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A Biophysical Model of the Mitochondrial ATP-Mg/P; Carrier
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ABSTRACT Mitochondrial adenine nucleotide (AdN) content is regulated through the Ca®*-activated, electroneutral ATP-
Mg/P; carrier (APC). The APC is a protein in the mitochondrial carrier super family that localizes to the inner mitochondrial
membrane (IMM). It is known to modulate a number of processes that depend on mitochondrial AdN content, such as gluco-
neogenesis, protein synthesis, and citrulline synthesis. Despite this critical role, a kinetic model of the underlying mechanism
has not been developed and validated. Here, a biophysical model of the APC is developed that is thermodynamically balanced
and accurately reproduces a number of reported data sets from isolated rat liver and rat kidney mitochondria. The model is
based on an ordered bi-bi mechanism for heteroexchange of ATP and P; and includes homoexchanges of ATP and P; to explain
both the initial rate and time course data on ATP and P; transport via the APC. The model invokes seven kinetic parameters
regarding the APC mechanism and three parameters related to matrix pH regulation by external P;. These parameters are
estimated based on 19 independent data curves; the estimated parameters are validated using six additional data curves.
The model takes into account the effects of pH, Mg+, and Ca®" on ATP and P; transport via the APC, and supports the conclu-
sion that the pH gradient across the IMM serves as the primary driving force for AdN uptake or efflux. Moreover, computer simu-
lations demonstrate that extramatrix Ca®" modulates the turnover rate of the APC and not the binding affinity of ATP, as

previously suggested.

INTRODUCTION

The mitochondrial adenine nucleotide (AdN) pool (AdN =
ATP +ADP +AMP) is regulated by ATP and P; transport
through the ATP-Mg/P; carrier (APC) (1) that is localized
in the inner mitochondrial membrane (IMM). The APC is a
member of the mitochondrial carrier super family SLC25,
including the adenine nucleotide translocase (ANT), the
dicarboxylate carrier, the 2-oxoglutarate/malate exchanger,
and the glutamate/aspartate exchanger (2). Inhibitor titra-
tion experiments have detected at least two APC isoforms
(3), with molecular cloning techniques identifying an addi-
tional isoform (4). This carrier facilitates an electroneutral
exchange between MgATP?~ and HPO4>~ (5), with nonpro-
ductive exchanges of the preferred substrates (1,4,6). While
under physiological conditions the primary substrates for
the APC are ATP (MgATP*>") and P; (HPO4") (5); ADP
(HADPZf) can also be transported via the APC in the
absence of Mg2+ 3).

Transport via the APC is slow compared to oxidative
phosphorylation and is believed to regulate energy homeo-
stasis by controlling the mitochondrial AdN pool size (for
review, see (1,7)). The maximum ATP transport rate via
the APC is only ~4-5 nmol/min/mg at 30°C (1), whereas
for comparison, the maximum P; transport rate via the inor-
ganic phosphate carrier (PiC) can exceed 3000 nmol/min/
mg at the same temperature (8). The carrier requires Ca*"
for its operation (3,9,10), as suggested by the primary struc-
ture that contains several EF-hand motifs that protrude out
into the intermembrane space (2,4). With sufficient Ca*"
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present, the net ATP uptake or efflux is believed to be
primarily controlled by the ATP and pH gradients across
the IMM (5).

By regulating the mitochondrial AdN pool, the APC
plays an important role in modulating the AdN-depen-
dent metabolic pathways, such as gluconeogenesis, urea
synthesis, protein synthesis, and the mitochondrial per-
meability transition phenomenon (1,4,7,11,12). It is impli-
cated in the mitochondrial ATP uptake experiments seen
during Ca”*" loading (13), and may be involved with
mitochondrial Mg®" regulation (14). Evidence pointing
to the need for AN depletion via the APC before the
induction of mitochondrial permeability transition (11),
and the role of APC in preventing stress-induced cell
death (15), makes the APC an attractive pharmacological
target.

Despite its significance, no integrated model of mitochon-
drial bioenergetics incorporates this transporter to account
for mitochondrial AN pool size regulation (16—-18). Here,
a biophysically detailed mechanistic model of the APC
is developed based on an ordered bi-bi mechanism for het-
eroexchange of ATP and P;, which also includes homo-
exchange of ATP and P;. The model consists of seven
kinetic parameters regarding the APC mechanism and three
additional parameters related to matrix pH regulation by
external P;. These parameters are estimated using 19 inde-
pendent data curves; the estimated parameters are validated
using six additional data curves. Model analysis demon-
strates that Ca>" does not regulate the carrier activity by
modulating the ATP affinity, as previously reported by
Nosek et al. (10), but alters the ATP translocation rates as
found recently in yeast mitochondria (19).

http://dx.doi.org/10.1016/j.bpj.2012.08.050
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METHODS

Experimental data for model development
and validation

The structure of the APC has not yet been solved. However, experimental
data on the kinetics of the carrier are available (3,6,10,20). These data
include initial rates on influx/efflux of radio-labeled ATP (AdN) and time
courses on net AAN content of mitochondria with perturbations in extrama-
trix (external) [ATP]. Here, the initial rate data of Austin and Aprille (6),
Nosek et al. (10), and Hagen et al. (3) are used to develop the kinetic model.
The time course data from Austin and Aprille (20) are used to indepen-
dently validate the kinetic model.

