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ABSTRACT

The role of the phosphate translocator and the importance of the extra-
chloroplastic concentrations of phosphate, 3-phosphoglycerate, and dihy-
droxyacetone phosphate in steady-state photosynthesis is examined with
a kinetic model. The steady-state stromal concentrations of these com-
pounds are calculated as a function of the rate of the various partial
reactions of photosynthesis, at various external concentrations which span
those likely to occur in vivo. It is shown how the net transport requirements
of the various reactions necessitate different adjustments in the stromal
concentrations of these compounds, away from the equilibrium values
expected in the absence of metabolism. Under most circumstances, the
high exchange capacity of the phosphate translocator relative to the
transport requirements of CO. fixation limits the extent of these displace-
ments, but conditions when the phosphate translocator is limiting photo-
synthesis are observed and discussed. The model provides a basis for a
more quantitative understanding of the role of the phosphate translocator
and the external concentrations of phosphate, 3-phosphoglycerate, and
dihydroxyacetone phosphate in photosynthesis.

In the presence of illumination, the intact chloroplast utilizes
ATP and NADPH generated by the light reactions to convert
CO;, Pi, and H:O into triose-P and O.. The triose-P is either
converted to starch inside the chloroplast, with a recycling of the
Pi in the stroma, or is exported to the cytoplasm in exchange for
external Pi. In the cytoplasm, the triose-P is converted to sucrose
for export to the rest of the plant and the Pi released is recycled
back into the chloroplast. During darkness, the starch formed in
the light is converted back into triose-P and exported to the
cytoplasm permitting a decreased, but continued, export of sucrose
(e.g. see Ref. 4). In this manner, starch formation buffers the
otherwise large oscillations in the availability of photosynthetic
energy. It is also possible to export ATP and NADH indirectly
and presumably at the expense of CO; fixation by a shuttle system
involving the movement of DAP’ out of the chloroplast in ex-
change for PGA, rather than Pi (16). DAP is then converted back
to PGA in the cytoplasm with the formation of ATP and NADH
for use in metabolism.

The utilization of photosynthetic energy by the chloroplast for
sucrose formation, or starch formation, or for the generation of
ATP and NADH in the cytoplasm therefore requires the appro-
priate rates of Pi-DAP, PGA-DAP, and Pi-PGA exchange. The
movement of these compounds is controlled by a specific transport
protein which has been named the phosphate translocator (9). The

! Abbreviations: PGA, 3-phosphoglycerate; DAP, dihydroxyacetone
phosphate; RuBP, ribulose 1,5-bisphosphate.

protein catalyzes a relatively strict 1:1 counterexchange of Pi,
PGA, and DAP. Studies with isolated spinach chloroplasts have
provided experimental values for the rates of transport and the
relative affinities of the protein for these compounds (2). Many
other closely related compounds may also be transported, but at
greatly decreased rates or with a much lower affinity. The coun-
terexchange property of the translocator is in accord with the
continuous recycling of Pi/organic phosphate that occurs in the
stroma and cytoplasm.

Knowledge of the kinetic properties of this protein have been
very useful in providing a qualitative understanding of such
phenomena as the lag period required before attaining maximal
rates of photosynthesis and the sharp Pi optimum for photosyn-
thesis in isolated chloroplasts (11). The properties of this transport
system would also appear to be important in a full understanding
of the regulation of starch synthesis (21) and the effects of cyto-
plasmic conditions on photosynthesis, particularly in relation to
source-sink effects (10).

Further progress will be aided by a more quantitative under-
standing of the role of the phosphate translocator in photosyn-
thesis. A kinetic model for translocator-mediated diffusion was
developed by Giersch (5) and applied to the phosphate translo-
cator such that the parameters of the model could be directly
related to the experimental kinetic constants obtained for spinach
(9). More recently aspects of this model were incorporated into a
computer simulation of the effects of light-dark transients on
metabolite concentrations in the chloroplast and cytoplasm of leaf
cells and the efficiency of indirect ATP transfer between chloro-
plasts and leaf cells (6).

In this report, I have used Giersch’s model for a quantitative
analysis of how metabolic reactions occurring in the chloroplast
and the external or cytoplasmic concentrations of Pi, PGA, and
DAP should determine the stromal concentrations of these com-
pounds and their relative rates of movement into and out of the
chloroplast. In this manner, the properties of the phosphate tran-
slocator can strongly influence the allocation of photosynthetic
energy for starch and sucrose synthesis and for metabolic processes
in the cytoplasm. The establishment of the relationship between
transport properties of the translocator, concentrations of ex-
changeable compounds, and the requirements for exchange permit
a quantitative analysis of the role of the phosphate translocator in
the regulation of photosynthesis. The results considerably extend
previous efforts in this direction (5, 19). Emphasis is placed on
conditions that can be utilized in in vitro experiments with isolated
chloroplasts and which should span those occurring in the cyto-
plasm in vivo. We plan to use the model in conjunction with
experiments on in vitro measurements of the stromal concentra-
tions of Pi, PGA, and DAP under a wide variety of conditions to
help in understanding the role of these metabolites in the regula-
tion of photosynthesis.
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RESULTS AND DISCUSSION

