values of parameters, which appear in Egs. (11),
we used experimental data from [3, 4]. As mentioned in
“Methods of Investigation”, these authors evaluated
Michaelis constants for Gln and PRFAR (3) and the
maximal number of cycles (4) of the enzyme catalyzing
only the synthetase reaction (1). The Michaelis constant
for GIn and the maximal number of cycles (5) of the
enzyme functioning as glutaminase, that is, catalyzing
only reaction (2) were also evaluated in [3, 4]. Besides
this, Klem and Davisson [3] found the values of apparent
Michaelis constants for glutamine and apparent maximal
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number of cycles of the enzyme catalyzing only the glut-
aminase reaction in the presence of 2 mM ProFAR (6) or
9 mM IGP (7). We evaluated five kinetic parameters
appearing in Eqgs. (11) using Egs. (3)-(5). The values of
the apparent constants from (6) and (7) were used to
obtain four relationships between the remaining 17
parameters; this allowed reducing the number of
unknown parameters to 13. These four relationships are
algebraic expressions for the apparent constants, whose
values are given in (6) and (7) via the parameters of Egs.
(11).

To derive expressions for the apparent Michaelis
constant for glutamine and the apparent maximal number
of cycles of the enzyme catalyzing only the glutaminase
reaction in the presence of 2 mM ProFAR, we rewrote the
rate equation of the glutaminase reaction accounting for
conditions of the experiment, which gave evaluation of
these apparent constants. In fact, in this experiment we
measured the initial rate of imidazologlycerol-phosphate
synthetase depending on the glutamine concentration at
various concentrations of the substrates, products, and
effectors: [PRFAR] = [Glu] = [IGP] = [AICAR] = 0,
[ProFAR] = [ProFAR], = 2 mM. Substitution of these
concentration values into the rate equation for glutami-
nase reaction (11) gives:

g g.ProFAR
[HISHF] [ Kkgcat + [lzczmeAR [PII;)FAR]O ][Gln]
m,GIn m,Gln ProFAR ) ( 1 3)
[GIn]
+ K g,ProFAR

m,Gln

Vg=

K: K

m,Gln ProFAR

., IGIn] _[ProFAR], [1

From Eq. (13), we obtained the following expres-
sions for the apparent Michaelis constant for glutamine
and apparent maximal number of cycles of the enzyme:

, [ProFAR],

1
K ¢, ProFAR — K ProFAR s
mapp.Gin = T T [ProFAR],
g g ProFAR
Km,Gln Km,G]n K ProFAR
g g, ProFAR
kcat kcat [PrOFAR]O
g g,ProFAR
kg, ProFAR — Km,G]n Km,Gln KProFAR ( )
cat.app 1 I [ProFAR],
K g + K g, ProFAR K
m,Gln m,Gln ProFAR

These two relationships allowed expressing Kp,,par
and k&PR a5 functions of the other kinetic parameters
of Egs. (11), the apparent Michaelis constant, the appar-
ent catalytic constant, and [ProFAR], value at which
these constants were measured:
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_ProFAR _ProFAR d[PRFAR]/dt = —v,,
K - [PrOFAR] Kti,Gln (Kti,app,Gln - Kti,Gln ) . (15) ] n
ProFAR 0 10! 1ol / ’ =
KEam ™ (KE an = Kiimiin) AGHu/dr=v. * vy
[GIn] + [Glu] = 5000 uM,
Kg,PmFAR _ p&ProFAR
kgd’roFAR — kg,ProFAR (ng’roFAR _kg \ m, app,Gln m, Gln [PRFAR] + [AICAR] == 90 l.,lM,
cat cat, app + cat, app cat / g,ProFAR N ( 1 6)
K Gl -K; Gl
mGin % mapp.Gin [PRFAR] + [IGP] = 90 uM. (20)

Since Kp,rag and kEFMR are to be always positive,
the values of parameters of the right parts of Egs. (15) and
(16) should satisfy the following inequalities:

g g,ProFAR g,ProFAR
Km,Gln > Km,app,Gln > Km,G]n 5
g,ProFAR g
kcat,app > kcat . (17)