The four data sets used here for parameter estimation and model corrobo-
ration all represent measures of AAN uptake/efflux, under a variety of per-
turbations, in isolated mitochondrial preparations. Austin and Aprille (6)
measured the unidirectional influx/efflux rate of tracer labeled ATP in ener-
gized isolated liver mitochondria. Specifically, they measured tracer efflux
rate while perturbing external [ATP] and [P;] as well as matrix [ATP]. They
also measured the competitive inhibitory effect of external [ATP] and [P;]
over ATP influx rate. Nosek et al. (10) quantified the Ca”—dependent nature
of the APC kinetics in liver mitochondria by studying ATP influx as a func-
tion of external [Ca™]. Hagen et al. (3) measured unidirectional influx/efflux
rate of tracer labeled ATP in energized isolated kidney mitochondria. Specif-
ically, they measured tracer efflux rate while perturbing external [Ca®'],
matrix [ATP] (in the presence and absence of external [ATP]), external
[ATP], and external [P;] (in the absence of external [ATP]). They also
measured tracer influx rate while perturbing external [Ca2+], [ATP], and
[Mg*"]. Their data reveal inhibition of ATP influx rate by external Mg*"
above 2 mM. In all experimental protocols measuring unidirectional flux,
the incubation medium contained 5 uM carboxyatractyloside (CAT) to avoid
rapid mixing of the radioactive pool across the IMM via the ANT. The exper-
imental conditions for the isolated kidney and liver mitochondrial studies on
the APC function are outlined in Table 1. The liver and kidney parameters
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P; (HPO4>") exchange. The schematic diagram of the mechanism is shown
in Fig. 1. The APC is assumed to have one binding site on each side of the
IMM. The translocation of the bound substrates (ATP and/or P;) occurs
when both the binding sites are occupied. The carrier facilitates both hetero-
exchange (ATP for P;) and homoexchange (ATP for ATP and P; for P;).

In the proposed mechanism, E1 is the state that first binds to external
substrate, whereas E2 is the state that first binds to matrix substrate. For het-
eroexchange, the E1 (or E2) state is more likely to bind first to external ATP
(or matrix ATP). However, when P; binds first to either E1 or E2, only homo-
exchange of Pi occurs. This assumption was made because the model did not
fit to the available experimental data on ATP/P; exchange when P; binds first.
Furthermore, with a random bi-bi mechanism, the translocation rate of the
substrate-bound conformational states with P; binding first followed by
ATP binding is not necessary to explain the data. For homoexchange, the
binding of substrates is assumed to be random. Either of the external sub-
strates can bind first to E1. Similarly, any of the matrix substrate can bind
first to E2. Once the first substrate binds to the carrier, the second substrate
is able to bind. Thus, there are three different substrate-bound conformations
for E1. Similarly, there are three different substrate-bound conformations for
E2. The values Kt and Kp represent the binding affinity of the APC for ATP
and P;, respectively; kg is the rate of futile exchange between the unbound
states E1 and E2, kg is the translocation rate when ATP is exchanged for
P;, and ky is the translocation rate for homoexchanges. Forward and back-
ward translocation rates are assumed to be equal (21).

APC unidirectional flux expressions

To derive the unidirectional flux expressions via the APC for the ordered
bi-bi mechanism with homoexchange (see Fig. 1), we assume that the
substrate binding to the carrier is much faster than the translocation rates
(22). Consequently, the MgATP?>~ and HPO,>~ bound forms of E1 and
E2 can be expressed as

