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Effect of Buffer Concentration on the Efficiency

of Photosynthetic Energy Conversion”
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ABSTRACT: The efficiency of energy conversion by chloroplasts
under conditions of cyclic electron transport but in the ab-
sence of ADP was determined as functions of buffer concen-
tration, total ionic strength, and illumination time. Theoretical
expressions for the dependence of energy conversion efficiency

T1e molecular mechanism for coupling light-driven elec-
tron transport to phosphorylation in photosynthesis is a sub-
ject of basic significance and wide interest. The free energy
liberated by respiratory or photosynthetic electron transport
is often first converted to and stored in various forms generally
designated by Z* (Shen and Shen, 1962) or by Xg (Hind and
Jagendorf, 1963) before the formation of ATP. The various
forms of Z* or Xg suggested in the literature include energy-
rich intermediates X~1 (Slater, 1953), concentration gradients
Mitchell, 1961 ; Williams, 1961), conformational or configura-
tional changes (Boyer, 1965; Korman et al., 1970), and electric
potential energy (Griinhagen and Witt, 1970; Junge, 1970).
It is possible that the different phenomenological observa-
tions may merely reflect the various features of the same pri-
mary molecular process (Wang, 1970).

Let us consider a reacting system in which phosphorylation
is coupled to electron transport. If we represent the overall
net chemical change including both electron transport and
energy storage by

ZWAi —> ZV,-A]-
i J

where »; moles of molecular species A, v, moles of molecular
species A, etc,, react to form », moles of A,, v.+; moles of
A+ etc. The summation Z; is over all reactants and the sum-
mation of Z; is over all products. In general at constant tem-
perature 7 and pressure P, the total free energy decrease is
given by

—AG = ZVi/J'i - ZVJ'#J" >0 1)
[ 7

where u;, u,” represent the electrochemical potentials of A,
A, respectively, in the mixture, and the equality sign applies
to the limiting case in which the system is already at equi-
librium.

The electrochemical potential u; of the reactant molecule
A; of charge number Z; at a location with electric potential
¢ in the system may be written as

By = /J.1° + Zlgtp + RT In m; + RT In Y (2)
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on buffer concentration were deduced from the proton gradi-
ent model, electric potential model, and chemical intermedi-
ates model, respectively. A comparison of the experimental
and theoretical results rules out the first two of these three
energy transduction models for cyclic photophosphorylation.

where m;, is the molal concentration, v; the activity coefficient
of A,, § the faraday, R the gas constant, and the standard
potential u.° is characteristic of A, but for a given set of arbi-
trarily chosen standard states is independent of y and m..
Likewise the electrochemical potential u;’ of the product mole-
cule A; at another location in the system with electric poten-
tial ¥, concentration m;’, and activity coefficient v,;’ may be
written as

' = u,° + Z; 3¢ + RTInm," + RT Inv,’ (3)
Substitution of eq 2 and 3 into 1 gives

—AG = (Zvu® — Zvu,®) + SWIvZ — Y'Zv,Z)) +
RT(Zy; In m; — Zv; In my") +
RT(Sy:In~: — Zv;lnvy,) >0 (4)

In hypothetical coupled reactions with maximum energy
storage, the free energy decrease due to oxidation-reduction
approaches the free energy increase due to the storage process,
consequently —AG — 0 and the net chemical change can
only take place with infinitesimal rate. Conversely for a com-
pletely uncoupled system there is no energy storage and the
overall free energy decrease, —AG, reaches its maximum
value M. In actual biological energy transducing systems, a
compromise between storage efficiency and reaction speed is
reached by making 0 < —AG/M < 1.