The Kinetic Model for the Phosphate Translocator in Chloro-
plasts. In order to simplify the present analysis, the following
assumptions will be incorporated into the more general model
derived by Giersch. (a) Only movement of PGA, Pi, and DAP
will be considered; (b) the maximal exchange velocity for these
compounds will be considered equivalent; (c) the affinity of the
transport system for each individual compound will be assumed
to be the same on both sides of the membrane as expected for a
simple passive system (1). Other compunds are known to be
transported by the phosphate translocator (2), but the influence of
these on the movement of Pi, PGA, and DAP between the stroma
and the medium under most physiological conditions is calculated
to be small. Differences in the apparent maximal exchange velocity
of PGA relative to Pi or DAP have been observed experimentally
but conclusive evidence on this point is not available (2). In any
case, removing this simplification does not drastically alter the
conclusion to be drawn from this analysis (A. R. Portis, unpub-
lished).

Incorporating assumptions (a) and (b) into the rate equa-
tions derived by Giersch, the specific equations that describe the
movement of Pi, PGA, and DAP across the chloroplast en-
velope are presented in Table 1. Net transport of each me-
tabolite is the difference between the rate of influx

An(Ar+ B+ C,
[e.g. for Pi, Va, = me( s o d 1))] and the rate of ef-

Ar(Ar + B+ C,
flux [e.g. for Pi, Va4, = Vm( 1(An MH H))],and there-

fore is usually only a small fraction of the actual movement
occurring in each direction (Table I). All movement is by ex-
change, so the sum of all uptake rates is equal to the sum of all
efflux rates and the sum of all net transport rates is zero.

The transport system is passive, and thus in the absence of
reactions requiring the net movement of Pi, PGA, and DAP across
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the chloroplast envelope, an equilibrium condition will be estab-
lished by the phosphate translocator in which there is rapid
exchange but no net movement of these compounds (i.e. V, =

Vo = V. = 0). It can be shown that this occurs when
Ar B C

ZL =2 ==L orin terms of the experimental parameters:
An Bn Cn

[Pila KB [PGAl. KIS

KE  [PGAlw KECA
_ [DAP). K24 Ai+Bi+Cr
[DAPJowe K2** Ap+ Bu+ Cu

Examination of Eq. 4 indicates that the equilibrium concentration
ratio of each compound depends only on the ratio of the internal
to the external affinity of the phosphate translocator for each
compound. Differences between the affinity of the phosphate
translocator for Pi, PGA, and DAP have no effect on the equilib-
rium position, although they do affect the relative equilibrium
exchange rates.

Recently, it was found that the phosphate translocator catalyzes
the exchange of only the doubly ionized forms of Pi, PGA, and
DAP (2). Therefore, the affinity and concentration terms in the
original model derived by Giersch and in the equations presented
in Table I are applicable to these forms. However, it is more
convenient to have expressions that utilize the total concentration
of each compound. At physiological pH, only two ionized forms
of each compound need be considered (4~ and 4%~ for DAP and
Pi, A>" and 43" for PGA), and the relative amounts of these are
determined by the appropriate pK,. The expressions relating the
apparent affinitives K" and the total concentration [4 ] of both
forms of each comzpound to that of the doubly ionized species
above (K*~ and [4%7]) are of the form:

KT = (1 + 10PK—rEy (g2
[4T] = (1 + 10'PK—PEY ) 427

[Piloue

@

®
©)

Table 1. Rate Equations Describing the Movement of Pi, PGA, and DAP across the Chloroplast Envelope in
Terms of Experimental Parameters

Let:

K&, KECA, KBA, Kb, Kaud#, K24 = apparent transport affinities

Vimax = maximal exchange rate (umol mg™' Chl h™")

[Pilin [PGA]n [DAPYin
Sl < A
An=—p— Bu=—7pz— Cu=——Zp—

Kow Koul Koul

Va,, Vs,, Vc, = rates of efflux (umol mg™' Chl h™)

Va,» Vb Ve, = rates of influx (umol mg™" Chl h™")

Va, Vs, Ve = net exchange rates for Pi, PGA, and DAP, respectively

M= A+ B+ Ci))+ (Au+ By + C") + A+ B; + C;)(Au + By + Cn)

Then: _ e

Au(Ar+ Br+ Cr)  Af(Au+ Bu+ .

Vam Vay = Vay= Ve | 2201 e D) _Aidn o D forPi (1)
[ Bu(A1+ Br+ C1)  Bi(Au+ Bu+ Cu)]

Vo= Va, — Vs, = Vinas (A1 It 1) _ Bi(Au 11 1) for PGA (2)
L M M -
[ Ci(A1+ Br+ C1) Ci(Au+ Bu+ Cu)]|

Ve= Ve, = Ve, = Vias u(A: M' D) _ CiAu M" | for DAP (3)
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Fro;‘n Eqs. 5 and 6, the following relationship is derived:
K -

— = , etc. Since only K2 /[4%"] terms appear in the
o A y K*/[4%] ppe

expressions for ¥/ Ve, in Table I, the equations in Table I may
also be used when the total concentration and the apparent affinity
based on the total concentration of each compound are utilized,
although the apparent affinities utilized in the equations are now
pH dependent.