Using the data on the apparent kinetic parameters of
the glutaminase reaction activated by IGP (7) and repeat-
ing all the reasons and manipulations presented above, we
obtained relationships which allowed us expressing Kgp
and k&!S? as functions of other kinetic parameters of Eqs.
(11), the apparent Michaelis constant, the apparent cat-
alytic constant, and [IGP], value at which these constants
were measured:

e gIGP g,IGP)
K _[IGP] Km,Gln (Km,app,Gln Km,G]n
IGP — 0 Kg,lGP(Kg _Kg,IGP ) >
m,Gln m,Gln m,app,Gln
2IGP _ 7-IGP
2 IGP __ 7.¢IGP gIGP _ 78 m, app, Gln m,Gln |
kcat - kcat,app + (kcat,app cat / K g Kg,IGP ’ (18)
m, Gln - m, app, Gln
g g,IGP 2,IGP
Km,Gln > Km,app,Gln > Km,Gln s
g IGP g
Keatapp > Kear- (19)

Thus, accounting for the values of kinetic parameters
(3)-(5) and using Egs. (15), (16), and (18), we reduced
the number of unknown parameters involved in the rate
equation for IGPS from 22 to 13, and these 13 parameters
should satisfy inequalities (12), (17), and (19).

To obtain the values of the remaining 13 parameters,
we used kinetic data for imidazologlycerol-phosphate
synthetase obtained at pH 8.0 and 25°C [3]. Experimental
conditions were as follows: to 90 uM PRFAR and 5 mM
glutamine imidazologlycerol-phosphate synthetase was
added to the final concentration 9 nM, and changes in
PRFAR, AICAR, and Glu concentrations with time were
monitored. Kinetic model describing this experiment can
be depicted as the kinetic scheme presented in Fig. 2; this
model is given by a system of differential and algebraic
equations:

The initial values of variables in this model coincide
with the initial experimental concentrations: [PRFAR] =
90 uM, [GIn] = 5000 uM, [Glu] = [IGP] = [AICAR] = 0.

PRFAR

Gln

Vv ¢ 1% N

/ o,
IGP
Glu
v
AICAR

Fig. 2. Kinetic scheme of the model corresponding with the
experimental data on the kinetics of imidazologlycerol-phos-
phate synthetase [3]. Solid arrows specify synthetase (v,) and glu-
taminase (v,) activities of the enzyme, and broken arrow shows
that IGP activates the glutaminase reaction.

0O 10 20 30 40 50 60 70 80 90 100
Time, min

Fig. 3. Time dependences of PRFAR (curves 7 and 2 and hatched
squares), AICAR (curves 3 and 4 and open squares), and Glu
(curves 5 and 6 and black squares) concentrations, experimentally
measured in [3] (hatched, open, and black squares) and obtained
from the kinetic model based on this experiment (curves /-6).
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Eleven of 13 kinetic parameters of the rate equations of
the synthetase and glutaminase reactions were fitted so
that time dependences of PRFAR, AICAR, and Glu con-
centrations obtained as numerical solution of system (20)
best coincided with corresponding experimental depen-
dences [3]. The values of the two parameters K&"5® and
K& &R characterizing Kinetic properties of the enzyme
in the presence of ProFAR (activator of the glutaminase
reaction) could not be evaluated from the experimental
data [3] because of zero concentration of this activator in
the considered experiment. Figure 3 presents experimen-
tal data [3] (squares) and model results (solid lines).
Approximation of the experimental data (Fig. 3, curves 2,
4, and 6) appeared to be impossible with sufficient range
of accuracy by changing values of 11 parameters, which
remained non-evaluated (that is, free) after accounting
for the experimental data [3, 4] by the values of true and
apparent catalytic and Michaelis constants in our model.
However, if we suppose that the values of these true and
apparent catalytic and Michaelis constants from expres-
sions (3)-(7) are measured with 30% accuracy and that is
why we can vary these values within this 30% interval
together with 11 non-evaluated parameters, the results of
modeling will exactly coincide with experimental data
(Fig. 3, curves 1, 3, and 5). The thus fitted parameter val-
ues are given in the table.