The first through the fourth terms on the right-hand side
of eq 4 have been used loosely to represent the free energies
dissipated in the energy conversion process leading to chemi-
cal intermediates, electric potential energy increase, concen-
tration gradients, and additional molecular interactions, re-
spectively. This arbitrary representation is misleading, be-
cause in a biological system each of these four effects contrib-
utes to two or more terms on the right-hand side of eq 4.
For example, since molecules in general react at concentra-
tions m;, m;’. ..., with activity coefficients v, v;’,. ..., even
in the absence of electric field the formation of chemical inter-
mediates automatically affects the first, third, and fourth terms
on the right-hand side of eq 4. For this reason, the experi-
mental detection of concentration gradients generated by
energy transducing processes in chloroplasts (Hind and Jagen-
dorf, 1963; Jagendorf and Uribe, 1966; Deamer er al., 1967,
Izawa, 1970} and mitochondria (Mitchell and Moyle, 1967,
1968) does not support the proton gradient or chemiosmotic
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model in preference to the chemical intermediates hypothesis.
For the same reason, the attempted measurements of mem-
brane electric potential and conformation changes, even if
experimentally sound, will have little diagnostic value. On the
other side, the detection of a phosphorylated intermediate
in mitochondrial oxidative phosphorylation (Cross et al.,
1970) does not necessarily contradict the chemiosmotic and
electric potential models either, because it is thermodynami-
cally possible to drive the generation of chemical intermediates
with the free energy stored in concentration gradients or elec-
trically charged membranes.

The successful coupling of phosphorylation to electron-
transfer in homogeneous model systems (Brinigar et a/., 1967;
Tu and Wang, 1970) does demonstrate the feasibility and
potential efficiency of the chemical coupling mechanism.
Obviously the free energy liberated by electron transfer in these
model systems can only be stored in chemical intermediates,
since the definition of macroscopic homogeneity precludes
electric potential gradient, concentration gradient, and mem-
brane conformation changes. However, results obtained from
artificial model systems cannot be used as direct experimental
evidence for the coupling mechanism in chloroplasts and mito-
chondria.

In this work, spinach chloroplasts were illuminated in the
absence of ADP and P;. The efficiency of photosynthetic
energy conversion under conditions of cyclic electron trans-
port, as measured by the yield of Z* or Xz, was determined as
a function of buffer concentration. A comparison of the ex-
perimental data with theoretical expressions for the stored
free energy, AG., deduced from the proton gradient model,
electric potential model, and chemical intermediates model,
respectively, enabled us to rule out two of these three models
for cyclic photophosphorylation.

Experimental Section

Materials. Chloroplasts were generally prepared by grind-
ing fresh spinach leaves in a Waring blender, followed by
differential centrifugation as described by Avron (1960). Com-
position of the medium for grinding spinach leaves: sucrose,
0.2 M—NaCl, 0.01 M~Tricine, 0.2 M at pH 8.0. The slurry was
squeezed through four layers of cheesecloth and centrifuged
at 2° for 2 min at 500g. The supernatant was then taken out
and centrifuged again for 7 min at 2000g. The pellet from this
centrifugation was subsequently resuspended in the homog-
enizing medium and recentrifuged at 2000g for 7 min. The pel-
let was then suspended in a small amount of homogenizing
medium, frozen in liquid nitrogen, and stored at —20°. All
the isolation procedures were carried out at 0-2°,

ADP from equine muscle (disodium salt, Grade I) was
purchased from Sigma Chemical Co. Radioactive phosphate
(32P;) was from New England Nuclear and further purified
by treatment with small amounts of weakly basic anion-ex-
change resin (Amberlite CG-4B) at pH 6.5. This treatment
usually removed about 3097 of the total radioactivity and
reduced the radioactive impurity from 2-397 to 0.02-0.03 %
as determined by the extraction procedure described below.

All other reagents were of analytical grade and were used
without further purification, Deionized water with 19 X 108
ohm cm resistivity was used to make all the aqueous solu-
tions.

Reaction Mixtures. For each experiment, two solutions
were required, one for the light stage of the reaction and the
other for the subsequent dark stage of the reaction. Basic
composition of the light-stage solution: phenazine metho-

sulfate (PMS), 1 X 10~*m-NaCl, 1 X 1072 m-NaNj;, 1 X 1073
M-sucrose, 0.2 M—Tricine, 2.0 X 10~* M at pH 6.0. Basic com-
position of the dark-stage solution: ADP, 2.0 X 10~ M—P,,
1 X 102 M—-MgCly, 1 X 10~2 M-Tricine, 0.1 M at pH 8.0. In
each experiment, the chloroplasts were first washed with the
light-stage solution and then resuspended in the light-stage
solution. The pH of the final mixture was adjusted to 6.2,
Radioactive phosphate (3?P;) was added to the dark-stage
solution. Whenever additional reagents (maleate, succinate,
malonate, etc.) were added to either solution, the pH and final
concentrations of the other components were maintained
constant.