are estimated independently due to known differences in their kinetics (1,3). [E]P C] = [El] [P]e, [ElT C} = [El} & ,
Kp Kt
H H _ [T] X [T] [ _ [P] X [P] [ 1
Proposed mechanism of ATP/P; exchange via [TxE1T,] = [E1] T [PLE1P.] = [E1] s (1)
the APC T T P P
Based on the available experimental data, an ordered bi-bi mechanism, with [PXElTe} = [P]X [El} @ ,
homoexchanges of preferred substrates, is proposed for ATP (MgATP? ") and Kp K
TABLE 1 Experimental conditions for isolated rat kidney and rat liver mitochondrial experiments
Rat kidney Rat liver
State variables External Matrix External Matrix
[ATP] 1 mM 34 mM 1 mM 8.4 mM
[ADP] 0 mM — 0 mM 1.66 mM
[AMP] 0 mM — 0 mM 2.5 mM
[Pi] 2 mM Calculated using Eq. 15 2 mM Calculated using Eq. 15
[Mg”] 5 mM (total) 0.5 mM (free) 5 mM (total) 0.5 mM (free)
[Ca®!] 5 uM (free) 250 nM (free) 5 uM (free) 250 nM (free)
[K*] 10 mM (total) 130 mM (free) 10 mM (total) 130 mM (free)
Water volume — — 4 mL 0.77 uL/mg protein*
ApH as a function of external [P;]
[Pile— 0 mM 0.5 mM 1 mM 2 mM 4 mM 10 mM
Model' 0.51 0.45 0.39 0.31 0.21 0.12
Data* 0.81 = 0.1 0.66 = 0.03 0.52 = 0.09 0.43 = 0.07 0.22 = 0.11 0.12 = 0.06

See Hagen et al. (3) and Austin and Aprille (6,20). Note also that external pH was fixed at 7.4 in these experiments.
*Final concentration of mitochondria was 1 mg/mL of reaction water volume (20).
TApH values calculated using Eq. 14 with pHy = 0.51, pH,, = 0.11, and kp; = 0.34 mM ",

fApH values reported in Klingenberg and Rottenberg (24).
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where Dy and D, are the binding polynomials for [E1] and [E2] given by
[PE2] = [ ) [E2], [TLE2] = [T]" [E2]
. . Pl (T, PLITI, | [PLIP) [TL[T),
P P Dy =14 4o pixteytxite 4
IT.E2T.] = [K] 2] [K] [P,E2P,] = [K] 2] [K} @ ! K K keke k3T k2 @
T T P P
[Thx 11 [Ple Pl [T). [TL[Pl. [PL[P. [TL[T
mp2p) = [ gy Pl by Pl T TP PLPL (T
Kt Kp’ 2 +K+KT+KTKP+ K3 K3 -
where T denotes MgATP?~ and P denotes HPO,>™; the subscripts e and x Assuming steady-state turnover of the carrier, we have
denote external and matrix spaces. Let [E1],,, be the total sum of all states
involving E1, [E2],, be the total sum of all states involving E2, and [E],., be — kg [El] — ky [TXEITE] — ky [PXEIPe] — kr [PxElTe}
the sum of all states (i.e., [Eloy = [Ellior + [E2]io0)- Solving Egs. 1 and 2 for _
(B 11 e 2] e o + kg[E2] + k[T E2T.] + ku[PxE2P.] + kr[T,E2P,] = 0.
(6)
[El] [El]lol
D ’ 3 Dividing Eq. 6 by kr reduces the number of adjustable parameters by one
[EZ] &) and helps in comparing the activity of the APC in rat kidney and rat liver
[EZ] — mitochondria (see Table 2). Solving the resulting equation for [E1] and
D, [E2] and normalizing with respect to [E];y, we have
[E1] Dy (a,K2K2 + o, K2[T],[T], + o, K2[P],[P], + KeK+[T],[P],) o
Bl (D1 + D2)(2K3K7 + ai K3 [P, [P], + en K3[T],[T].) + KpKr ([T],[Pl.D: + [P],[T].D2)
[E2] D (aoK3K3 + o K3[T],[T], + o, K2[P],[P], + KpKr[P],[T].) ®

[Elo (D1 + Dy)(a2K3K? + a,K3[P], [P], + o, K3[T], [T, ) + KpKr ([T],[P].D; + [P] [T].D;)

4

P,E1P, >| E1P,
‘Q
(@)

P,E2P |€ > E2P,

FIGURE 1 Proposed kinetic mechanism of ATP (MgATPZ’) and P;
(HPO,>") exchange via the ATP-Mg/P; carrier (APC). The mechanism is
ordered bi-bi for heteroexchange and random bi-bi for homoexchange of
ATP and P;. It is assumed that the APC has two binding sites: one exposed
to the external side and the other to the matrix side. Once both the binding
sites are occupied, the APC undergoes conformational change to translocate
the bound substrates. E1 is the unbound state of the APC to which either of
the external substrates can bind first for homoexchanges, but only external
ATP can bind first for heteroexchange. E2 state is analogous to E1 with the
exception that matrix substrate can bind first. Kt and Kp represent the
binding affinity of the APC for ATP and P;, respectively; kg is the rate of
futile exchange between the unbound states E1 and E2, kr is the transloca-
tion rate when ATP is exchanged for P;, and ky is the translocation rate for
homoexchanges. Here, T, and P, represent matrix ATP and P;, whereas 7,
and P, represent external ATP and P;.
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TABLE 2 Estimated/fixed parameter values for rat kidney and
liver mitochondrial APC

Estimated parameters

Value (95% CI*)