With respect to the equilibrium situation (Eq. 4), substitution of
Eqgs. 5 and 6 gives for Pi:

[Pif] _ (1 + 10°%PHayKE
[Pid.] (1 + 10P%a~PRou)K22,

Similar equations can be derived for DAP and PGA. The equilib-
rium ratio between the total internal and external concentration
(i.e. all ionized forms) of each compound is therefore dependent
on the pK, of the compound and the pH in the stroma and
external medium.

From the equations in Table I and Egs. 4 and 7, with K% =
K% (assumption 3) for each compound, letting

R =Lt 10°KePHowry - (1 4 10PHouPKa)
P 0Py PO T (TR

c ™

Ron =L 10°Ka=PHour)

and T = [Pi},] + [PGAL] + [DAPT], the following expressions
for the concentration of all ionized forms of Pi, PGA, and DAP
in the stroma can be derived:

T
[POL] = 8
‘ . _RA ([DAPZ.,,] [PGAZ.] ®
[PO4Zu¢] R’DAP R?GA
[PGAL] = T ®
| 4 Rboa [DAPZL,] +[Pi3..¢]
[PGAsu]\ Rbar R%;
[DAPL] = T — [PO,L] — [PGAL]
- d (10)
| 4 _Rbar [Piz.] | [PGAZL.]
[DAPou] \ R Rhca

For given external and internal pH values, and the total internal
concentration of Pi, PGA, and DAP, Egs. 8, 9, and 10 permit the
direction calculation of the internal concentrations of these com-
pounds at equilibrium from a given set of external concentrations.

Relationships between Photosynthetic Reactions Occurring in
the Chloroplast and the Requisite Exchange Reactions Catalyzed
by the Phosphate Translocator. In the preceding, we have estab-
lished the calculated relationships between the equilibrium con-
centrations of PGA, DAP, and Pi in the stroma and the external
medium (cytoplasm) when the pH in the stroma and medium are
known. Before exploring the effects of metabolism and net metab-
olite exchange on the equilibrium concentrations, it is important
to examine the stoichiometric relationships between the rates of
the different partial reactions of photosynthesis and exchange of
metabolites by the phosphate translocator. The differing require-
ments for metabolite exchange by the alternative reactions possible
with chloroplasts are summarized in Table II.

In the first reaction, starch is the only product of photosynthetic
CO: fixation. Phosphate uptake is not required since no carbon
leaves the chloroplast, and the phosphate cycles between the
inorganic and organic pools in the stroma. Although starch for-
mation does not require transport, the characteristics of the phos-
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phate translocator are a very important factor in the regulation of
starch synthesis because of their role in determining the PGA/Pi
ratio in the stroma (21). The 2nd and 3rd reactions in Table II are
the two other alternative end-products of CO: fixation in chloro-
plasts: DAP and PGA, respectively. The formation of these two
compounds requires an equimolar uptake of Pi from the medium.
‘While one might expect little net formation and export of PGA to
the cytoplasm by CO, fixation in vivo, where sucrose is the
predominate final product, PGA is normally observed to be a
major end-product of photosynthesis by isolated chloroplasts with
only Pi in the external medium. These three reactions complete
the normal CO, fixation reactions possible with chloroplasts. The
latter two reactions require a net exchange rate by the phosphate
translocator of one-third the rate of CO; fixation.

The 4th reaction in Table II is the reduction of external PGA
to DAP, and provides a means of making ATP and NADH
available in the cytoplasm, using photosynthetic energy (7, 16).
When normalized with respect to O; evolution (i.e. energy utili-
zation), this reaction requires a 6-fold greater net exchange rate
by the phosphate translocator than does CO; fixation. In in vitro
experiments, PGA-dependent O evolution is usually significantly
less than that possible with CO, (17), an observation which
sometimes could be due in part to the greater transport require-
ments. However, in vivo, less than 10% of the available photosyn-
thetic energy would be expected to be utilized for PGA reduction
in order to make ATP available in the cytoplasm for other
biosynthetic and transport reactions (7).

The 5th reaction in Table II which I refer to as DAP-supported
CO:; fixation, includes all the reactions of the reductive pentose
phosphate pathway except those comprising reaction 4, PGA
reduction. Therefore, when combined in the appropriate ratios,
reactions 4 and 5 will result in reactions 2 or 3. Reaction 5 utilizes
only ATP for CO; fixation and therefore O, evolution is not
required. This reaction has been examined in in vitro experiments
(14, 15) and rates of CO; fixation of up to one-third that found
under optimal conditions have been observed. This reaction also
places a great demand on rapid exchange by the phosphate
translocator, which may again be a factor in the decreased rates
observed relative to CO, fixation with Pi alone. Previously, this
was suggested to be due either to a limitation on ATP synthesis in
the absence of linear electron transport or a limitation in the
capacity of this section of the Calvin cycle when operating alone
(14). With appropriate experiments, use of the model of the
phosphate translocator may allow this question to be answered
more definitively.