Hlumination. A 500-W projector lamp with a red filter and
a 1.5-in. thick cold water shield was used as the light source.
The duration of illumination was controlled by an electric
timer.

Two-Stage Photophosphorylation. In a typical experiment,
1.5 ml of chloroplast suspension was transferred into a spiral
polyethylene tubing by means of a Cornwall continuous pipet-
tor fitted with a B-D MS08 three-way syringe valve. After
the suspension was illuminated for a controlled length of time,
nitrogen (10 atm) was led into the polyethylene tubing by
quickly turning the three-way valve. The chloroplast suspen-
sion was forced by nitrogen into a tube in the dark containing
1.5 ml of the dark-stage solution and incubated for 30 sec
with constant stirring to utilize the stored free energy, Z* or
Xg, for ATP synthesis. At the end of the dark incubation
period, 0.5 ml of 209 trichloroacetic acid (TCA) was added
to the mixture to kill the enzyme-catalyzed transphosphoryla-
tion reactions. The whole experiment was performed at 4°.
The chlorophyll content of each chloroplast suspension was
determined with an aliquot part by the method of Arnon
(1949).

Assay of Phosphorylation. The assay procedure was essen-
tially the same as that described by Avron (1960). The TCA-
denatured reaction mixture was centrifuged at 27,000g for
10 min and the supernatant was passed through Whatman
No. 2 filter paper to remove a small amount of floating ma-
terial; 1.01 ml of the filtered aqueous solution was pipetted
into a well-cleaned glass tube and mixed with 1.5 ml of water
saturated with 1:1 mixture of benzene-isobutyl alcohol and
0.5 ml of 5% solution of ammonium molybdate in 4 N sul-
furic acid. The mixture was vigorously stirred by means of a
Vortex mixer for 5 min. Then 10 ml of 1:1 benzene-isobutyl
alcohol mixture saturated with water was added, and the
resulting mixture was again vigorously stirred with the Vortex
mixer for 1 min. After the phases separated upon standing,
the upper organic layer containing the yellow phosphomolyb-
date was siphoned out; 0.2 ml of 0.02 M KH,PO, solution was
then added to react with the excess molybdate and the phos-
phomolybdate again removed by the above procedure. After
this treatment the aqueous layer was extracted once more with
10 ml of benzene-isobutyl alcohol mixture to remove any
residual phosphomolybdate; 1.0 ml of the aqueous layer was
then mixed with 10 ml of dioxane-base scintillation solution
described by Bray (1960), and the radioactivity was measured
in a liquid scintillation counter. Two types of control experi-
ments were performed. In the first type, chloroplast suspen-
sion was injected into the dark-stage solution without illumi-
nation. In the second type, the illuminated suspension was
kept in the dark for 2 min, for Z* or Xz to decay, before in-
jection into the dark-stage solution. It was found that these
two types of control experiments gave the same small back-
ground counting rate. In the photophosphorylation experi-
ments, the amount of ATP produced from Z* or Xz was com-
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FIGURE 1: Kinetics of Xz formation. Chloroplast suspension at a
concentration of 0.50 mg of chlorophyll per ml was illuminated in
the presence of 10 mM sodium maleate buffer at pH 6.2 (0—0) and
in the absence of sodium maleate at pH 6.2 (@—®). The concentra-
tion of NaCl in these suspensions was maintained at 10 mM.

puted from the measured 2P counting rate after subtracting
out this background counting rate.

Results

The acid sodium salts of phosphoric acid and several dicar-
boxylic acids which are known to penetrate the chloroplast
membrane (Jagendorf and Uribe, 1966 ; Heldt and Rapley, 1970)
were used as buffer systems in the present study. The observed
production of Z* or X as a function of illumination time is
shown in Figure 1. While the observed amount of Xz formed
generally increases with the time of illumination, the yield
was much higher in the presence of maleate and its plateau
value could be reached in a shorter time than in the absence
of maleate.