Parameter Kidney Liver Unit

Kr 3.98 = 0.82 322 = 0.31 mM

Kp 6.26 = 1.27 2.81 = 0.27 mM

a 0.28 = 0.04 0.69 = 0.10 unitless

o 0.02 = 0.01 0.33 £ 0.26 unitless

Vimax 30.66 = 8.6l 2442 + 2.75 nmol/min/mg protein
Kc,' 1.16 + 0.08* 1.75 = 0.15* uM

nH' 1.76 = 0.10 1.26 = 0.21 unitless
Fixed parameters (ion dissociation constants)?®

Tons ATP Value P; Value
H* HATP*~ 6.48 H,PO, 6.7
K+ KATP~ 1.17 KHPO,~ 0.5
Mg*t MgATP?~ 4.19 MgHPO, 1.81
Ca>t CaATP>~ 3.86 CaHPO, 1.6

*CI, Confidence Interval.

"These parameters were optimized only for those data sets in which external
[Ca®'] is perturbed.

IThese values are close to the values reported by Aprille (1) for half-
maximal activation of the APC.

$pK values are based on temperature 25°C and ionic strength 0.1 M.
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where «; = kylkr and o, = kg/kr are two independent nondimensional
parameters describing substrate translocation. The unidirectional-tracer-
labeled ATP influx/efflux rates via the APC are given by

Jig = f(Ca®*) « (kr[P,EIT,] + ku[T,E1T.])

— (Ot T, (P, . [T, E] O
- f(Ca ) * Vinax KT (K_p+ alK—T> W;

tot

Jer = f(Ca*h) « (kr[T(E2P,] + ky [T E2T,])
[T], ([P]c o [T]e) E2 (10

Kr \K» ' 'K¢) [E],

tot

= f(Ca®) * Vinux

where Vi« = kt[Elwoe [E1)/[El: and [E2)/[E], are as given by Egs. 7
and 8; f(Ca®") is a multiplying factor associated with a Ca*"-dependent
essential activation mechanism for the APC operation (see below). Simi-
larly, the unidirectional P; influx/efflux rates via the APC can be obtained.

The kinetic model of the APC, described by Eqs. 7-10, is governed by five
unknown parameters: Kt, Kp a4, o, and V.. The forward and backward
rate constants (and the forward and backward translocation rates) are
assumed to be equal. The model satisfies microscopic reversibility con-
straints and is thermodynamically balanced (22). The Ca*"-regulation model
of the APC (see below) is governed by two additional unknown parameters.

Ca’* regulation of the APC operation

The APC operation is regulated by external [Ca®"] (9,10). Here, a simple
essential-activation mechanism modulating the turnover rate of the carrier
states is found to be sufficient to explain the available experimental data,

H
, Ca**]"
f(CaH) — % (11)

nH 24qH?

KCa + [Ca ]e
where K¢, is the external Ca>* binding constant for the APC and nH is the
apparent Hill coefficient. The Ca*" regulatory parameters were estimated
based over experiments in which external [Ca®**] was varied. The estimated
parameter values are listed in Table 2 for isolated rat liver and rat kidney
mitochondria.

APC dependence on the ionic concentrations
and ApH

The substrate ionic species (7' = MgATPz’ and P = HPO,%") concentrations
governing the APC operation are computed using the equilibrium relationships

[ATP][Mg?*]10PKmeate
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trations were not reported for each data set, their values were set at physiolog-
ically realistic values, as listed in Table 1. For example, matrix [Mg>'] is
estimated to be between 0.2 and 0.8 mM (23). A concentration of 0.5 mM is
used because it was found that the ATP flux does not vary by >15% for matrix
Mg?" between 0.2 and 0.8 mM. Matrix [Ca®"] and matrix [K'] are set at
250 nM and 140 mM, respectively.

Several studies (24-26) reported a decrease in pH gradient (ApH) across
the IMM with increasing [P;] in the incubation medium. To model this
decrease in ApH as a function of increasing external [P;], we use the
expression

ApH = ApHge "l 4 ApH,, (1 — e *Pl) - (14)

where ApH, and ApH,, are the pH gradients across the IMM at zero and
infinite external [P;], respectively; kp; is the slope of ApH decay at zero
external [P;]. The three parameter values governing the ApH variation
with external [P;], listed in Table 1, were estimated based on fits to the
kinetic data, described below. Given the values in Table 1, ApH is >0.3
at external [P;] equal to 2 mM and is close to the ApH range determined
by Joyal and Aprille (5) for an incubation medium not containing carbox-
yatractyloside (CAT), an inhibitor of ANT. With ApH estimated from
Eq. 14 as a function of external [P;], the matrix pH was calculated as
pHx = pH. + ApH.

