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The kinetic mechanism of SCS [succinyl-CoA (coenzyme A) synthetase], which participates in the TCA (tricarboxylic
acid) cycle, ketone body metabolism and haem biosynthesis, has not been fully characterized. Namely, a represent-
ative catalytic mechanism and associated kinetic parameters that can explain data on the enzyme-catalysed reaction
kinetics have not been established. To determine an accurate model, a set of putative mechanisms of SCS, proposed
by previous researchers, were tested against experimental data (from previous publication) on SCS derived from por-
cine myocardium. Based on comparisons between model simulation and the experimental data, an ordered ter-ter
mechanism with dead-end product inhibition of succinate against succinyl-CoA is determined to be the best candidate
mechanism. A thermodynamically constrained set of parameter values is identified for this candidate mechanism.
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INTRODUCTION

The substrate-level phosphorylation of nucleoside diphosphate
catalysed by SCS (succinyl-CoA synthetase) is the only reac-
tion in the TCA (tricarboxylic acid) cycle that is near reversible
under physiological conditions [1]. In addition to its role in the
TCA cycle, the SCS reaction is a part of ketone body metabolism
[2] and haem biosynthesis [3] pathways. Abnormal SCS activit-
ies are associated with diabetes and neurodegenerative diseases
[4-6].

Several competing models for the catalytic mechanism of SCS
have been proposed based on kinetic studies. Kaufman [7] pro-
posed that an enzyme-bound phosphoryl derivative of CoA serves
as an intermediate in the mechanism (Figure 1A) based on ex-
change experiments performed with the spinach enzyme. In this
mechanism, orthophosphate stimulates the exchange of succinate
with succinyl-CoA and CoA inhibits the exchange of ADP with
ATP [7]. Later, Cleland proposed a partially random mechanism
with dead-end complexes (Figure 1B) to fit the data reported by
Cha and Parks [8] who used azaGDP and azaGTP as substitutes
for GDP and GTP in some of the initial velocity studies. Four
main conclusions were drawn from these studies. First, at least
one product was released from the enzyme between the time of
addition of the two substrates, phosphate and azaGDP/succinyl-

CoA in the CoA formation reaction. Secondly, no product was
released between the addition of azaGDP and succinyl-CoA in
the CoA formation reaction. Thirdly, no product was released
between the addition of CoA and azaGTP in the succinyl-CoA
formation reaction. Finally, for the succinyl-CoA formation re-
action, succinate bound to the enzyme after a product was relea-
sed with its low concentrations, but before a product was released
with its sufficiently high concentrations. Cha et al. [9] and Moyer
et al. [10] proposed a Hexa-Uni Ping Pong ter—ter mechanism
with enzyme-bound CoA as a high-energy intermediate (Fig-
ure 1C) according to their finding that the exchange of GDP with
GTP only required Mg?* and the exchange of phosphate and
GTP required CoA and Mg>*. Hager [11] proposed a mech-
anism similar to that of Kaufman [7] with a different releasing
order for the products succinate and CoA (Figure 1D) based on
the possibility of the existence of an undissociable enzyme-bound
succinyl phosphate as an intermediate. Although Hager argued
against the existence of this intermediate, Bridger [1] argued for
it. Nishimura [12,13] reported direct evidence for the intermedi-
ate from experiments using Escherichia coli SCS. Kohn et al. [14]
proposed a simple ordered ter—ter mechanism (Figure 1E) based
on two assumptions: first, the concentrations of substrates always
exceed their respective K, values; second, the flux is primarily
controlled by the deviation of the mass action ratio from the equi-
librium constant. Finally, Moffet and Bridger [15,16] proposed a

Abbreviations used: AIC, Akaike information criterion; SCS, succinyl-CoA synthetase; TCA, tricarboxylic acid.
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Figure 1 Kinetic steps of candidate models

(A) Mechanism proposed by Kaufman [7]: enzyme-bound phosphoryl
derivative of CoA as an intermediate. (B) Mechanism proposed by Cle-
land [8]: a complicated fully random with dead-end complexes. (C) A
Hexa-Uni Ping Pong ter—ter mechanism proposed by Cha et al. [9] and
Moyer et al. [10]: high-energy enzyme-bound CoA as an intermediate.
(D) Mechanism supported by Nishimura [12,13]: enzyme-bound suc-
cinyl phosphate as an intermediate. (E) Ordered ter-ter mechanism
proposed by Kohn et al. [14]. (F) A partially random sequential kinetic
mechanism proposed by Moffer and Bridger [15,16].

partially random sequential kinetic mechanism (Figure 1F) based
on initial rate kinetic studies of E. coli SCS. In their studies, CoA
and succinate appear to be kinetically equivalent in the succinyl-
CoA formation reaction, analogous to succinyl-CoA and phos-
phate in the CoA formation reaction; succinyl-CoA should be
released before ADP was released. However, they report that the
ordered ter—ter mechanism was a reasonable approximation [16].