The remaining two parameters K& ** and Ko ™®
characterizing kinetic properties of imidazologlycerol-
phosphate synthetase in the presence of ProFAR, an acti-
vator of the glutaminase reaction, were evaluated by the
data of [8]; in this work, Jurgens and coauthors studied
the properties of ProFAR isomerase, a precursor of IGPS
in the pathway of biosynthesis of histidine and a catalyst
of the isomerization reaction of ProFAR into PRFAR.
Experimental conditions were as follows: pH 7.5 and
25°C. To 0.25 uM ProFAR isomerase, 1 uM imidazolo-
glycerol-phosphate synthetase and 5 mM glutamine
ProFAR was added to the final concentration 20 uM, and
the time dependence of its concentration was monitored.
The kinetic model describing this experiment can be
depicted as the kinetic scheme presented in Fig. 4; this
model is given by a system of differential and algebraic
equations:

d[ProFAR]/df = —Vpropar_isomeraes
d[PRFARI/dI = Vpropar_isomerse — V',
d[Glu]/dt = vP" + viH,

[Gln] + [Glu] = 5000 pM,

[ProFAR] + [PRFAR] + [AICAR] = 20 uM,
[ProFAR] + [PRFAR] + [IGP] = 20 uM.

21

The initial values of variables in the model coincide
with the initial experimental concentrations: [ProFAR] =
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Kinetic parameters of imidazologlycerol-phosphate syn-
thetase and ProFAR isomerase

Values obtained as
Parameter Experimental a result of identifica-
data tion of the model with
experimental data [3]
and [8]
kS, 510 min~' [3] 585 min~!
K3, 4.85 mM
K3 prEAR 1.5 uM [3] 1.86 uM
K3 6in 240 uM [3] 180 uM
h.Glu 0.01 uM
K3 i6p 0.14 uM
K3 Acar 20.6 mM
k&, 4.2 min~' [3] 5.28 min™!
K&, 1.03 mM
K% Gin 4.8 mM |[3] 5.96 mM
K3 G 51.4 mM
k&lcP 210 min™!
kg{ome 156 min~!
K& 1.32 mM
K&1Gh 10.4 mM
K™t 946 uM
K&am™ 46.2 mM
Karcar 31.7 mM
Ko 51.4 mM
Kigp 61.3 uM
Ko, 16p 30.9 mM
Kprorar 4.7 uM
JHisA 42 min~! [8] 42 min™!
KA o 0.6 uM [8] 0.6 uM
Kl;i,sll’ARFAR 0.03 pM
k&ar 162 min~! [3] 210 min™!
K&PS G 1.9 mM [3] 1.33 mM
k& rorAR 156 min~' [3] 156 min~!
K& ProraR 2.8 mM [3] 2.8 mM
K} 0.01 uM
K 0.93 uM
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Fig. 4. Kinetic scheme of a model corresponding to the kinetic
study of imidazologlycerol-phosphate synthetase—ProFAR iso-
merase system [8]. Solid arrows designate reactions catalyzed by
ProFAR isomerase (Vpypar isomerase) @Nd also the synthetase (v,)
and glutaminase (v,) activities of IGPS. Broken arrows show
that IGP and ProFAR stimulate the glutaminase activity of
IGPS.

20 uM, [GIn] = 5000 uM, [Glu] = [PRFAR] = [IGP] =
[AICAR] = 0. Since most of the imidazologlycerol-phos-
phate synthetase parameters were evaluated from experi-
mental data obtained at pH 8.0 [3], for evaluation of
remaining parameters from experimental data obtained at
pH 7.5 [8], it is necessary to account for the pH depend-
ence of the activity of this enzyme. Following the method
for describing pH dependence of the rate of enzymatic
reaction [6], we suggested that a catalytic site (one or sev-
eral amino acid residues directly participating in cataly-
sis) can be deprotonated and protonated singly or doubly,
the singly protonated form of the enzyme being catalyti-
cally active. We also suggested that the values of the pro-
ton dissociation constants do not depend on the enzyme
state. These suggestions do not contradict experimental
data on Kkinetics of this enzyme; as a result, the pH
dependence of the rate of IGPS functioning is given as
follows:

1+ K‘l* +1067PH1
1067})“1 K2
va =y H
S - Vs Kl 106—pH ’
I+ —H -+ ——
6-pH 2
10 K}
Kl 10%0
+106—p“| + K2
v =, ; el (22)
Ky 10%°

+ +
0~ K

DEMIN et al.

where v, and v, are given by Egs. (11) describing the syn-
thetase and glutaminase activities of imidazologlycerol-
phosphate synthetase, K}; and K3 are the proton dissoci-
ation constants from non-protonated and singly proto-
nated forms of the enzyme, respectively, and pH, = 8.0
coincides with pH in the experiment [3] used for evalua-
tion of most of the enzyme constants. Since the data [8]
were obtained at pH 7.5, in the rate equations for imida-
zologlycerol-phosphate synthetase involved in kinetic
model (21), which describes these data, the pH should be
also 7.5.