Finally, the 6th reaction in Table II accounts for the oxygenase
activity of RuBPase-ribulose, 1,5 bis, in which the products are
PGA and P-glycolate, and completes the table. The P-glycolate is
hydrolyzed inside the chloroplast to glycolate which is the final
product of this reaction with chloroplasts. In terms of metabolite
transport, two alternative possibilities are listed (reactions 6a and
6b). Reaction 6b includes the complete reduction of the PGA
produced in the oxygenase reaction to DAP, which can be recycled
to RuBP inside the chloroplasts and therefore decreases the overall
transport demands by 60%. Certain aspects of this reaction under
conditions where the oxygenase activity is predominate have also
been studied in vitro (18) with isolated chloroplasts. One interesting
feature of this partial reaction is that there is a stoichiometric
release of Pi inside the chloroplast with O uptake by the oxygen-
ase reaction, in contrast to a stoichiometry of one Pi taken up for
every three CO; fixed in the carboxylase reaction.

Effects of Varying the Net Rates of Pi-PGA, PGA-DAP, and
Pi-DAP Exchange on the Steady-State Stromal Concentration of
These Metabolites. The phosphate translocator catalyzes the pas-
sive exchange -of Pi, PGA, and DAP at rates determined by the
internal and external concentration of each compound and the
affinity of the translocator for each (i.e. the apparent K, ) and the
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Table II. Relationships between Metabolite Fluxes through the Phosphate Translocator and the Partial Reactions
of Photosynthesis with Isolated Chloroplasts

Fluxes and rates are pmol mg™' Chl h™' and have been normalized for comparative purposes. Fluxes are:

(=), for uptake; (+), for export.

Fluxes Rates (Evolution)
Partial Reaction
Pi PGA DAP CO. 0.

) 0 0 0 Starch synthesis from CO. —60 60
) -20 0 +20 DAP from CO. —60 60
3) =20 +20 0 PGA from CO; —60 50
4) 0 -120 +120 PGA reduction 0 60
o® =20 +120 -100 DAP-supported CO; fixation —60 0
(6a) +40 +60 —-100 DAP-supported photorespiration 0 —60
(6b) +40 —-40 With PGA reduction 0 -30

maximal capacity of the system (i.e. Vna:) as shown in Table . In
the absence of metabolic reactions resulting in the formation or
disappearance of these compounds, Egs. 8, 9, and 10 describing
the equilibrium state have been presented. The partial reactions
of photosynthesis place varying demands on the phosphate
translocator for the appropriate exchanges (Table II). In the
following, we examine how these exchange requirements result in
new steady-state stromal concentrations of these compounds dis-
placed from their equilibrium position.

Both the internal and external concentrations of PGA, DAP,
and Pi are possible variables in determining the net exchange rate
for each compound and therefore different combinations of these
can give nearly equivalent exchange rates. In the following anal-
ysis, the external concentrations will be held constant, as a sim-
plification. This assumption would not necessarily be true for
chloroplasts in vivo, but would generally apply to in vitro experi-
ments with isolated chloroplasts, if all three compounds are ini-
tially present in the medium at adequate levels. The sum of the
concentrations of PGA, Pi, and DAP in the stroma will also be
kept constant at 10 mM. This assumption is unlikely to be valid
either in vivo or in vitro, as variable amounts of the total stromal
Pi pool could be localized in the pentose, hexose, and heptulose,
mono-, and biphosphates. However, the factors that might control
the amount of these sugar phosphates are not known as yet, and
therefore cannot be incorporated into the model at this time. The
apparent external affinities based on the total concentration of
each compound that are utilized are the average values obtained
over many experiments with spinach chloroplasts (2) (external pH
of 7.6 assumed) and the corresponding apparent internal affinities
were calculated from Eq. 5 (see legend to Fig. 1).

Attempts to derive explicit expressions for [Pi},], [PGA %], and
[DAPT] as a function of the exchange rates (Va, Vb, V.) were
only partially successful and too complex for easy analysis. There-
fore, the equations in Table I were utilized to obtain the approx-
imate solutions for the steady-state stromal concentrations of Pi,
PGA, and DAP recursively using a small time interval (Az).

For example, if At is sufficiently small, one can start with any
initial set of concentrations ([P”],, [PGAT],, [DAPT],) inside
the chloroplast, calculate the corresponding initial rates of net
exchange, V., V,, V. . These are then used to calculate the new
concentrations, [P*],, [PGAT),,, [DAPT],, at time t;(t; — t, = Af).
This iterative process may be repeated until after a sufficiently
long time V, = ¥, = V. =0, and the corresponding concentrations
[PGA"1v =0, [PT]v,=0, [DAPT]y o are then found to be equal
(<1% error) to the equilibrium concentrations, whose explicit
solution was derived previously (Eqs.8, 9, and 10) if At is made
sufficiently small. To obtain the steady-state concentrations of Pi,
PGA, and DAP at non-zero values of V,, V;, and V., the same
process is used except that the desired values of Vi, V3, and V.

are used in the equations and the quantity [V5=" —
Va,] approaches zero, after a sufficient number of iterations.

Since the net result of photosynthesis in chloroplasts can be
resolved into various combinations of the basic partial reactions
given in Table II, the effects of each reaction on the stromal
concentrations will be examined separately. The data can be
presented in several different forms: (a) concentration versus ex-
change rate; (b) concentration versus CO: fixation rate; (c) con-
centration versus O evolution rate. Of these, a comparison versus
the rate of O evolution accompanying the reaction appeared to
be the most useful since it reflects the extent to which the available
energy provided by the light reactions is utilized for the alternative
reactions.