Although these studies point to several plausible catalytic
mechanisms, controversial issues remain and no model has been
shown to sufficiently explain all of the relevant data. In the present
study, these catalytic mechanisms are used to build a set of math-

ematical models representing the mechanisms. Model simula-
tions are compared with experimental data to eliminate candidate
models and determine a consensus mechanism that best explains
experimental observations.

EXPERIMENTAL

The strategy used in the present study is to use quasi-steady-state
approximations to express reaction fluxes in terms of activities of
chemical species, in which the effects of pH, ionic strength and
cation binding to biochemical species are explicitly accounted
for in the analysis of the data [17,18]. This strategy can maintain
the relationship between the kinetic constants and the reaction
equilibrium constant and will be useful to analyse kinetic data
from other enzymes.

Reaction thermodynamics
SCS catalyses the reversible reaction:

GDP + SCoA + P; <> GTP + SUC + CoA (1

a biochemical reaction in which each biochemical reactant rep-
resents a sum of rapidly interconverting chemical species. Ab-
breviations and associated species of each reactant are defined in
Table 1. The corresponding reference chemical reaction is:

GDP*™ + SCoA™ + P} <> GTP*~ + SUC*™ + CoA™ +H"
@3]
where a superscript is used to indicate the charge of chemical
species. The equilibrium constant is defined as:

K _ ([CoA’][SUCZ*][GTP“’][Hﬂ)
“ U [GDPISCoAIP] /,

3

The standard Gibbs free energy (7'=298.15K, I=0M),
computed via:

AGY = AngoA + AfG(S)UC + AfGOGTP - AfG%DP - AfG(S)COA
—A¢G}. = 56.55k] /mol “)

is related to the equilibrium constant K., via the standard rela-
tionship A,G® = —RT In K,

Binding polynomials are used to account for the relationship
between species and reactant concentrations. For example,

[CoA™] = [CoAl/ Peoa (5)

where [CoA] is the total reactant concentration and Pc,a is the
binding polynomial for CoA. The binding polynomial for reactant
Jj is a function of the pH and free concentrations of metal cations
[19]:

h h? Mg**t h[Mg>*
P =1+ n (Mg™] (Mg™]
Khl,j Khl,thZ,j KMgl.j Khl,thMg.j
[Mg2+]2

Q)

Kyig1,j Kvg2, j
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Table 1 Thermodynamic parameter values for SCS (values computed for T =298.15 K)

All of the values come from Li et al. [19].

Reactant Abbreviation Reference species A¢G° (kJ/mol) (at I=0 M) lon-bound species pK (atI=0.1 M)
Co-enzyme A CoA CoA~ —-57.17 COASH®° 8.17
Guanosine diphosphate GDP GDP3- —1904.22 HGDP2~ 6.505
H,GDP~ 2.8
MgGDP ~ 3.4
Guanosine triphosphate GTP GTP*— —2768.10 HGTP3 - 6.63
HoGTP?~ 2.93
MgGTP2~ 4.31
MgHGTP ~ 2.31
Orthophosphate P pP2- —1096.10 HP; ~ 6.78
H,P;° 1.945
MgP;° 1.823
MgHP; + 0.669
KP; ~ 0.5
Succinate suc suc?- —589.56 HSUC~ 5.275
HoSuCP 4.02
MgsucP 1.355
MgHSUC * 0.62
KSUC ~ 0.43
Succinyl-CoA SCoA SCoA~ —471.06 HSCOA° 3.99

where h is the hydrogen ion activity (h=10"P1), and the K
values represent cation dissociation constants, obtained from Li
et al. [19]. For the calculations used here, all values are corrected
for the effects of temperature and ionic strength as detailed in Li
et al. [20]. Thermodynamic data used in this study are listed in
Table 1.

The activity, a, of a chemical species is defined as the
product of an activity coefficient, y, and species concentration, c:
a=1y -c. The activity coefficient y is estimated from the extended
Debye—Hiickel equation [21,22]:

(T2 12

ny = -2 7
V=TT B 0

where [ is the ionic strength in Molar (M) units, z is the valence
of species, and B is an empirical constant taken to be 1.6 M~ /2,
The quantity «(7) is an empirical function that varies with tem-

perature:

a(T) = 1.10708 — (1.54508 x 1073)T + (5.95584 x 10~%)T?
®)

where T is in Kelvin (K) units.

Fundamental kinetic mechanisms

Studies found SCS is widely expressed in mouse, pigeon,
pig and human tissues [23]. The percentage identities of B-
chain sequences of mammalian SCS from mouse, pigeon and
human tissues are at least 89 %, and B-subunit of pig SCS
has the highest identity (=94 %) to human compared with
mouse and pigeon [23]. Since the most complete available ex-
perimental data on SCS kinetics are associated with the en-

zyme derived from pig heart [8], we use this set of data to
identify and evaluate the competing models. Six previously
proposed putative mechanisms for SCS are illustrated in Fig-
ure 1. As mechanism F was proposed for E. coli SCS (which
has a different structure from mammalian SCS [1,24]), and
itis effectively approximated by mechanism E [15], we exclude it
from our list of competing models. Therefore there are in total
five mechanisms in our test list, as summarized in Table 2.