The APC transport rate is slow compared to both the inorganic phosphate
carrier (PiC) and the dicarboxylate carrier transport rates (7). Because the
PiC transport rate is relatively fast, the matrix [P;] is effectively controlled
by the pH gradient across the IMM (see Joyal and Aprille (5)). Therefore,
the matrix [HPO?™] is estimated as

[HPO; ™| = 10°**"'[HPO;"] (15)

e’

which is used in Eqgs. 7-10 for computing the APC unidirectional fluxes.

Time course of net AdN content changes

To determine the net uptake or loss of AN, Austin and Aprille (20) em-
ployed an acid-extraction method. During these time-course experiments,
no CAT was present in the incubation medium. However, because the mito-
chondria were energized and the matrix ATP/ADP ratio was much greater
than one, the exchange of external ATP for matrix ADP did not occur or was
minimal via the ANT over the duration of these experiments (27). The mito-
chondrial ATP content is modeled by integrating Eqs. 9 and 10 from some
foto t:

[ATP] () = / (Jint — Jege ) dlt. (16)

fo

[MgATP*"| =

1+ [Hﬂ 10PKuate 4 [K+]1OPKKATP + [Mg2+]1OPKMgATP + [Ca2+]10pKCuATP ’

12)

[Pi]

HPO | =

where [H'], [K'], [Mg”], and [Ca®*] are the free ion concentrations, and the
pK values are as listed in Table 2. It is apparent from Eqgs. 12 and 13 that the
matrix and external substrate concentrations ([ATP] and [P;]) as well as free
ion concentrations ((H'], [K™], [Mg®"1, and [Ca®"]) are necessary to evaluate
the APC model and identify its parameters. Because the matrix free ion concen-

1 + [HT]10PKuei + [KF]10PKkr  [Mg? "] 10PKveri 4 [Ca®*]10PKcari’

13)

The external ATP content was computed algebraically using the mass
conservation relation,
[ATP),

[ATP], = [ATP],, — YT' a7

Biophysical Journal 103(7) 1616-1625
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Here V, is the matrix water volume determined by Austin and Aprille (20)
and v is the ratio of matrix water volume to external water volume (see
Table 2). [ATP]; is the total matrix ATP content per mg mitochondria.
[ATP]. is the total external ATP content and [ATP],, is the total ATP
content in the cuvette. External AN content comprises only external
ATP content. Matrix AdN content comprises ATP, ADP, and AMP;
however, in the presence of ATP and Mg> ", the APC only transports ATP
and P;. Therefore, while predicting the AdN dynamics, the measured
ADP and AMP contents were added to the simulated ATP content to calcu-
late the total AAN content.

Parameter estimation and statistical analysis

The APC model parameters 6 = (K1, Kp, @1, &2, Vinax; Kca, nH) character-
izing the experimental data (3,6,10) were estimated by simultaneous least-
squares fitting,

NCXP Ndala(i) 1 2

méin E(6)7E<6> = Z —~ N gata

i J

— Jmodel ()

data
Ji«,j iJ

max (J f‘j‘a)

, (18)

where i represents either unidirectional influx or efflux depending upon the
type of tracer experiment. The value N.,, is the total number of experiments
to which the model is parameterized and N4, (i) is the number of data
points in a particular type of experiment, J;f*j‘-“‘ are the experimental data
on unidirectional tracer influx/efflux of ATP, and J' I-_“;-"d"l are the correspond-
ing model simulated outputs given by Eqgs. 9 and 10, which depend on the
model parameter set 6. The minimization of the mean residual error (objec-
tive function) E(d) for optimal estimation of the APC model parameters
0 = (K1, Kp, a1, 02, Vinax; kcas nH) is carried out using the FMINCON opti-
mizer in MATLAB (The MathWorks, Natick, MA).

The parameter covariance matrix is used to compute the confidence inter-
vals, which are estimated from the inverse of the Fisher Information Matrix.
To avoid inaccurate approximations of the confidence intervals, model
outputs comprising the sensitivity matrix were normalized with respect to

A B
3 3
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the best parameter value and experimental standard deviations. When the
experimental error is not reported, experimental standard deviation is
assumed to be 5% of the experimental observation. The normalized sensi-
tivity matrix is computed as (28)

A
B aén O'm.

Son 19)

Here, the index is m € (1, N), where N is the total number of data points from
all experiments, and 6", is the optimal value of the n™ parameter. A
complex-step derivative method (29) is employed to approximate the deriv-
ative. The parameter covariance matrix is estimated as

V= (s"s)". (20)

The 95% confidence interval is estimated based on vy, = 1.96/V,,, where
v, is the normalized confidence interval for the n'" parameter. The absolute
parameter confidence interval for parameter 6, is given by (1 = v,)d", and

n’

is listed in Table 2 for both the kidney and liver mitochondrial APC.