The results of the calculations for the case when the external
concentrations are 1.0 mM for Pi, 1.5 mM for PGA, and 1.5 mM for
DAP and a maximal capacity of 500 umol mg™" Chl h™" is chosen
for the phosphate translocator is shown in Figure 1A. The hatched
areas encompass the effects of CO; fixation with one edge (solid
line) as the limit when only DAP is the product (reaction 2), and
the other edge (broken line) as the limit when only PGA is the
product (reaction 3). It should be remembered that while the
0,: CO; ratio is 1: 1 with DAP, it is only 5 : 6 for PGA as the sole
product. Starch synthesis (reaction 1) does not affect stromal
concentrations and therefore is not shown. However, from the
high PGA : Pi ratio, a relatively high rate of starch synthesis would
be expected. The effect of PGA reduction (reaction 4) as the only
reaction is indicated by the solid lines. One example of the effect
of a fixed rate of CO; fixation and increasing the rate of PGA
reduction (i.e. reaction 2 plus increasing reaction 4) in excess of
that required by CO: fixation itself is indicated by the dashed lines
(PGA’, DAP’, Pi’). The close parallels between these lines and
those given by PGA reduction alone indicate that under the
chosen conditions the effects of these reactions on the stromal
metabolite concentrations can be considered to be nearly inde-
pendent. The effects of reactions 5 and 6 will be discussed below.

The following conclusions can be drawn from the results. With
a high exchange capacity (Vmex = 500), CO; fixation does not
cause PGA or DAP to deviate markedly from the equilibrium
position expected with no net exchange. Increasing rates of CO;
fixation (excluding starch synthesis) lowers the stromal [Pi] and
under the conditions chosen, CO, fixation could not exceed a rate
of ~145 ymol O, mg™" Chl h™" (off scale and not shown). PGA
reduction has the opposite effect on the stromal concentrations,
with there being little change in stromal Pi and very dramatic
changes in PGA and DAP with an increasing rate. Rates of PGA
reduction in excess of 100 pmol O, mg™" Chl h™" are not possible,
for lack of [PGA] inside. Actually, a rate much less than this can

[PGA] limiting the

be expected due to the rapid change in om



940 PORTIS Plant Physiol. Vol. 71, 1983
‘:; T T T T T %
g 1 8
5 / 7] &
€ O E
e Ssee Z

& PGA PG i

R DAP' §
g 4 DAP -
g 4 (kd 4 -§'
o * y Pi' g
T P = ==
» 2 r Gy C3 00 120 i ) 60 [ 100 120

0, EVOLUTION 0, EVOLUTION

:i“ T T T T T gl T T T T T
£ E
Z o B Z o E 4
o 1 <]
S " :
:‘ij 6F e =~y 27 ersgray h ’5_ 6 4
O
£ 4 PGA 4 % 4 4
8
- J
‘3‘ 2 § 2 ]
[ 4
% 5 .

T T T T T

C

§

_.ﬁ~ﬂﬁ/7-/7:/77777/7/7 o,
B PGA PGA’ b

~~o
~~o
~.

g
3
AY

STROMAL CONCENTRATION (mM)

FiG. 1. Calculated effects of the partial reactions of photosynthesis on the stromal concentrations of Pi, PGA, and DAP. The apparent external K.
values (pH 7.6) used are 0.3 mm for Pi, 0.14 mMm for PGA, and 0.13 mm for DAP (see Ref. 1). The internal (stromal) K, values (pH 8.0) were then
calculated from these values using Eq. 4 and are 0.275 mM for Pi, 0.301 mM for PGA, and 0.125 mM for DAP. V., is 500 umol mg™' Chl h™* for A to
D and 200 pmol mg™" Chl h™! for E. External metabolite concentrations are as follows: A and E, Pi = 1 mm, PGA = 1.5 mM, DAP = 1.5 mm; B, Pi =
9.0 mM, PGA = 1.5 mM, DAP = 1.5 mMm; C, Pi = 1| mM, PGA = 3.0 mM, DAP = 0.3 mM; D, Pi = 1 mm, PGA = 0.3 mM, DAP = 3.0 mM. The total
internal concentration of Pi + PGA + DAP was kept constant at 10 mM. The lines corresponding to the concentrations of Pi, PGA, and DAP are
indicated in each figure. The effect of CO, fixation is indicated by the shaded areas with PGA as the only product (reaction 3) being one boundary
(=== ) and with DAP as the only product (reaction 2) being the other boundary (—). The effect of PGA reduction (reaction 4) is indicated by
(—). For a determination of the rate of CO, fixation (no starch) or the actual net exchange rate required for each compound see Table II. For the
meaning of the lines Pi’, PGA’, and DAP’ in Sections A, C, and D and a complete discussion of the calculations, see the text. The reaction numbers
referred to above correspond to those listed in Table II. For the initial equilibrium exchange rates, i.e. no metabolism and no net exchange occurring,
see Table IIL.

reaction by mass action. PGA reduction in excess of that required
for CO; fixation would be increasingly inhibitory for starch for-
mation as it decreases the PGA : Pi ratio.