It will be shown in the discussion section that the quantita-
tive treatment of the effect of buffer concentration on the yield
of Xr becomes greatly simplified for a very short illumination
time during which no significant amount of buffer ions diffuse
passively across the chloroplast membrane. On the other
hand, if the illumination time is too short, the yield of Xz will
be low and consequently the percentage experimental error
will be high. As a compromise, the illumination time was set
at 5 sec in our studies of the effect of buffer concentration on
the efficiency of energy conversion. These data are summarized
in Figures 2 and 3.

The data in Figure 2 show that the efficiency of energy con-
version increases with the concentration of maleate buffer.
The yield of Xz increased almost three times as the concentra-
tion of maleate buffer increased from 0 to 10 mm. This pro-
nounced effect cannot be due to a variation in total iomic
strength for the following two reasons, First, Figure 2 shows
that when the concentration of maleate buffer increased from
0 to 1 mM, the yield of X increased 5097, whereas the total
ionic strength, due mainly to sodium chloride and endogenous
ions, increased by less than 10 %. Second, essentially the same
yield of Xr was observed when the NaCl concentration was
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increased from the usual 10 mm to 30 and 50 mM, respectively.
Neither can the increase in the yield of Xz with maleate buffer
concentration be due to the acid-base transition type of phos-
phorylation discovered by Jagendorf and Uribe (1966), be-
cause both our dark and 2-min decay control experiments
show that no significant amount of Xz was formed by this
type of phosphorylation under our experimental conditions.
Figure 3 summarizes similar results obtained with succinate,
malonate, and phosphate buffers, respectively.

Theory and Discussion

In this section, quantitative treatments of the effect of buffer
concentration on the efficiency of energy transduction are
developed from the standpoints of proton gradient model,
electric potential model, and chemical intermediates model,
respectively, The characteristic theoretical results are com-
pared with experimental data and definite conclusions are
drawn.

Effect of Buffer Concentration According to the Proton Gra-
dient Model. Let us adopt the following notation: [H*],, (H*),
denote the concentration and activity, respectively, of H* (or
H;O™) on one side of the chloroplast membrane (side 1};
[H*},, (HT), denote the similar quantities on the other side
of the membrane (side 2); [X 1, [X~} (X7, (X7): denote
similar quantities for the counterion X—; (yp1), (v+): de-
note the mean activity coefficients of H™ and X~ on side 1
and side 2 of the membrane, respectively.

The free energy increase due to the transfer of dé mole of
H*, with accompanying counterions, from side 1 to side 2
of the membrane at constant temperature is equal to

dG = RT{ln @12(3(_—)2} ds
(H WX

T CAS T
[HALX (v ?

If the ionic strength is maintained apprc_)ximately constant by
an excess of inert salt M*X~ so that [X~}, = [X~] and (y.h

=~ (y4), then
_ (),
dG, = RT{ln ([_.FH‘*L)} dé 6)

Let us represent the buffer anion and its conjugate acid by B~
and BH, respectively. Since the chloroplasts were equilibrated
with the buffer in the dark for 0.5 hr before the illumination,
we have

[BH]:
[B-],

_ [BHL
[B7]:

=r

In the pH range of our experiments, the buffers were so se-
lected that r is not very different from unity. The true dis-
sociation constant K, and the apparent dissociation constant
K.’ of BH are defined by

_ (Bo#EY _ [BIH(ys-Xya-)

= 7
K= "am [BH]  (ven) @
and
, _ BIHT _ (vem) ®
t [BH] 7 (ye)vm-)
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FIGURE 2: The dependence of the yield of Xg on the concentration
of sodium maleate buffer. Chloroplast suspensions at a concentra-
tion of 0.63 mg of chlorophyll per ml were illuminated for 5 sec in
the presence of different amounts of sodium maleate buffer at pH
6.2. Complemental amounts of the maleate were added to the
dark-stage solutions so that the dark transphosphorylation re-
actions were carried out at a constant sodium maleate concentra-
tion of 5 mum in all experiments, The concentration of added NaCl
was 10 mmM in all cases.