Derivation of quasi-steady-state models

Since the total amount of enzyme is much lower than the ini-
tial reactants concentration used in Cha and Parks’ experiments
[8], quasi-steady-state and quasi-equilibrium approximations are
used to represent the kinetics of the enzyme-catalysed reaction.
Expressions for rate equations, the Michaelis (K,) and inhibition
(K;) constants of mechanism B, C and E have been provided by
Cleland [8,25] and Segel [26]. Applying the methods of Cleland
[25], the rate equations for mechanisms A and D are derived as
detailed in the Appendix.

Model parameterization

As in Mescam et al. [18], an effective charge is assigned to each
enzyme—substrate complex in order to account for the effects of
ionic strength on the kinetics. (This is necessary because the ionic
strength of the reaction media in the experiments of Cha and Parks
ranges from 0.1122 to 0.2163 M, resulting in an estimated activ-
ity coefficient range of 0.7289-0.7721 for a monovalent species
and 0.0063-0.0159 for a quadrivalent species such as GTP*~.)
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Table 2 A list of models and corresponding mechanisms

No. Mechanism Reference(s)
1 A: partial random sequential kinetic mechanism with enzyme-bound phosphoryl CoA as an intermediate [7]

2 B: complicated fully random with dead-end complexes kinetic mechanism [8]

3 C: hexa-Uni Ping Pong ter—ter mechanism with high-energy enzyme-bound CoA as an intermediate [9,10]

4 D: partial random sequential kinetic mechanism with enzyme-bound succinyl phosphate as an intermediate [12]

5 E: ordered ter-ter kinetic mechanism [14]

0, 3-, 0, -
ki acpy” h ks -ascon
E? ————— E-HGDP?® ————— E‘HGDP-SCoA®
o 1]
:{‘.| k—l‘
/] A
|2
< F"‘u
= ' =
3" 9,3 f- ‘;:‘
B E-HGDP-SUC®) 1.
’ k-_ﬁ“‘ﬂsu'z-‘hz k-4“‘ﬂton_ /
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Figure 2 Ordered ter-ter mechanism with dead-end of succinate binding to enzyme state 2
ki° is the rate constant at T=303.15 K, a is the chemical activity variable for each chemical species, h is the hydrogen
ion activity, and Kq is the dissociation constant of succinate from the dead-end complex E - HGDP - suc4-),

Assigned charges for the ordered ter—ter mechanism (mechanism vskQy - vak®s - yuklg

E) with charged enzyme—substrate complex are shown in Fig- kﬂ)r B (ps k?_ E V4k35 +ys kg_ W V4 k0+ . kaﬁs k?_ 6)’
ure 2, as an example. Since the experimental temperature and pH

value was held constant at 303.15 K and 7.4 respectively in all of K, =
experiments to be analysed here [8,27], we can define:

Koakisk g
kio(kiakys + kiakis + kiskie)

. 0 . o 2 _ V5k9r4 : V4k25 : V4k9fa
Koy = Kyih, ks = sh ® yoky - (vskQy - vakQs + vskly - vakls + viklskls)
kyskye(k_z + kis)

)

where &;° is the rate constant at T=2303.15 K and # is the hy- Kpnc =
drogen ion activity. After assigning charges to each state, the kia(kyakys + kiakyo + kiskie)
individual rate constants take the form k = y.k° , where y is the )/4k9, 5 J/4k3 6" (y5k93 + )/skg 2

)

sk - (yskdy - V4k35 + yskQy - yakls + )’42]‘35/‘26)

k_1k_o(k_3 + ky4)

activity coefficient with absolute value of charge c of the corres-
ponding enzyme—substrate complex. For example, as shown in
Figure 2, E-HGDP®~) has two negative charges, and it related K, p =

to two rate constants k°; and k%, as the reactant, therefore k_gtkrko+k k3 +k 2k 3)
k= yzkgl and k., = yzkgz . Thus, the rate constants are: B Vzkgl . J/3k0_2 . (V5k0_3 + y5k3_4)
vk (kC - ysk®y + kD sk 4 sk, - ysks)”
ket = Koy oy = 73K, Ko = 1k, ks = yik, i (”k lk”k 2 S sl S i)
_1k 2k 3
_ .30 20 _ 0 0 Ko =
kiz = V3k+3v k3 =ysk 3, kia= V5k+4s k_g = yak—,, Q k_s(k_tk_y +k_k_3 + k_sk_3)
kis = yaks, kos = yak®s, kyo = vakle. ko = k% (10) B YakO, - sk, - yskO,
© yakOsh? (k% - yskC, 4 1ok - sk + sk, - ysky)
where the activity coefficients are calculated from eqn (7). Mi- Vifiss ok - yshZy - 7ahsy - yshos + ks, - vskos)
chaelis (K,) and inhibition (K;) constants, and maximum velo- Kox = k_1k_2k_3
cities (V) for this mechanism are computed as follows: " k_g(k_1k_o +k_1k_3 + k_sk_3)