RESULTS

In this section, we illustrate the model parameterization and
corroboration of the mechanism proposed in Fig. 1 for ATP
and P; transport via the APC. The kinetic model is used to fit
the independent experimental data sets from Austin and
Aprille (6), Nosek et al. (10), and Hagen et al. (3) and
predict the time course data from Austin and Aprille (20)
under different experimental conditions. The associated
model simulations are shown in Figs. 2-6. The estimated
model parameter values for isolated rat liver and rat
kidney mitochondria are summarized in Table 2. The
experimental conditions are the same as listed in Table 1,

N
&)
[ ]

25

N

\

-

(=]
3
=z

=y

[ATP] =0.0 mM
[} € e===-
—=-0==""

§-o-°

o
&)

o

FIGURE 2 Model simulations of initial tracer
(ATP) efflux rates from the experiments of Hagen
et al. (3) conducted in isolated rat kidney mito-
chondria. Experimental conditions are as in Table 1,
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except for the titration of reagents in panels A-D.
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FIGURE 3 Model simulations of initial tracer (ATP) influx rates from the experiments of Hagen et al. (3). (A) Effect of increasing external [ATP] on ATP
influx rate. (B) ATP influx rate as a function of increasing external [Ca*]. (C) ATP influx rate as a function of increasing [Mg”] in the incubation medium.

except for the titrations made to study their effect on unidi-
rectional influx/efflux rate of ATP. Several alternative
kinetic mechanisms were unable to explain the experimental
data better than the mechanism presented in Fig. 1 (see
Discussion).

The pH gradient across the IMM as a function of external
[P;], determined using Eq. 14, qualitatively reproduces the
ApH trend reported by Klingenberg and Rottenberg (24)
in their P; titrated experiments (see Table 1); i.e., ApH
decreases exponentially as external [P;] increases. However,
the ApH values determined here and those reported in Klin-
genberg and Rottenberg (24) cannot be directly compared
due to different experimental conditions. The same ApH
values (listed in Table 1) are used for simulations of both
the rat kidney and rat liver mitochondrial experiments.

Unidirectional ATP influx/efflux in rat kidney
mitochondria

Figs. 2 and 3 show unidirectional ATP transport data and
model simulations for isolated rat kidney mitochondria from
Hagen et al. (3). Here, the data pertaining to the CAT-
insensitiv isoform of the APC are used. It is apparent from
Fig. 2, A and B, that the tracer efflux rate increases with
increasing external [ATP]. This phenomenon, known as
trans-acceleration, indicates that the tracer efflux is facili-
tated by a carrier (30). A detailed analysis of the phenomenon
can be found in Vinnakota and Beard (31). In Fig. 2, Cand D,
the ATP efflux rate is plotted as functions of external [P;] and
[Ca®"]. In the Ca®" titrated experiments, 5 mM EGTA was
added to the incubation medium and a variable amount of
CaCl, was added to attain desired amount of external [Ca2+].

A B Cc
4 4 4
5 35 35 35
°
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g
<25 _-H 25 25
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= o i 2 5 ]
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£ id . -
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< [ATP] = 0.5 mM ’ : o [ATP] =0.0mM
e
0 0 0
0 3 6 9 12 0 2 3 0 1 2 3 4
[ATP], (mM) [ATP], (mM) [P], (mM)

FIGURE 4 Model simulations of initial tracer (ATP) efflux rates from the experiments of Austin and Aprille (6) conducted in isolated rat liver mitochon-
dria. Experimental conditions are as in Table 1, except for the titration of reagents in panels A—C. (A) ATP efflux rate as a function of matrix [ATP] with
[ATP]. = 2 mM (solid line), [ATP]. = 1 mM (broken line), and [ATP]. = 0.5 mM (dotted line). (Arrow) Decrease in external [ATP] (from 2 mM to
0.5 mM). (B) Effect of external [ATP] on ATP efflux rate. (C) ATP efflux rate as a function of external [P;] with (solid line; [ATP], = 2 mM) and without
(broken line; [ ATP]. = 0 mM) [ATP] in the incubation medium. Note that [ATP]. was reported to be 1 mM for plot C, which doesn’t seem to be consistent
with the efflux rates at [ATP]. = | mM from plot B; [ATP]. = 2 mM seems to be more probable, and thus is used for parameter estimation.
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FIGURE 5 Model simulations of initial tracer
(ATP) influx rates from the experiments of Austin
and Aprille (6) and Nosek et al. (10). (A) Effect
of external [ATP] on ATP influx rate with incuba-
tion medium containing 2 uM Ca** (solid line)
and 1 uM Ca>* (broken line). (B) ATP influx rate
as a function of external [P;] with increasing
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Apart from investigating the effect of different pharmaco-
logical conditions over unidirectional tracer efflux, Hagen
et al. (3) also measured the unidirectional tracer influx under
different experimental perturbations. Fig. 3 A shows ATP
influx rate as a function of external [ATP]. Increasing
external [ATP] increases the unidirectional ATP uptake
rate by the mitochondria. The ATP influx rate does not satu-
rate for the evaluated range of external [ATP] (from 0 mM to
4 mM) that is reflected by the estimated ATP binding
affinity for the APC (see Table 2). The effect of increasing
external [Ca®>"] and [Mg”>"] on the unidirectional tracer
influx of ATP is shown in Fig. 3, B and C, respectively.
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FIGURE 6 Model simulations of matrix AdN content time course data
from the experiments of Austin and Aprille (20). The matrix AdN time
course is governed by Eq. 16 and includes the experimentally measured
residual matrix AdN content (see text for detail). For simulating the matrix
AdN content time course, matrix pH was set at 7.8 based on a ApH of 0.4,
determined by Joyal and Aprille (5) under the same experimental condi-
tions. In these experiments, isolated rat liver mitochondria were incubated
with different external ATP and the net change in matrix AdN content was
measured.
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EGTA was used to fix external [Ca®>"] in the same manner
as done for the unidirectional efflux experiments. The
ATP uptake rate saturates as external [Ca”] is increased
above 2 uM. However, the ATP influx rate decreases
slightly when external [Mg®'] is increased above 2 mM.
This decrease was more prominent when external [Mg2+]
was increased from 5 mM to 10 mM (found using
computer simulations; data not shown). This counterintui-
tive result can be best explained by the MgHPO, complex
formation that decreases the HPOZ gradient across the
IMM, and thus decreases the driving force for ATP
uptake (1,5).