According to the proton gradient model, the number of
moles of H* translocated is proportional to the number of
moles of electron transported. By using intense light for a
very short illumination period, it is possible to translocate a
sufficiently large number, 8, of moles of H* from one side of
the chloroplast membrane to the other, with accompanying
X~ which is present in excess, without appreciable amounts of
B~ and BH diffusing across simultaneously. Under such ex-
perimental conditions, the concentrations of H* on the two
sides immediately after the light-driven proton translocation
for the case in which § < ar/(1 + ) < @r/(1 + r)and 6 <
a/(1 + r) < a:;/(1 + r) are given by

H = K.’ {[BHla} _ Kk {azr/(l +n+ 5} ©

(B~ a/+r -3

(4], = K{@} - K {M} 0
(B7L: ) afl+r+38

where a; and g, represent the total number of moles of buffer,
B~ plus BH, on side 2 and side 1 of the membrane, respectively.

Substituting eq 9 and 10 into eq 6 and integrating (see Ap-
pendix A), we get

AG, =~ M(l + l)RT&2 (1)

2r a  a

Equation 11 shows that for a given number, §, of moles of
proton translocated, the free energy stored should decrease
as the buffer concentration increases according to the proton
gradient model. Since a; and a, represent the total amounts
of buffer, rather than its concentrations, eq 11 should remain
valid even when the chloroplasts swell or shrink during illu-
mination, provided that the light was sufficiently bright and
that the illumination period was sufficiently short so that the
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FIGURE 3: The effect of different buffer systems on the yield of Xg.
Experimental conditions were similar to those of Figure 2, except
that chlorophyll concentration was 0.58 mg/ml and that different
buffer systems were used: sodium phosphate (0—0O); sodium mal-
onate (@---.- ®); sodium succinate (A---- - - A). In the experiments
with phosphate buffer, complemental amounts of phosphate were
added to the dark-stage solutions so that the final concentration of
P; was 5 mM in all tubes. The concentration of added NaCl was
10 mM in all cases.

number of moles of B~ or BH diffused across was small as
compared to the number of moles of proton translocated.
For longer illumination periods, eq 11 should include cor-
rection terms due to the diffusion of B~ and BH, but the above
qualitative conclusion concerning buffer concentration should
still hold.

Figures 2 and 3 show that when equivalent samples of chlo-
roplasts suspended in the same supporting electrolyte solu-
tion are illuminated in the absence of ADP for 5 sec with the
same light source, the free energy stored increases rapidly as
the buffer concentration is increased. Inasmuch as each ex-
perimental point in Figures 2 and 3 was produced by the
absorption of the same number of photons of the same fre-
quency distribution and over the same interval of time, the
number of electrons transported along the cyclic electron
transport path must be the same in each case. Consequently
the number, §, of moles of proton translocated in each experi-
ment must also be the same according to the proton gradient
model which assumes a stoichiometric relationship between
electron transport and proton translocation (Mitchell and
Moyle, 1966).

Therefore the data in Figures 2 and 3 show that for the
same number, 8, of moles of proton translocated the free
energy stored increases rapidly as the concentration of the
buffer is raised. Since this observation contradicts eq 11, we
can only conclude that most of Z* of Xg in photosynthetic
phosphorylation is not of proton gradient nature.

Attempts have been made to improve the proton gradient
model by postulating that protons are not translocated from
side 1 to side 2, but from the exterior to the interior of the thy-
lakoid or inner mitochondrial membrane. This type of proton
translocation would produce a much larger proton gradient for
the same number of protons translocated. But the improved
model also contradicts the observed rapid increase of AG,
as the buffer concentration is raised.

Effect of Buffer and Salt Concentration According to the Elec-
tric Potential Model. It is assumed in this model that the free
energy of light-driven electron transport in photosynthesis is
first used to charge the thylakoid membrane and stored as elec-
tric potential energy. This electric energy is later utilized to
translocate protons and phosphorylate ADP (Griinhagen and
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FIGURE 4: A reaction scheme involving chemical intermediates for
photosynthetic phosphorylation. The letters in parentheses under
each structure denote the molar concentrations of the corresponding
molecular species.

Witt, 1970; Junge, 1970). Accordingly, Z* or Xz is equal to the
work required to charge a membrane condenser by redistribut-
ing the electric charges in the chloroplast system.