(U 0 . 0
k+4k+5k+6 — }/2](_1 VSk_z VSk_3

Kps = 0 . 0 . 0 0 . 0 0 . 0y’
& ki (kyakos + kiskye + kiskig) kg - (k| - y3kZy + 1okl | - yskZs + y3kZ, - skl )
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For the dead-end inhibition step shown in Figure 2, the disso-

L . E?D) -~
ciation constant is K;o = %
7
e, [E(lo)l[a 3-1 Vzkol (4-)
Substituting ——2— = =1 = K;,, we have [E; '] =

[E; 1 kyyh
(ES Mlagyca-1 __ lagpps- llagyca- | [E”]
Kio - KiaK10 [

Defining A = agpps-, B = dscoa-, C = ap-, P=acn- Q=
agyc2-, and R = agpps-, and, the overall rate equation is:

Vit Vr (ABC —

Original Paper

free ion concentration of each species in the buffer on the basis of
mass and charge balances [20]. Estimated ionic strength ranges
are reported in the legends to Figures 3, 4 and 6.

Model fits to data

To estimate model parameters and evaluate the ability of candid-
ate models to explain the data, an objective function was defined
as the sum of normalized squared differences between model
predictions of reaction flux and measured data:

VarReactant . expra
sim
FixReactant Z (Ji, i Ji, j )

12
M=y 3 = (15)
iFig=5  i=1 3 ( J,?;P)z
=t

where Jf‘Jm is the simulated flux and Jf’;p is the experimental flux.
Model parameter estimates were obtained (using the fmincon
function in MATLAB) by minimizing the sum-of-squared-errors
objective function. Based on this analysis, mechanisms A and E

PQR )
Kt’qulm

Viur Kia Kip Kine(1 + AQ/Kio /K 0) + Viur Kis Knc A + Viur Kia KupC(1 + AQ/ Ko /K1)

+erKmCAB + erKmBAC + erI(mABC(1 + AQ/Kia/KIQ) + erABC

Vs Kir KmoP Vi Kig KmpR Vs KmrPQ

RO (1 4+ AQ/ Ko/ K g) + —ete=mtm B2 (1 AQ/Kia/K o)
eq _sim eq_sim eq_sim

+meKmQPR + Ving KmpQR Vinf PQR Vinf Ko Kir AP Vinr Kia K pCR

Keq_sim Keq_sim Keq_sim KiqKeq _sim Kir

Vinf KmoKirABP | V,,, K, \BCR + Vinf KmrAPQ - | Vinr Ko Kins CQR

KiaKibKeq _sim Kir KiaKeq _sim Kiq Kir

Ving Ko Kir ABCP Ving Kip Kmr ABCQ Vins Kmr ABPQ Vinr KmaBCQR

KmK[bK[cKqu[m KmK[bK[rKqu[m KmK[bKqu[m Kthir
+ Vinr Kim 4 Kic BPQR Vinr Kia Kmp CPQR Viny Kmr ABCPQ Vinr K aABCPQR (12)

KipK[inr KipK[qK[r KiaK[bKicKquim

0 20 20 ;0 ;0 ;0
where K. . = ketkiskiskiakiskye _ KoikpRishiakishie 1
€q-Stm T k_yk_ok_sk_sk_sk—e — kO kO k0 k0 k040 h”

Since the net production is equal to the net consumption in equi-

librium, we can show that:

k) agpp-h - kK ascon- - kSsapa- - k4 - ks - kg
=K, k%, KC, -k yacen- - K sasuc-h? - k2 gagrp- (13)
Combining eqn (3) and (13) we obtain a definition of the
constant Kq sm in eqn (12):
R R K

OO KO,k K0 k0 KO

= Keq,sim -h (14’)

RESULTS

lonic strength calculations

Data from Figures 5-12 of Cha and Parks [8] were compared
with predictions from the five competing test models. For each
data point, ionic strength was estimated based on estimating the

KipKigKir

were found to be able to match the majority of the data of Cha and
Parks. (Corresponding simulation results for mechanisms B, C
and D, which are not able to match the experimental observations
simultaneously, are shown in the Appendix.)

Figure 3 illustrates model predictions based on mechanism
A; Figure 4 illustrates predictions based on mechanism E. Al-
though mechanisms A and E are able to match most of the exper-
imental data, mechanism A is unable to reproduce the phosphate-
dependent inhibition of the reverse reaction illustrated in Fig-
ure 3(F), where the dashed line is the case of [P;] equal to zero,
the solid line is the case of [P;] equal to 1 mM, and the dashed-dot
line is the case of [P;] equal to 2 mM. Similarly, mechanism E is
unable to reproduce the succinate-dependent inhibition of the for-
ward reaction illustrated in Figure 4(D), where the dashed line is
the case of [SUC] equal to zero, the solid line is the case of
[SUC] equal to 0.5 mM and the dashed-dot line is the case
of [SUC] equal to 2 mM.