Unidirectional ATP influx/efflux in rat liver
mitochondria

Figs. 4 and 5 show model simulations for experiments con-
ducted on isolated rat liver mitochondria by Austin and
Aprille (6) and Nosek et al. (10). The method of mitochon-
drial preparation and incubation medium was identical
for Austin and Aprille (6) and Nosek et al. (10). Thus, the
experimental conditions are assumed to be the same during
parameter estimation (see Table 1). We can observe a
decrease in ATP efflux rate when external [ATP] is decreased
from 2 mM to 0.5 mM ([ATP]. = 2 mM (solid line), [ATP], =
1 mM (broken line), [ATP]. = 0.5 mM (dotted line);
see Fig. 4 A), or an increase in ATP efflux rate when
external [ATP] is increased from 0 mM to 4 mM (see
Fig. 4 B). In Fig. 4 C, Austin and Aprille (6) evaluated the
effect of increasing external [P;] on ATP efflux rate in the
presence (solid line) and absence (broken line) of external
[ATP].

Fig. 5, A and B, shows the effect of experimental pertur-
bations on ATP influx rate via the APC. For measuring ATP
influx rate with different external [Ca2+], EGTA and CaCl,
were used to attain desired [Ca2+] of 1 uM (solid circle;
Fig. 5 A) and 2 uM (open circle; Fig. 5 B) in the external
medium. In Fig. 5 B, we report model simulations for the
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experiments performed by Austin and Aprille (6) to demon-
strate competition between ATP and P;. ATP and
P; both are competitive inhibitors of each other because
either external P; or external ATP can exchange for matrix
AdN. The ATP uptake rate is enhanced when external
[ATP] is increased from 1 mM to 4 mM. However, this
increase is depressed when external [P;] is increased from
2 mM to 8 mM. This decrease is observed because
increasing external [P;] stimulates P; homoexchange and
reduces the available amount of carrier able to facilitate
ATP uptake.

AdN time course in rat liver mitochondria

Austin and Aprille (20) measured net changes in matrix
AdN content in isolated rat liver mitochondria with fixed
external [P;] (2 mM) and different concentrations of ATP
in the incubation medium (see Fig. 6). The AdN time course
was simulated using Eq. 16. A constant ApH of 0.4 is used
when simulating these time-course experiments based on
the range reported by Joyal and Aprille (5) under similar
experimental conditions. Experimental conditions and all
other parameter values are same as reported in Table 1
and Table 2. It is apparent from Fig. 6 that there is a net
uptake of AN when external [ATP] is above 1 mM, no
change in net AdN content when external [ATP] is 1 mM,
and a net loss of AN when external [ATP] is below
1 mM, which conforms with the experimental findings
(1,3,5,6,10,20,32). These model simulations independently
validate the APC model.

DISCUSSION

This article provides a mechanistic kinetic model of the
mitochondrial ATP-Mg/P; carrier (APC), which is the
primary pathway responsible for regulating the matrix
adenine nucleotide (AdN) pool size (1,7,20,32). The model
is based on an ordered bi-bi mechanism for heteroexchange
of ATP and P;, and also includes homoexchanges of ATP and
P; via the APC (Fig. 1). The model assumes that the binding
and dissociation of the substrates ATP (MgATP%) and P;
(HPO427) is much faster than the turnover rate of the APC
(22). The model is thermodynamically balanced and
adequately describes the available experimental data sets
from Hagen et al. (3), Austin and Aprille (6,20), and Nosek
et al. (10) on ATP influx and efflux rates in energized mito-
chondria isolated from rat liver and rat kidney. The model is
validated by an independent, time-course experimental data
set on matrix ATP uptake and loss.