To simplify the problem, let us assume that a certain salt, say
Na+ and Cl—, is present in the system at a much higher concen-
tration than that of the buffer, B~ and BH, i.e.

C. = [Na*] = [C]"] > [B7] + [BH] (12)
Since practically all charges in a chloroplast system reside on
ions and since the capacity of a membrane condenser also
depends on the distribution of ions, we expect the free energy
stored by charging such a membrane condenser to vary with the
concentration of the principal ionic species, Nat and Cl—, but
to be practically independent of the concentration of the
buffer [B~] + [BH], which does not contribute significantly
to the total ionic strength.

As a convenient example, let us consider the free energy AG.
stored through charging an infinite planar membrane by bring-
ing sodium ions to it from the sodium chloride solution of
molar concentration C, on one side of the membrane until the
membrane potential becomes yo. For C. < 0.05mand ¢y <1V,
approximate theoretical considerations (see Appendix B) show
that the free energy stored per unit area of the membrane is
equal to

2DC.RT . {Ze o
G. = | 2> h -
A 10007 {‘["’ - ( 2kT>

gﬂ~':cosh (Ze z,bo) - 1]} (13)
Ze 2kT

where D is the dielectric constant of the solvent, k& the Boltz-
mann constant, and Z = 1 for sodium chloride solution. There-
fore, in the range of experimental data for which eq 12 and 13
are both applicable, AG, at a given salt concentration should be
independent of buffer concentration according to the electric

potential model.
For a perfect planar condenser with no leakage, we expect
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the potential y, of the membrane under illumination for a long
time to reach its maximum or saturation value as determined
by the photo-emf of the system. For a condenser with a small
leakage, we expect the steady-state value of , to be lower than
the maximum value. But in either case, AG, should be propor-
tional to C."* for < C, 0.05 m according to eq 13, whereas for
a given C; it should be independent of the concentration of the
buffer which does not contribute significantly to the total ionic
strength. To obtain the free energy stored by both interfaces
of the planar membrane, we need only replace AG, by
2AG,—AG’, where AG’ is the interaction free energy between
the oppositely charged interfaces. For a membrane 65 A thick,
AG'is small and independent of C..

Our experimental results show that the above theoretical
result based on the charged membrane model is not right,
because the observed AG, increases rapidly as the buffer con-
centration is raised and that at a given buffer concentration
AG, does not increase as C, changes from 10 to 50 mm.

Therefore we can only conclude that most of the Z* or Xg
produced by photosynthetic energy coversion under the condi-
tions of cyclic electron transport is not in the form of electri-
cally charged thylakoid membrane. The experimental results
also preclude a combination of proton gradient and electric
field, ¢iz., the electrophysical potential gradient, as the princi-
pal driving force for cyclic photophosphorylation. But they do
not contradict coupling mechanisms which involve all four
terms on the right-hand side of eq 4, viz., chemical mecha-
nisms.

Effect of Buffer Concentration According to the Chemical
Intermediates Model. In order to treat the effect quantitatively,
it is convenient to adopt as working hypothesis an explicit
chemical mechanism. Let us tentatively adopt the coupling
mechanism discovered in model systems (Brinigar et a/., 1967;
Tuand Wang, 1970) for photophosphorylation in chloroplasts,
and assume that under illumination an imidazole group of a
cytochrome molecule is first photooxidized to a substituted
imidazolyl radical. If the substituted imidazolyl radical is adja-
cent to a suitable phospholipid or phosphoprotein, (RO)R'O)-
PO,~, of the chloroplast membrane, it can rapidly react with
the latter to form a substituted phosphoimidazolyl radical
which can subsequently be reduced to substituted orthophos-
phoimidazole. The unstable substituted orthophosphoimid-
azole can either decompose to the original reactants or cap-
ture a proton to form water and substituted 1-phosphoimid-
azole. The latter can then transfer its substituted phosphory!
group to an acceptor group A~ or AH on the membrane to
form the intermediate (RO)R’'O)POA. Both the substituted
1-phosphoimidazole and (ROXR'O)POA are “nonphospho-
rylated’ energy-rich intermediates and either of them can sub-
sequently react with inorganic phosphate P; and ADP to form
ATP and regenerate the original reactants.