The rate equation for ProFAR isomerase can be writ-
ten as follows:

k2**[HisA][ProFAR]
vI’roFAR_lsomeruse = ] ¢ ThisA . (23)
Komrag +[ProFAR]+ —IA% . [PRFAR]
m,PRFAR

The catalytic and Michaelis constants for ProFAR
evaluated from the data obtained at pH 7.5 and 25°C were
taken from [8]: k& = 0.7 sec™', K} opar = 0.6 UM. The
remaining unknown parameters of model (21) (K& ™",
KETeMR - K rar, Kit, and K) were fitted so that time
dependence of ProFAR concentration obtained as a
result of numerical solution of system (21) best coincided
with the corresponding experimentally obtained depend-
ence [8]. As shown in Fig. 5, the thus found parameters
provide precise coincidence of the results of modeling
(solid line) with experimental data [8] (squares). The val-
ues of fitted parameters are given in the table.

How the synthetase and glutaminase activities of imi-
dazologlycerol-phosphate synthetase depend on concen-
trations of the substrates and effectors. As shown in [1, 2],
imidazologlycerol-phosphate synthetase can catalyze two
different processes: synthesis of imidazologlycerol phos-
phate (1) and decomposition of glutamine (2). To study
what activity dominates and what is an accompanying
one and how it depends on concentrations of the sub-

2 201
= 184
S 16
B 14
s 124
§ 10+
5 8]
o 67
% 3]
L§ g: T T T T T D\ T Q T T
& 0 1 2 3 4 5 6 7 8 9 10

Time, min

Fig. 5. Time dependence of ProFAR concentrations: experimen-
tally measured in [8] (open squares) and obtained from the
kinetic model based on this experiment (solid line).
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Fig. 6. Rates of the synthetase (curves / and 3) and glutaminase
(curves 2 and 4) reactions catalyzed by imidazologlycerol-phos-
phate synthetase versus PRFAR concentration: a) in the absence
of activators of the glutaminase reaction; b) at various ProFAR
concentrations (10 uM ProFAR, curves 7/ and 2; 1 mM ProFAR,
curves 3 and 4); c) at various IGP concentrations (10 uM IGP,
curves / and 2; 1 mM IGP, curves 3 and 4). All the curves were
obtained at zero concentrations of the products and 1 mM Gln.

strates and effectors, we plotted (Fig. 6) the rates of the
glutaminase and synthetase reactions versus the substrate
(PRFAR) concentration at various concentrations of
effectors (IGP and ProFAR), zero concentrations of the
products, pH 8.0, and fixed concentration of glutamine
([GIn] = 1 mM), using the results of the previous section
(the rate equations (11) and the values of parameters from
the table). It appeared that in the absence of effectors the
synthetase activity can be considered as dominating. In
fact, as shown in Fig. 6a, at PRFAR concentrations
exceeding 10 nM, the rate of the synthetase reaction is
higher than the rate of the glutaminase reaction.
Moreover, beginning from ~100 nM PRFAR, the rate of
the synthetase reaction is more than ten times higher than
that of the glutaminase reaction, and this difference grows
with increase in PRFAR concentration, achieving 1000
times at [PRFAR] = 10 uM. In the presence of effector
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(ProFAR), the situation is not so definite. As shown in
Fig. 6b, at 10 uM ProFAR the rate of the synthetase reac-
tion (curve /) becomes equal to the rate of the glutami-
nase reaction (curve 2) at PRFAR concentration ~13 pM.
At lower PRFAR concentrations, the rate of the glutami-
nase reaction is higher than the rate of the synthetase
reaction, whereas at higher PRFAR concentrations the
synthetase activity dominates. At higher ProFAR concen-
trations, the interval of PRFAR concentrations corre-
sponding to domination of the glutaminase reaction
expands. In fact, at 1 mM ProFAR the rate of the syn-
thetase reaction (curve 3) becomes equal to the rate of the
glutaminase reaction (curve 4) at PRFAR concentration
~1300 uM. Moreover, at PRFAR concentrations lower
than 130 uM the rate of the glutaminase reaction is more
than ten times higher than the rate of the synthetase reac-
tion, that is, the glutaminase activity becomes dominat-
ing. Analogous conclusions are true also for another
effector—IGP (Fig. 6¢). At 1 mM IGP, the rate of the
synthetase reaction (curve 3) becomes equal to the rate of
the glutaminase reaction (curve 4) at PRFAR concentra-
tion ~23 uM. As shown in Fig. 6c, increase in IGP con-
centration also results in expansion of the interval of
PRFAR concentrations at which the glutaminase activity
dominates.