The effect of decreasing the maximal capacity of the translocator
for exchange with all other parameters being the same as in Figure
1A is shown in Figure 1E. All displacements from the equilibrium

situation occur at proportionally lower rates of exchange (or O:
evolution as shown). Therefore, the displacements in [PGA] and
[DAP] by CO: fixation are now considerably more significant. A
comparison of PGA reduction with CO: fixation indicates that the
phosphate translocator is much more limiting for the former. With
adequate information on the dependence of PGA reduction (total
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rate due to both CO, fixation and PGA reduction) on the

[PGA]
[DAP][Pi]
of CO fixation and PGA reduction by use of the equations.

As phosphate might be limiting for CO, fixation under the
conditions of Figure 1A, the effects of increasing the external Pi
to 9 mM were examined and the results shown in Figure 1B. Under
these conditions, it is unlikely that stromal Pi could ever be
limiting for CO; fixation. However, the low initial equilibrium
concentrations of PGA and DAP do not permit very rapid rates
of PGA reduction (a maximal rate of <50 pmol mg™ Chlh™'), in
the absence of CO, fixation. Starch synthesis under these condi-
tions would be expected to be small because of the high Pi: PGA
ratio in the stroma. Experimental data on the phosphate depen-
dence of starch synthesis in the presence of mM concentrations of
DAP and PGA (20) are generally consistent with the model.

Returning to the situation where 1 mM Pi is present in the
external medium, the effect of varying PGA :DAP ratio is of
interest. Figures 1C and 1D present the results for PGA : DAP
ratios of 10:1 and 1: 10, respectively, with a total concentration
of 3.3 mM and therefore can be compared to Figure 1A. Compar-
ing Figures 1C (PGA :DAP = 10:1) and 1A (PGA:DAP=1:1)
with respect to CO. fixation, little effect is seen on the rate of
depletion of stromal Pi accompanying increasing rates of this
reaction, but all Pi concentrations are almost 30% lower than when
PGA and DAP ratio is 1: 1. The initial DAP concentration is 10-
fold less and CO; fixation may become limited by the stromal
DAP concentration. This would be expected to favor increased
PGA reduction such that proportionately more energy is devoted
to PGA reduction as shown by the lines (PGA’, DAP’) illustrating
the effects of increasing PGA reduction at a given rate of CO;
fixation. Comparing Figures 1D and 1A, increasing the
DAP:PGA ratio has much less effect on the equilibrium Pi
concentration and also little effect on the decreasing Pi concentra-
tion accompanying increasing rates of CO. fixation. However, it
should be remembered that with intact chloroplasts the stromal
DAP concentration may not rise to levels as high as calculated
since the total Pi content of the stroma may be increasingly tied
up in the form of fructose 1,6-bisphosphate and sedoheptulose
1,7-bisphosphate due to the action of aldolase, thereby decreasing
the total stromal concentration of Pi + PGA + DAP. In any case,
PGA reduction alone (solid lines) or in combination with CO,
fixation is clearly not favored. These conditions, however, are
favorable for reaction 5, DAP-supported CO; fixation. The effect
of increasing rates of this reaction with a constant rate of CO;
fixation of 60, starting with PGA as the sole product (i.e. an O,
evolution rate of 50), are indicated by the dotted lines (Pi’, DAP”,
and PGA"). The rate of DAP-supported CO: fixation can increase
to a maximum such that the rate of O; evolution ceases and PGA
is no longer being reduced to DAP inside the chloroplast. The net
exchange rates at this point are Pi uptake at 20 pmol mg™" Chl
h™", PGA efflux at 120 umol mg™"' Chl h™), and DAP uptake at
100 umol mg™" Chl h™". Increasing the rate of DAP-supported
CO; fixation (reaction 5) results in an increase in the stromal
concentration of PGA, at the expense of DAP, with little effect on
stromal Pi, which would result in higher rates of starch synthesis
than otherwise would be the case.

The effects of photorespiration (reaction 6) are not shown in
Figure 1, because O, evolution is no longer representative of
energy utilization. However, the calculated effect of this reaction
on stromal metabolite levels is basically to reduce the Pi and DAP
transport rates needed for a given rate of CO. fixation (compare
reactions 2 and 6b in Table II), since now part of the fixed carbon
is leaving the chloroplast as glycolate, rather than DAP.

The effects of the different reactions on the stromal concentra-
tions of PGA, Pi, and DAP as illustrated in Figure 1 serve to
emphasize further the importance of elucidating the regulatory

ratio, it may be possible to calculate the expected rates
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features of Pi: PGA and Pi: DAP ratios on reactions other than
starch synthesis. It seems that the most important unknown pa-
rameter is the effect of the stromal [PGA]/[Pi][DAP] ratio on the
absolute rate of PGA reduction occurring inside the chloroplast.
In any case, it is clear that given flexibility in combining the
partial reactions indicated in Table II and sufficient transport
capacity, relatively constant CO fixation rates are possible over
a fairly wide range of external metabolite concentrations, although
the portion of the fixed carbon devoted to starch synthesis and the
observed rate of O, evolution would vary greatly.