To better match the experimental data and account for these
phenomena, mechanism A was modified by adding dead-end
binding(s) of phosphate and/or succinate to the mechanism (as

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
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Table 3 Comparison of optimal object value and AIC number
for different dead-end binding(s) of mechanisms A and E

Dead-end Optimal Total

Mechanism binding(s) M parameters AIC

A No 0.2552 20 45.0833
A P; 0.5460 21 98.943
A suc 0.4866 21 90.9383
A P; and SUC 0.1994 22 29.9353
E No 0.2583 20 45.9225
E suc 0.1345 21 1.56972
E SCoA 0.2541 21 45.7831
E SUC and SCoA  0.1340 22 2.31087

shown in Figure 5A), and mechanism E was modified by adding
dead-end binding(s) of succinate and/or succinyl-CoA to the
mechanism (as shown in Figure 5B). For example, for mechanism
E, trial model with dead-end succinate binding at enzyme state 2
(E - HGDP® ™)), model with dead-end binding of succinyl-CoA
at enzyme state 6 (E - GTP“~)) and model with both dead-end
bindings mentioned above in the mechanism were tested against
the data. Similar to Bergman et al. [28], AIC (Akaike information
criterion) is used to show the trade off between goodness-of-fit
and the number of parameters for this new set of candidate models

N
AIC=?1nM+n+120 (16)

where N is the total number of data points (which is equal to 139
here), M is the minimum normalized squared difference between
model estimations and experimental data [eqn (15)], n is the total
number of parameters, the constant term (120) is added to obtain
positive AIC number. Smaller M means better fitting; smaller
AIC means a better model. The testing results of this set of
candidate models are listed in Table 3. The AIC value of mech-
anism E with one dead-end succinate is the minimum. There-
fore it was determined that the ordered ter—ter mechanism with
dead-end product inhibition of succinate against succinyl-CoA

Original Paper

(as shown in Figure 2) is the preferred model among the candidate
models.

Comparisons of the predictions of this model with the exper-
imental data are shown in Figure 6, illustrating that it is able to
simultaneously reproduce all the data of Cha and Parks. Table 4
lists estimated model parameters associated with these fits. Based
on the values of rate constants listed in Table 4 and eqn (14), the
calculated standard equilibrium constant Ky (at 7 =303.15 K)
is 3.1390x 10~ '°. From this the standard Gibbs free energy of
reaction is computed as 55.15 kJ/mol. Accounting for the experi-
mental temperature of the Cha and Parks data [8,27] (T =303.15
K) the standard Gibbs free energy of reaction at 303.15 K com-
puted from the reported thermodynamic data in Table 1 (i.e. after
temperature correction [20]) is A,G° = 56.98 kJ/mol. Thus there
is a difference of 1.83 kJ/mol between the Gibbs free energy
associated with the optimal kinetic parameters and the estimate
reported in Li et al. [19].

Sensitivity analysis

The sensitivity of the model prediction to small changes in para-
meter values is investigated. By repeating the optimization with
one parameter k° constrained to a value +10% different from
the estimated optimal value, the sensitivity of the model fit to
parameter i is calculated:

oMMy max (M £ 0.1 — )|

S;
3X,’/X,' OIM,(X,)

a7
where M is computed from eqn (15) and x; is the value of the ith
k;°. The sensitivity values of estimated parameters are listed in
Table 4. All the estimates are larger than 1, revealing that they
are all sensitive to the data. The most sensitive parameter is k .. 60,
with the value as large as 3.0389x10*. Other highly sensitive
parameters are k_°, k_,°, k3% k_3°, k.40, k5" and k_5°,
with the values larger than 100.

Figure 3

Simulation results of mechanism A, partial random sequential kinetic mechanism with enzyme-bound phos-
phoryl CoA as an intermediate

Panels (A, E and F) plot data from Cha and Parks [8] and the quasi-steady reverse flux at the indicated concentration con-
ditions. Panels (B, € and D) plot data from Cha and Parks [8] on the quasi-steady forward flux assayed under the indicated
concentration conditions. Panel (A) shows data on the reverse reaction flux as a function of total GTP concentration and
four different succinate concentrations, with CoA concentration held fixed at 0.1 mM. Panel (B) shows data on the forward
reaction flux as a function of total GDP concentration and three different inhibitor GTP concentrations, with phosphate
concentration held fixed at 50 mM and succinyl-CoA concentration held fixed at 0.1 mM. Panel (C) shows data on the
forward reaction flux as a function of total succinyl-CoA concentration and three different inhibitor CoA concentrations, with
phosphate concentration held fixed at 1.0 mM and GDP concentration held fixed at 0.05 mM. Panel (D) shows data on the
forward reaction flux as a function of total succinyl-CoA concentration and three different inhibitor succinate concentrations,
with phosphate concentration held fixed at 1.0 mM and GDP concentration held fixed at 0.05 mM. Panel (E) shows data on
the reverse reaction flux as a function of total CoA concentration and three different inhibitor phosphate concentrations,
with succinate concentration held fixed at 50 mM and GTP concentration held fixed at 0.1 mM. Both panels (F) and (G)
show data on the reverse reaction flux as a function of total succinate concentration and different inhibitor phosphate
concentrations, with CoA and GTP concentrations held fixed at 0.1 mM. Panel (F) shows relatively low concentrations of
succinate and phosphate, while panel (G) shows a greater range of concentrations. Panel (H) shows data on the forward
reaction flux as a function of total phosphate concentration and three different inhibitor succinate concentrations, with
succinyl-CoA and GDP concentrations held fixed at 0.1 mM.
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Simulation results of mechanism E, ordered ter-ter kinetic mechanism
Experimental data are same as in Figure 3.
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(A) Mechanism A with dead-end binding(s) of phosphate and/or succinate. X* is the rapid equilibrium segment as shown
in the Appendix. (B) Mechanism E with dead-end binding(s) of succinate and/or succinyl-CoA.