As follows from Fig. 6, independent on the presence
of the effectors—ProFAR and IGP—increase in the sub-
strate (PRFAR) concentration results in decrease in glut-
aminase and increase in synthetase activities of imida-
zologlycerol-phosphate synthetase.

This work was financially supported by the Russian
Foundation for Basic Research (grant No. 01-04-48242)
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APPENDIX 1

To deduce expressions defining the rates of the syn-
thetase and glutaminase reactions, let us suppose that all
reactions of the substrate addition and dissociation of the
products are much faster than the catalytic reactions des-
ignated by numbers 1, 2, 3, and 4 in Fig. 1. This means
that each of these “fast” reactions can be considered as a
quasi-equilibrium one (the dissociation constants are
given near the corresponding reactions in Fig. 1); thus, we
can write the following relationships:

_ [PRFAR][E]
PRFAR — [EPRFAR] )
[GIn][E - PRFAR]
[GIn-E-PRFAR] ’
_[GIn][E]

" [Gln-E]

_ IGlu][E]

g —

Glu [Glu i E*] 5

PRFARGIn —

_ [ProFAR][E]
PORAR T [E-ProFAR]

_ [GIn][E - ProFAR]
POPARS T I GIn - E - ProFAR]

. _ [Glu][E - ProFAR]
ProFAR Glu [Glu . E *. PrOFAR] ’

_ [AICAR][E]
AICAR T E- AICAR]

_ [Glu][E - AICAR]
AICARGIu [Glu-E - AICAR] s

_ [GIu][E]
" Glu-E]

_ [IGP][Glu - E]
M Glu - E - IGP]

_ [AICAR][Glu-E-IGP]

K ,
[Glu-E-IGP- AICAR]

Gh, IGP,ATCAR

_ [IGP][E]
% E-1GP]

© _ [AICAR][E - IGP]
OPAICAR T [E-IGP- AICAR]
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[GIn][E - IGP]
[GIn-E-IGP] ’
. _ [Glu][E-IGP]
192G I Glu - E*- 1GP]

IGP,GIn —
(AD)

For concentrations of the enzyme states, the follow-
ing conservation law is also fulfilled:

[E]+ [E - PRFAR] + [GIn - E - PRFAR] +

+ [GIn - E] + [Glu - E*] + [E - ProFAR] +

+ [Glu - E* - ProFAR] + [GIn - E - ProFAR] +

+ [E - AICAR] + [Glu - E - AICAR] +

+ [Glu- E] + [Glu- E - IGP] + [E - IGP] +

+ [E - IGP - AICAR] + [Glu - E* - IGP] +

+ [GIn: E - IGP] + [Glu - E - IGP - AICAR] =

= [HisHF] , (A2)
where [HisHF] is the total concentration of imidazolo-
glycerol-phosphate synthetase. Solving the system of lin-
ear (relative to concentrations of the enzyme states) alge-

braic equations (Al) and (A2), we obtain the following
expressions for the enzyme forms:

[Gln-E-PRFAR] = [GIn] [PRFAR][HisHF]
PRF AR, Gin KPRFAR A ’
[Gln-E] = [Gln] [HisHF]
Koo A 7

[Glu-E*]=

El

[Glu] [HisHF]
K Cg}lu A

[IGP] [Gln] [HisHF]
K K A

IGP,GIn

[Gln-E-IGP] =

b}

[Glu-E*‘IGP]:[IGP] [Glu] [HisHF]

bl

K ngGP,Glu A
ProFAR] [GIn] [HisHF
[GIn-E - ProFaR] = 0P ART_[GIn]  [HisHF]
ProF AR KProFAR,G]n A

(Gl E*-1Gp]= LrOFAR] [Glu] [HisHF]
KE A

ProFAR Glu

ProFAR

AICAR] [IGP][Glu][HisHF]

[Gln E-PRFAR] = -

Glu IGPAICAR. KGILI,I GP KGlu
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A=14[ERFART | il
I\ PRFAR }\ PRFAR, GIn ]\ ProFAR
[1+ iGlu] . "[Gln] ]+[IE}P] e Eiylu] . [’G]n] }_[A}CARL "[Glu] [AICAR]
AF!OFAR.Gl\\ K ProFAR,Gln [\ IGP [\ IGP,Glu I\ IGP,Gln K AICAR [\AICAR, Glu A AICAR
[Glul | [IGP] [Glu] | [AICARI[IGP] [AICAR] [IGP] [Glu]
— = +o = (A3)
Kyw  Kowrw Kow K Ko K Ko K