This hypothetical reaction scheme is summarized in Figure
4. With the notation of Figure 4 and the assumption of steady
state for the substituted phosphoimidazoly! radical, the rate
equations may be written as follows

ax e x oy RHT
g ~ Rl =@ —x=n {kQ[Hﬂ + k~1} *
kes(b — X)y — ko(x) (@ — WA (14)
3%’ = k(@' — WIHT = koob ~ 00) — k() (15)

where I represents the intensity of light. For illumination per-
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iods much shorter than the spontaneous decay time of Xg, the
term —k4(y)ineq 15 may be neglected.

Since experimental data show that the number of moles of
Z* or Xg formed is much larger than the number of moles of
each electron carrier, y >> b > x, we may use the steady-state
approximation for x, i.e., dx/dt = 0. Therefore

k(b — x)a — x — y) X

{ k[H*]
ke HY] 4 k-

dix +y) _

dr
}—un
= k(b — x)a — y) X

{ ko[H*] } . d_y
K[HY] + k—f  dt

With the same notation and approximation used in the
above treatment of the effect of buffer concentration according
to the proton gradient model, we may write

(16)

[Ht] = {M} K.’ an
cl+n+2f""
where r = [BH]/[B~] before the illumination, and
¢ = [BH] -+ [B~] (18)

Substitutingeq 17 in eq 16 and integrating, we obtain for y/a
<< 1 and short ¢ the approximate expression (see Appendix
&)

zzls,_z[ww}w,,,, )
a A + myre
where m = k_;/(k:K.'r) and s = 2k I(b — x)/(1 + m).

For approximate considerations, let us neglect the contribu-
tions to AG, due to changes in the concentrations and activity
coefficients of the reactants and products in the system, and
assume that the free energy stored per unit volume is propor-
tional to y/a. Although the washed chloroplasts must still con-
tain a small amount of endogenous buffer, we expect from eq
19 that the additional free energy stored due to the added buffer
will increase with the buffer concentration ¢ at low ¢ when

2
i+ g
(1 + myre

But at very high ¢, we expect this additional AG. to become
independent of ¢ when

2m(l 4+ r)2a
(1 + m)re

The experimental data in Figures 2 and 3 are consistent with
this inference at low c. However, the yield of Xg did not reach
a saturation value. We do not know whether this failure to
reach a saturation value indicates that the term 2m(1 + r)%a/
[(1 + m)rc]lineq 19 is still appreciable as compared to unity at
¢ = 10 mM, or that the rate factor sz increases slightly with ¢.
The latter case is particularly likely for longer illumination

periods in which the yield of Xy may be augmented by supply-
ing a part of the protons required for the production of Xg
according to the scheme in Figure 4 from the outside at a rate
which increases with the concentration of the added buffer.
An appreciable error may also have been introdnced in eq 19
by neglecting the term —k,y in its derivation, since k, is
known to increase rapidly with pH.

The net reactions leading to Z* or Xg in the present chemi-
cal coupling mechanism are

HN N + 0—P—OR + H*

=

OR’
_ 0

I
N\/N—II’—OR + HO (20)
OR’

Ny N—P—OR + A™ + HY =

~ o

N/
HN_ N + P, (@1
\/
ro” “oR

OR’

The net reactions for the formation of ATP from Xg in the
present scheme are

0
—\
OR’
H— NG
+
HN N + P\ + ATP + v H' (22)
RO OR
NP2
/P\ + ADP + P, —
RO OR
0 N
N
/P< + A™ + ATP + wH'Y (23)
RO OR

Since reactions 20 and 21 involve the uptake of protons,
whereas reactions 22 and 23 involve the release of protons, we
can drive the first two reactions to the right by lowering the pH
and drive the last two reactions to the right by raising the pH.
Consequently according to the present chemical mechanism it
should be possible to make ATP from ADP and P; by incubat-
ing the mixture with chloroplasts in the dark at low pH and
then suddenly raising the pH toa high value, but it should not be
possible to do the same by incubating with chloroplasts in the
dark at high pH and then suddenly decreasing the pH to a low
value. These inferences are consistent with the well-known
experimental work of Jagendorf and Uribe (1966).
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FIGURE 5; The diffuse double layer of hydrated ions with finite radii.
d is the distance of closest approach of a negative ion to a positively
charged interface.