A More Simplified Analysis of the Effects of Net Exchange on
the Stromal Concentrations of Pi, PGA, and DAP. In general,
except for PGA-DAP exchange at high rates of PGA reduction,
the steady-state stromal concentrations of Pi, PGA, and DAP were
nearly linear functions of the net exchange rate in spite of the fact
that the equations relating these parameters are complex. This
linearity suggested that the displacements from the equilibrium
concentrations expected in the absence of net transport could be
approximately described with reference to the equilibrium ex-
change rates. In Table III, these equilibrium exchange rates are
summarized for the different conditions analyzed in Figure 1, as
calculated using Eqgs. 1, 2, and 3. Using these rates and with
reference to Figure 1, it can be seen that the displacement of the
stromal metabolite concentrations from their equilibrium position
is approximately the same percentage as the ratio of the steady-
state net exchange rates required by the reaction to the equilibrium
exchange rates. For example, in Figure 1A, a CO; fixation rate of
90 (O: evolution rate of 90) with DAP as the only product, causes
a decrease in the stromal Pi concentration from 1.64 to 0.88 mM,
a decrease of 46%. The ratio of the steady-state net Pi exchange
rate to the equilibrium exchange rate is 30:61 (see Tables I and
III) or 49%. Thus, the equilibrium exchange rates associated with
any given set of conditions provide a good estimate of the extent
to which stromal metabolites will be affected by the various partial
reactions of photosynthesis.

Analysis of the Phosphate Dependence of CO. Fixation. Al-
though the results of Figure 1 suggests that, in principle, chloro-
plasts could adjust to relatively wide variations in the extrachlo-
roplastic concentrations of Pi, PGA, and DAP by a sufficient
flexibility in utilizing the various partial reactions of photosyn-
thesis outlined in Table II, either very high or very low concentra-
tions of phosphate relative to the extrachloroplastic concentrations
of PGA and DAP are known to inhibit CO: fixation with isolated
chloroplasts (11). The model provides a quantitative basis to
analyze these effects.

The effect of increasing the rate of CO; fixation (DAP as the
only product) on the calculated stromal Pi concentration in the
presence of 1 mM Pi and several external concentrations of PGA
and DAP (present at a 1: 1 ratio) is shown in Figure 2. A Pi: (PGA
+ DAP) ratio of 1:3 could theoretically allow a maximal CO;
fixation rate of ~185. Decreasing the ratio of 1:6 and 1: 12 would
allow maximal rates of 100 and 50, respectively. Variation in the
PGA : DAP ratio did not markedly affect the results (not shown).
However, at external concentrations of Pi, PGA, and DAP near

Table III. Equilibrium Exchange Rates of Pi, PGA, and DAP at the
Various External Concentrations of These Compounds Utilized in Figure 1

Metabolite Exchange Rate

Figure 3
Section Pi PGA DAP Vmas
pmol mg™" Chl b

A 61 197 212 500
B 275 98 105 500
c 58 372 40 500
D 56 36 385 500
E 24 79 85 200




STROMAL Pi (mM)

1
160

I20

CO; FlXATION
(xmoles O,-mgChi~' hr~')

F1G. 2. Limitations to CO. fixation and stromal Pi imposed by low
external Pi:(PGA + DAP) concentration ratios. R = [Pi]: ([PGA] +
[DAP)). The results are calculated for an external Pi concentration of 1
mM (—) and 0.1 mM (---), and equal external PGA and DAP concen-
trations.

200

the K of these compounds for the phosphate translocator (0.3
mM) and below, decreased rates were possible. A maximal rate of
145 is calculated with 0.1 mM Pi and 0.3 mm (PGA + DAP) as
indicated by the dashed line. Of course, CO, fixation may be
limited before a near zero stromal Pi concentration is reached, but
the results clearly demonstrate that the phosphate translocator is
a limiting factor in photosynthesis when high external (PGA +
DAP): Pi ratios exist. It has previously been suggested that such
inhibition of photosynthesis is due to inadequate cytoplasmic Pi
(10). The model provides a means of quantitatively determining
the stromal Pi dependence of CO. fixation in relation to the
extrachloroplastic concentrations of Pi, PGA, and DAP. Further-
more, it should be noted that an inhibition of maximal transport
capacity is calculated to result in the accelerated depletion of
stromal Pi and an increased sensitivity to suboptimal Pi in the
medium. Similarly, an inhibition of maximal CO; fixation capac-
ity would cause a decreased sensitivity to low Pi since at each
concentration, stromal Pi would be decreased to a lesser extent.
These effects have recently been demonstrated in in vitro experi-
ments with isolated chloroplasts (3).

The model also can be used to analyze quantitatively the
inhibition of CO, fixation by high Pi concentrations relative to
DAP and PGA in the medium. We have seen how increasing rates
of CO: fixation are calculated to cause only a slight increase in
the PGA and DAP concentrations (when both are products). The
percent increase is somewhat greater relative to the equilibrium
concentration, when the PGA and DAP concentrations are ini-
itally decreased to low levels by high external Pi concentrations
(data not shown, but compare Figures 1A and 1B). A much greater
increase in the PGA and DAP concentrations is calculated to
occur when the maximal transport capacity of the phosphate
translocator is decreased (not shown but compare Figures 1A and
1E), which readily accounts for the decreased sensitivity of CO.
fixation by isolated chloroplasts to high Pi concentrations when
the transport capacity is lowered by the presence of pyridoxal
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Table IV. The Effect of Increasing or Decreasing the K. Values of the
Phosphate Translocator for Each of the Metabolites on the Equilibrium
Exchange Rates

External concentrations of 1.0 mM Pi, 1.5 mM PGA, and 1.5 mM DAP,
Vimax = 500 umol mg™' Chl h™', pH-stroma = 8.0, pH-medium = 7.6.
Initial K., values are in Figure 1.