Glu Glu1GP Gl IGP, AICAR Glu,IGP, AICAR Gl 16 G

[Gln] [PRFAR], [Gln] | [Glu] | [ProFAR]
K’PRFAR Kﬂln K(%rl\l

It should be noted that the equilibrium constant of
the glutaminase reaction does not depend on what of the
three forms of the enzyme (free enzyme, enzyme bound
to ProFAR or to IGP) catalyzes the reaction; conse-
quently, the following relationships are correct:

g Kglu ﬁ Kf’roFAR,Glu ﬂ _ Kip ot k_3 (Ad)
. KGln kf KProFAR,Gln k74 KIGP,Gln k—3

which make it possible to express k_; and k_, via k, and
k_,:

g
ProFAR,G]n K Gl k 2

k,=k, .
KPIOFAR Glu KG]n k72
k _ k KIgGP Gln G]u ﬁ (AS)
KIGP Glu k

Substitution of (A3) and (A5) into Egs. (8) and (9) of
the main text gives the following equations for the rates of
the synthetase and glutaminase reactions:

_[HisHF](, [Gn] [PRFAR] [AICAR] [IGP] [Glu]]
i A ] KPRFAR,GIn KPRFAR ) KGlu,IGP,AICAR KGlu,IGP KGlu ’
| _ [HisHF] (k .k [GPI__ k,__[ProFAR] ][[ Gin)— 2 K Glu]] '
A kKGJ.\\ KIGP,G].H KIGI’ KP[OFAR_G].\\ KPmPAR kE KGI\\

APPENDIX 2

Let (B1) be the rate equation of the enzyme func-
tioning in which parameters of the catalytic cycle (the
rate and dissociation constants of certain stages) are the
terms:

V= [E]tot'f(sla sees S

P My, ...

() Sn’ Pls ceey Pja

’ Mh’ ] Mq) s (Bl)
where [E],,, is the total enzyme concentration and S; (i =

L n),P(G=1,..,m),and M, (h=1, ..., q) are con-
centrations of the substrates, products, and modifiers
(inhibitors and activators), respectively. Using biochemi-
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cal definitions of conventional parameters of enzymatic
kinetics (the Michaelis constants of the substrates and
products, the equilibrium constants, the maximal number
of enzyme cycles in forward reaction in the presence and
in the absence of activators and inhibitors), let us find
how to express the kinetic parameters via parameters of
the catalytic cycle. By definition, the maximal number of
the enzyme cycles in the forward reaction is the ratio of
the maximal rate of enzyme functioning to the total
enzyme concentration at saturating concentrations of all
substrates and zero concentrations of all products and
modifiers. This means that for calculation of the maximal
number of enzyme cycles in the forward reaction, the fol-
lowing expression should be used:

P.M,,...,

knfat = lim,m, f(slb" ,S”,Pl,..., Mq) .

(B2)
Analogously the maximal number of enzyme cycles

at the saturating concentration of modifier (inhibitor or
activator) M, can be calculated:

M, _ . .
k) fim £, .S, P, P M, M)
S; —>w,i=l....n
M,~>w
PJZO,JZI, .
M,=0,h=1.r—Lr+1,nq (B3)

The equilibrium constant can be found from the fol-
lowing expression:

m I n
— eq / eq
K =ITp" /TIS™,
Jj=1 /=l

(B4)

where the equilibrium concentrations of the substrates S7¢

(i=1, ..., n) and products P/ (j = 1, ..., m) are solutions
of the following equation:

SS9, L 88, LSS Pl L PR L P

My, ..M, ..., M) =0 (BS)

By definition, the Michaelis constant of the enzyme
with some substrate is the concentration of the consid-
ered substrate at which the rate of the enzyme function-
ing is a half of its maximal rate under the conditions when
the products and modifiers (inhibitors and activators) are
absent and concentrations of all other substrates are satu-
rating. In accord with this definition, K, s, the Michaelis
constant of substrate S,, is a solution of the following
equation:

f
% = Fét (]<11L,St ) 4

where
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F(8,)= oSS PP Mo M)
Myt (B6)