DISCUSSION

Discrimination of candidate kinetic models

A number of kinetic models of SCS have been proposed since
the 1950s. In the present study, we examine whether these kin-
etic models (labelled A—E) can characterize the data of Cha and
Parks on pig heart SCS with a unique set of kinetic parameters.
By accounting for the effects of ionic strength on chemical spe-
cies involved in fundamental kinetic steps, the optimal parameter
sets are obtained for each kinetic mechanism, and corresponding
simulation results are shown in Figures 3 and 4 and the Appendix.
As revealed from these simulation results, mechanisms A and E

exhibit significantly better agreement with the data, compared
with mechanisms B, C and D.

Although mechanisms A and E represent better candidate
models compared with mechanisms B, C and D, Figures 3 and
4 demonstrate their inability to fit all of the data. Inspection of
Figures 3 and 4 implies the possible existence of dead-end in-
hibitors, for example, substrate inhibition of phosphate against
succinate in mechanism A and product inhibition of succinate
against succinyl-CoA in mechanism E. By systematically testing
different possible dead-end bindings, dead-end product inhibition
of succinate against succinyl-CoA in mechanism E is shown to
significantly improve the fitting and has the minimum AIC num-
ber. Therefore the ordered ter—ter mechanism (mechanism E)
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Figure 6 Ordered ter-ter mechanism with dead-end product inhibition of succinate against succinyl-CoA
Experimental data are the same as in Figure 3.
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Table 4 Optimal object value, estimated parameters and
parameter sensitivities of ordered ter-ter mechanism with
dead-end product inhibition of succinate against succinyl-CoA
k;° is the rate constant at T=303.15 K.

Adjustable Optimum
parameter estimated value Sensitivity Units
Optimal M 0.1345 -
ky1© 4.6151x10° 1.9040 M-2.s-1
k_4° 1.6353x10°° 137.3615 st
k,o° 2.2409x10-5 56.9336 M-1.s~1
k_o° 8.6278x10-10 2668.4195 st
k43 3.1299x10-© 667.7291 M-1.s-1
k_3° 6.5016x10~7 336.2064 s 1
ky4° 1.1666x10~° 240.2766 st
k_4° 0.0295 9.6611 M-1.s~1
ki 5° 1.4717x107 203.22922 s—1
k_sg° 5.3242x101° 112.7709 M-3.s-1
kel 6.8965x10~° 3.0389x10* st
k_g° 0.0847 1.9967 M-1.s-1
K suc 1.4686x10* 22.4362 M
vmf (plot A) 3.6824x10°2 45.1435 M-s—1t

'mf (plot B) 4.0583x10~2 31.8047 M.s—1

ot (plot C) 5.6983x10 2 24.4405 M.s—1

'mf (plot D) 5.7445x102 24.2672 M.s—1

Vi (plot E) 4.1777x10-2 31.1471 M.s—1
Vi (plot F) 8.6628x102 16.9286 M.s—1
Vo (plot G) 1.9710x10-2 68.5088 M.s—1
Vs (plot H) 3.1144x102 31.1762 M-s—1

with dead-end product inhibition of succinate against succinyl-
CoA is judged to be the optimal kinetic model that simultaneously
matches the data of Cha and Parks. To our knowledge, this model
represents the first thermodynamics-constrained kinetic model
that is able to characterize a complete set of kinetic data of mam-
malian SCS.