Exchange Rate
Alteration
Pi PGA DAP
pmol mg™ Chl h™

None 61 197 212
Increase K of Pi by 2 33 210 226
Decrease Kn of Pi by 2 109 176 189
Increase K of PGA by 2 76 123 265
Decrease K, of PGA by 2 44 283 152
Increase K of DAP by 2 78 251 135
Decrease K. of DAP by 2 43 138 298

phosphate (3). However, slight increases in the external PGA and
DAP concentrations are calculated to have as great an effect (not
shown). Rapid changes in the external PGA and DAP relative to
Pi generally occur in in vitro experiments when only Pi is initially
present in the medium (19). The importance of some critical level
of PGA and DAP is clearly indicated by recent experiments in
which the presence of alkaline phosphatase in the medium greatly
enhanced the Pi inhibition of CO, fixation (12). However, given
that mm concentrations of PGA and DAP are present in vivo in
the cytoplasm, the model suggests that a variation of external [Pi]
over several mM would be expected to have only a minor effect on
the total rate of CO; fixation. Experimental evidence for this has
been obtained recently (20; Gruenewald and Portis, in prepara-
tion).

Effects of Variations in the Transport Affinity for Pi, PGA, and
DAP on the Response of the Stromal Concentrations to Net
Exchange. The affinities used in the analysis presented thus far
are the values reported for the phosphate translocator of spinach
chloroplasts. It is possible that these parameters could vary sub-
stantially between plant species. I therefore briefly examined the
effects of a variation in the transport affinities on the effects of net
exchange on the steady-state stromal metabolite concentrations.
As discussed above, the equilibrium stromal concentrations of Pi,
PGA, and DAP are not affected by a variation in the apparent
transport affinities. However, the equilibrium exchange rates are
dependent on this parameter as shown in Table IV and it is
relative magnitude of the equilibrium exchange rate which largely
determines the response of the stromal concentrations to a require-
ment for net flux as outlined above.

In general, it was found that a variation in the affinities has
little effect on the response of the stromal metabolite concentra-
tions to a requirement for net flux as long as the associated
equilibrium exchange rates are comparatively high. In any case,
it is possible that if variations in affinity of the phosphate translo-
cator exist they could easily be compensated for by an appropriate
alteration in the ‘normal’ cytoplasmic concentrations of Pi, PGA,
and DAP. Data on the kinetic properties of the phosphate
translocator and the normal cytoplasmic concentrations of Pi,
PGA, and DAP in various plant species are not available, but may
prove to be very informative since wide variations in the response
?f AlgP-gluoose pyrophosphorylase to the Pi:PGA ratio have been

ound (21).

CONCLUSIONS

The stromal metabolite concentrations of Pi, PGA, and DAP
are determined by three factors: (a) stromal and external pH; (b)
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the external concentrations of these metabolites; and (c) the rates
of the various partial reactions of photosynthesis in relation to the
properties of the phosphate translocator. A high transport capacity
of the phosphate translocator relative to minimal requirements of
CO. fixation assures that the stromal concentrations of Pi, PGA,
and DAP are generally not displaced very far from their equilib-
rium concentrations, by metabolic reactions occurring in the
stroma. Therefore, photosynthesis can occur over a wide range of
conditions. However, the capacity of the phosphate translocator
is an important factor in CO;, fixation when the external Pi: (DAP
+ PGA) ratio is either very low or very high since either inade-
quate Pi or inadequate PGA + DAP, respectively, can be main-
tained in the stroma under these conditions. The analysis supports
the suggestion that a high capacity of the Pi translocator exists for
this reason (8).

At present, the steady-state stromal metabolite concentrations
cannot be determined a priori because all of the factors that
regulate the relative rates of the partial reactions of photosynthesis
are not known, and an independent knowledge of these rates is
required. However, the equations and approach developed in this
analysis do provide a theoretical and quantitative basis for ana-
lyzing the role of the phosphate translocator and the extrachlo-
roplastic metabolites (namely Pi, PGA, and DAP) in the regulation
of CO; fixation. The ability to calculate the expected steady-state
stromal concentrations of these metabolites under various condi-
tions will allow the effects and limitations due to substrate levels
on CO, fixation and starch synthesis to be determined, and
possibly separated from any additional regulatory effects of these
metabolites. Experiments with isolated intact chloroplasts are in
progress in which the amounts of Pi, PGA, and DAP in the stroma
are being measured directly and compared with various external
concentrations of these metabolites and the rate of CO. fixation,
O evolution and starch synthesis. The results of these experiments
will be compared to those predicted by the model. However,
relating the measured amounts of these metabolites to their
stromal concentrations may be severely hampered by the fact that
a large proportion of these compounds could exist in a bound
form, as appears to be the case for RuBP (13). Further verification
of the kinetic characteristics of the phosphate translocator and
appropriate alterations in the model such that it can be used
expressly for this purpose may then be essential for further pro-
gress in achieving a detailed understanding of the regulation of
CO:; fixation.
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