Analogously, the Michaelis constant of substrate S, at
the saturating concentration of modifier (inhibitor or
activator) M

£,M
kc;u o FM‘ (KM" )
2 sy mS, / >
where
M, —
Fy (st)fg i F(81,58,, P B ML ML)
8; o=l i-1t+1,.n
M, >0
P;=0,j=1,...,m

(B7)

My=0,h=1,.r—1r+l,q

and the Michaelis constant of product P, are calculated:

b
@ =Fy (Km:Pf) ’

2
where
R (P)= L dim LSS 8, R LR ML M) (BS)
Ry

In this expression, the maximal number of enzyme
cycles in the reverse reaction, k2., is calculated as follows:

iSSP M M) (B9)
iﬁ:gé.hil,;..,q

b _
kcat -

Applying formulae (B1)-(B9) to the rate equations of
the synthetase and glutaminase reactions (Egs. (10) of the
main text), we deduced the following relationships
between the parameters of the catalytic cycle and the con-
ventional parameters of enzymatic kinetics:

K =k

cat
s —_ .
Km. Gln — KPRFAR,Gln s

K PRFARGIn |

s
Ko

s —
m,PRFAR — KPRFAR

Ks

eq

k1 KGm,IGP,AICARK Glu,IGPKGlu .
bl
k—l

K PRFAR,G]nK PRFAR

K
K

1+ K Gilu, IGP
j<€

IGP,Glu

8 — Glu
K mAICAR —

K

Glu, IGP,AICAR

IGp

K Glu,IGPK Glu .

Glhu, IGP, AICAR ’
K K IGP

Ks

m, Glu

=K

IGP,AICAR
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K Glu, IGP K Glu .

H —
K mIGP K Glu, IGP,AICAR e )

AICAR, Glu KAICAR

g _ .
kcat - k2 ’
g — .
Km,Gln - KGln s
g
g _ k2 KGlu .
eq ’
k—Z KGln
g
KS& = i
m,Glu — “*Glu g
KG]U. + KGlu
2. IGP __ .
kcal - k3 ’

o IGP _ .
Km: Gln — KIGP,G]n 5
gIGP _ r-g
K& — g

m, Glu GP,Glu?

g,ProFAR __ .
kcat - k4 ’

g ProFAR __ .
K m,GIn =K ProFAR,Gln »
g, ProFAR __ g
K m,Glu - K ProFAR,Glu ,

These relationships allow expressing parameters of
the catalytic cycle via kinetic parameters:

— s .
KPRFARﬁGln - Km,Gln ’

k2 = kfat ;
KGln = Kngl,Gln >
ky =k
KIGP,Gln = KI%,IGG; ;

g —_ r&lIGP
KIGPﬁGlu - Km,Glu >

__ 1,8 ProFAR |
k, =k

cat ’
_ g, ProFAR |
K ProFAR,GIn — K m,Gln 5
g _ g, ProFAR |
K ProFAR,Glu — K m,Glu ’
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g
K _ Ks K m,Gln |
PRFAR — m,PRFAR Ks >
m,Gln
] & IGP
K _ K m,AICARK m, Glu K IGP .
Glu,IGP,AICAR — )
LIGP, & IGP
K GluK Glu,IGP + K IGPK m,Glu
K
|- J— g Glu 8 .
KGlu - Km,Glu K Kg El KGlu > Km,Glu )
Glu m, Gl
g g
— kcat Km, GluK Glu g
k—z - :*KGlu >KmGlu >
KEKS . K., —K% ’
eq ™ m,Gln Glu m,Glu

BIOCHEMISTRY (Moscow) Vol. 69 No. 12 2004

s g IGP
K — K m,AICARK m, GluK GluK Gl IGP .
IGP,AICAR s g,IGP) ’
Km,Glu (KGluKGlu,IGP + KIG m,Glu
4 g, IGP
K — Km,AICARKm,Glu KGluKGlu,IGPKIGP
AICAR Gl —

s g,IGP) ’
Km,IGPKAICAR (KGluKGlu,IGP + R pfincn

H s g IGP
— kcat Km,AICAR Km,GluKGluKGlu, IGPKIGP
ORIRE e KE Ko Ko rop + K iopK ESF
eq” m PRFAR " m,Gln Glo*™> Glu, IGP IGP* m, Glu

Substitution of these relationships into Egs. (10) of
the main text gives Egs. (11).