Consideration of ionic strength effects
In this kinetic study, the effects of ionic strength effects are con-
sidered for chemical species during fundamental steps, by fol-
lowing the methodology previously demonstrated in Mescam et
al. [18]. More traditionally such effects are ignored by treating
the maximum velocities (V,), the Michaelis (K,,) and inhibition
(K;) constants as the adjustable parameters in the model. These
parameters are constrained by Haldane relationships. For ex-
ample, the Haldane relationships for ordered ter—ter mechanism
are:

KipKigKir _ VinyKpKigKir
* KiKiKic  VirKioKinKnc

K, (18)
Where K, denotes the apparent equilibrium constant, the sub-
script f indicates the forward reaction, r indicates the reverse
reaction, a, b and ¢ (C) denote the substrates, and p (P), ¢ and
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r denote the products. In either formulation, the number of ad-
justable parameters in the model equals to the total number of
parameters minus the number of independent Haldane relation-
ships. The Appendix summarizes the independent Haldane rela-
tionships for each mechanism studied here. However, eqn (11)
clearly shows that the Michaelis (K,) and inhibition (K;) are
functions of temperature and ionic strength, which means that
they have different values under different temperatures and ionic
strength conditions. Our strategy uses rate constants as para-
meters, which may be estimated by the Arrhenius relation as
functions of temperature only. Furthermore, our strategy impli-
citly accounts for the relationship between reaction equilibrium
constant and rate constants.

Other candidate model

Previous studies of E. coli SCS revealed the existence of
phosphoenzyme (E-P;) [1,29,30] and enzyme-bound succinyl
phosphate (E - Succinyl-P;) [12] as enzyme intermediates. Since
a previous structure study of pig heart GTP-specific SCS also
supported that the dephosphorylated structure of the enzyme can
be stabilized by the binding of a phosphate ion [24], we assumed
that phosphoenzyme and enzyme-bound succinyl phosphate are
also enzyme intermediates in pig heart SCS and evaluated the
mechanism, as shown in Figure A6 of the Appendix. This mech-
anism accounts for two enzyme subunits, labelled « and S. In
this mechanism, phosphate ion binds to the o subunit to stabil-
ize the enzyme, forming the intermediate phosphoenzyme. Sub-
sequently, succinyl-CoA is added and CoA is released to form
the intermediate enzyme-bound succinyl phosphate. After suc-
cinate is released, GDP binds to (the N-terminal domain of) the
B subunit, and the active-site histidine residue swings to the GDP-
binding site to shuttle the phosphoryl group [31]. Finally, GTP
forms then releases from the enzyme. This mechanism can be
simplifies to a Bi—Bi—Uni—Uni ter—ter kinetic mechanism (Fig-
ure A7). However, simulations of this model are not consistent
with the Cha and Parks’ data (as shown in Figure A8), indicating
that the assumption of phosphoenzyme and enzyme-bound suc-
cinyl phosphate as intermediates in pig heart SCS cannot explain
the data. Therefore this proposed mechanism is excluded.

Roles of inorganic phosphate in regulating SCS
reverse flux

Cha and Parks [8] found that the initial reaction velocity of the
reverse reaction decreased with increasing concentration of the
product inorganic phosphate. However, a conflicting result was
reported by Phillips et al. [32], who proposed that SCS is activated
by increasing phosphate concentration. Since the Cha and Parks’
data conflict with the data of Phillips et al., both datasets cannot
be resolved in a single model. Further experiments are required
to elucidate the possible effect of phosphate on the reverse flux
of SCS.
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Conclusions

In the present study, in order to account for the effects of ionic
strength on the kinetics of pig heart SCS, each enzyme—substrate
complex is assigned by an effective charge for each fundamental
step, and rate constants are as parameters to integrate modelling.
The ordered ter—ter mechanism with dead-end product inhibition
of succinate against succinyl-CoA is shown to effectively match
kinetic data on pig heart SCS. To our knowledge, this model rep-
resents the first thermodynamic-constrained kinetic model that is
able to characterize a complete set of kinetic data of mammalian
SCS. However, conflicted findings exist for the roles of inorganic
phosphate in regulating SCS reverse flux. Further experiments are
required to probe the possible effect of phosphate on the reverse
flux of SCS.

APPENDIX

Rate equation derivation of mechanisms A and D
Substrates are designated by the letters A, B and C in the order of
adding to the enzyme, and products are denoted by the letters P, Q
and R in the order of leaving the enzyme. Comparing mechanism
A with mechanism D, the difference is the sequence of products
P and Q. That means that the basic figure of mechanisms A and
D is the same, as shown in Figure Al.

According to the method presented by Cleland [25] to write
the rate equation in coefficient form, there are in total 52 terms
in the denominator of the rate equation (of mechanisms A and
D) and 16 square terms among them. Then rapid equilibrium
assumption is applied to simplify the rate equation. By assuming
that the dissociations of EA, EB and EAB in Figure Al are very
rapid compared with the rates of the forward steps, and

o _ ko _ ke [EIA] _ [EBJIA]
"“ ki ka  [EA]  [EAB]
K, = K2 _ ks _[EIB] _ [EAIB] A
ki2 ki [EB]  [EAB]
we can assign
[X] = [E] + [EA] + [EB] + [EAB] (A2)

ksfs ke
xZ kP NEQ o F ;{ (FC+ER)
-6 -7

kofiR

ks

Figure A2 Basic figure of mechanisms A and D with rapid equilib-
rium segment
fs and fg is the fraction of [EAB] and [E] in [X] respectively.

which represents the rapid equilibrium segment.