The identified kinetic mechanism of the APC is shown
in Fig. 1. This model captures the important features of
the APC apparent from the available kinetic data: 1), satu-
rating ATP efflux induced by external [P;], 2), saturating
ATP efflux induced by external [ATP], 3), ATP influx inhi-
bition due to competition between external [ATP] and
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external [P;], and 4),nonsaturating ATP efflux within physi-
ological range of matrix [ATP]. Different kinetic mecha-
nisms other than the one presented in Fig. 1 (e.g., ordered
bi-bi with P; binding first, random bi-bi, and Ping-Pong,
all with and without homoexchanges of ATP and P;) were
also evaluated, but none of them could simultaneously fit
all the available data sets. In fact, many mechanisms could
not explain the external [P;]-dependent ATP efflux and
influx rates data in Figs. 4 C and 5 B alone. It should
be pointed out here that, for a random bi-bi mechanism
with homoexchanges of ATP and P;, the translocation
rate of the substrate-bound conformational states with P;
binding first followed by ATP binding is found to be not
essential.

The proposed mechanism of the APC incorporates P;
homoexchange because the available experimental data
could not be explained without incorporating the P; homo-
exchange in the mechanism. Direct measurement of P;
transport through the APC is difficult because the flux
through the PiC is much greater in magnitude and no differ-
entiating inhibitors of various P; transport pathways are
available. (Inhibitors of PiC, like NEM and mersalyl, also
inhibit the APC (1,5).) We attempted to explain the data,
without incorporating the P; homoexchange, by assuming
asymmetry in the substrate translocation rates and binding
affinities. The asymmetrical APC model had 10 adjustable
parameters (two of them were constrained using micro-
scopic reversibility), compared to five adjustable parameters
in the proposed APC model. Thus, the simpler model is
better suited to explain the available data.

The estimated correlation matrix reveals that three pairs of
parameters are highly correlated for the kidney data set.
Specifically, the pair K¢, and nH, Kt and V,,,x, and Kp and
o, have estimated covariance of —0.97, —0.97, and, —0.84,
respectively. This means that only one parameter from each
pair is independently estimated based on the kidney data
set. Thus, for these parameters, the reported confidence
limits are meaningful only with the assumption that the
value of one of the correlated members is held fixed. For
the liver data set, the highest value of the correlation matrix
is —0.68, the estimated covariance for Ktand V.

It is known that the activity of the APC is higher in liver
than in kidney mitochondria (1). However, the expression
level of the APC is nearly the same in liver and kidney mito-
chondria (4). Comparing the V,,, values of kidney and liver
mitochondrial APC (see Table 2), our analysis predicts that
the heteroexchange rates of ATP/P; are also similar in
kidney and liver mitochondria, and suggests differences in
other underlying parameters. The model predicts that the
higher APC activity observed in liver mitochondria is
due to 1), faster ATP homoexchange rate in liver than in
kidney mitochondria, and 2), higher binding affinity of
APC for P;, which tend to increase the heteroexchange
rate (e.g., compare the values of «; and Kp for liver and
kidney mitochondrial APC in Table 2).
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Although the study of Nosek et al. (10) suggests that
a Ca’"-dependent binding affinity of ATP for APC may
explain the phenomenon shown in Fig. 5 A, the Ca*"
dependency is modeled here as a Ca®*-dependent increase
in the APC turnover rate (see Eqgs. 9—11). This model
assumption is justified because a Ca®>"-modulated bind-
ing affinity of ATP for APC could explain the isolated
rat liver mitochondrial data, but could not simulta-
neously explain the isolated rat liver and rat kidney mito-
chondrial data.

Our simulations suggest that at least two Ca*>" jons (based
on the value of nH; see Table 2) must bind with the APC to
modulate the ATP influx/efflux rates. Fiermonte et al. (4) re-
ported that a protein with characteristic features of the APC
has three EF-hand Ca*"-binding motifs in their N-terminal
domains (similar to what we found using our computer
simulations). However, the Ca’t dependence of the APC
activity could not be detected in their reconstituted system.
Therefore, we modeled Ca®™ as an essential activator of the
APC activity based on the earlier experimental observations
of Hagen et al. (3) and Haynes et al. (9). Our model simula-
tions concur with the recent findings of Traba et al. (19)
where they reported Ca>" to modulate the V., of Sallp
(the yeast ortholog) activity rather than the K, for ATP.
Given the uncertainty in the sensitivity of APC to external
[Ca®"] and the site of Ca®* modulation, additional new
studies need to be done to more fully characterize the
Ca”" dependence of the APC activity in isolated mitochon-
dria from mammals.
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