Then, the basic figure can be condensed to Figure A2. From
eqn (Al), [EA], [EB] and [EAB] can be expressed as functions
of [E]:

[EA] = [;A][E]
Ky

[EB] = @[E]
Kz

_ [A][B]
[BAB] = L= [E] (A3)

Combining eqns (A1)-(A3), the fraction of [EAB] and [E] in
[X], which denotes fs and fg respectively, can be calculated:

f= [A][B]
> 7 KaKs+KslAl+ Ka[B]+[Al[B]’
fi = alLl (A4)

K Kp+ KplA]l+ KalB] + [Al[B]

The rate equation can be expressed as v = kisf5[X] —
k_s[P][EQ]. Using this expression to rewrite the rate equation
in coefficient form, as shown in equation (AS5), there are only 20
terms in the denominator and all the squared concentration terms

ky EA A’:B
k_] %'“\
E

; ke k:C
EAB+EPQ) F (FC+ER)
EB! 5 NP QK
%\ A
EB i
ksR
ks
Figure A1  The basic figure of mechanisms A and D
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Figure A3 Simulation results of mechanism B, complicated fully random with dead-end complexes kinetic mechanism

[8]
Experimental data are the same as in Figure 3.
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Experimental data are the same as in Figure 3.
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Figure A5 Simulation results of mechanism D, partial random sequential kinetic mechanism with enzyme-bound succinyl
phosphate as an intermediate [12]
Experimental data are the same as in Figure 3.
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are eliminated by rapid equilibrium assumption.
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+ KmPKiq + ?([rb + Keq + Keq + Keq
Ving Kmr Kip[A][BIQI Ving Kmo Kir [A]IC][P] Ving Kmr[AI[PI[Q]
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where And, Haldane relationships are:
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Figure A7 Bi-Bi-Uni-Uni ter-ter kinetic mechanism
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Figure A8 Simulation results of proposed Bi-Bi-Uni-Uni ter-ter mechanism
Plots (A)—~(G) correspond to Figures 5-12 respectively in Cha and Parks [8]. The simulation results are shown as lines,
and experimental data are shown as points. Experimental data are the same as in Figure 3.
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Independent Haldane relationships for each
mechanism

Mechanism Independent Haldane relationships
A Koo — KipKiqKir __ Vint Kmp KigKir - Vinr K Kiq Kir
eq KiaKivKic Vinr Kma Kin Kic Vinr Kmg Kia Kic
_ Vit KmrKipKiq
T Vi Kmc Kia Kip
B K. — KipKmo Kir — Vit Kmo KipKir — Vit Kmo KipKir
e KiaKmg Kic Vinr Kmg Kmc Kia Vinr Kma Kme Kib
_ Vit KmrKipKiq Vi Kmp Kmo Kir
T Vi KmgKmcKia — Vir KmaKinKic
c Koo = KipKiqKir Vit Kmp KigKir - Vinr Kimg Kip Kir
eq KiaKivKic Vinr Kma Kin Kic Vinr Kimg Kia Kic
_ Vit KmrKipKiq
T Vi Kmc Kia Kip
D Koo = KipKiqKir __ Vint Kmp KigKir - Vinr Kmp Kiq Kir
eq KiaKivKic Vinr Kma Kin Kic Vinr Kmg Kia Kic
_ Vi KmrKipKiq
T Vi Kmc Kia Kin
E Ko = Kikiaie _ VorKoe Kiahi
& KiaKivKic Vi Kia Kib Kimc

Alternative mechanism for pig heart GTP-specific
SCS

An alternative mechanism proposed for pig heart GTP-specific
SCS is shown in Figure A6: the smaller box denotes «-subunit,
and the bigger one is f-subunit. Phosphate binds to ¢-subunit
first to stabilize the enzyme. Then succinyl-CoA is added and
CoA is released to form the intermediate enzyme-bound succinyl
phosphate. After succinate is released, GDP binds to (the N-
terminal domain of) the B-subunit, and the active-site histidine
residue swings to the GDP-binding site to shuttle the phosphoryl
group. At last, GTP forms then releases from the enzyme.

Nomenclature

a, activity; B, an empirical constant taken to be 1.6 M~'?2; ¢,
species concentration; A;G° , standard Gibbs free energy of
reaction; &, hydrogen ion activity; /, ionic strength; J;i;“ , the
simulated flux; Jf“’;p, the experimental flux; K, dissociation con-
stant; K.q, chemical (reference reaction) equilibrium constant;
K e’q, apparent equilibrium constant; K;, inhibition constant; K,,
Michaelis constant; k,°, rate constant; M, minimum normalized
squared difference between model estimations and experimental
data; N, total data points; n, total parameter numbers; P;, binding
polynomial associated with reactant j; R, gas constant (8.3145
J-K-!'-mol~1); S, sensitivity; 7, temperature; V., forward
maximum velocity; V., backward maximum velocity; y, activ-
ity coefficient; z, valence of species.
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