Similarly when a chloroplast suspension is illuminated under
the conditions of cyclic electron transport in the absence of
ADP and P,, the external pH is expected to rise initially due to
reactions 20 and 21 and gradually to reach a steady-state value
when the rate of production of Z* or Xg equals the rate of its
hydrolysis (k; step in Figure 4). After the light is turned off, a
drop in external pH should follow the hydrolysis of Z* or Xx.
Under optimum conditions at low pH (~6), the molar ratio
of Z* or Xg photosynthesized to H+* taken up is expected to
approach 0.5 according to reactions 20 and 21.

Appendices

A. Derivation of Equation 11. Let us define

&=+ ndjay; & = (1 + ndja 1)

_{ & - as ’
dé = <1 n r>d$1 <1 i r)dEz 29

Substitution of eq 1’ into 9 and 10 gives

Ht], = K./ ﬁ_&); H+1=Ka/<r_£1> 3/
] <1—$2 H7] 1+ & 3

Substituting eq 2’ and 3’ into eq 6 and integrating, we get

I3
AG, = RT‘”f {ln<1 +§>—1n(1—52)}d52+
1+rJo r

RTa, (¢ & ) ’
M [ {ln(l—{—fl)—ln( —7>}d51 @

For £/r << 1, the first integral on the right-hand side of eq 4’
becomes

12={<1+§2>ln<1+§2>—<1+§>}r+r+
r r r
A—-f)In(d-& -0 —-& +1
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=(r+fz){£2—1§2-2+ }+

o2
a Eg){ & 5 . }

ATy zl(}w)sgz 5"

1
2r 2 o2
Similarly for &/r << 1, the second integral becomes

1(1 , ,
L = 2—<;+1>fx (6"

Substitution of 1/, 5/, and 6’ into 4’ giveseq 11.

B. Derivation of Equation 13. Let us consider an infinite
planar membrane as a diffuse double layer of finite ions illus-
trated in Figure 5. The potential ¢ at any point obeys the
Poisson equation

4mp
AY = ——= 7!
¥ D )
where the charge density p is given by
p = ZZiem (8,)
1

and the number n; of ionic species / per unit volume is related
to the average number n,, of that ionic species by the Boltz-
mann equation

n; = nioe—Z,;e\Z//(kT) (9/)
Combination ofeq 7/, 8/, and 9’ gives

Ay = _4%’ Z Zienge~ 2t/ (D) (10"

For the infinite plane in Figure 5, d¢/0y = 0, 3y/0z = 0,and
A reduces to d?/dx. Multiplying both sides of eq 10’ by 2dy/
dx gives

d\// dzlp 8w —~2Z. kT d‘l/

2-F % =X =~ Ziemee " AW/ D 22 (11)
dx  dx? D 2,: dx (
Since Y — 0 and dy/dx — 0 as x — o, integration of eq
11’ yields

(88) = ST s fomzovsn —1y 29

dx D

For a simple, symmetrical binary electrolyte, eq 12/ simplifies
to

dy _ _\/SW”kT {eze¢/(2kr> — T ZW/CRT)  (137)

D

Since the total surface charge ¢ should be equal to the total
space charge per unit cross-sectional area, we have

= D (= dw D [dy
- - ¥ iy = - 2 (¥ 14/
a fd pdx ar ). aw dx e <dx >x=d (149



PHOTOSYNTHETIC ENERGY CONVERSION

Substitution of 13’ into 14’ yields

- = \/DznkT (eZ0¥a/QRD) _ o=Zeva/ T} (157)
s

For a dilute solution containing C, moles of salt per liter and a
moderate surface potential yg, e.g., C: < 0.05Mand ¢y >1V,
we may use the approximation ¥4 = . Consequently the
free energy stored by charging the planar membrane to a sur-
face potential ¥, is equal to

AGS = f lpo da'
0

DnZ%? ("%
~ ‘/ {oeZen/ @RD) 4
87kT j:)

¢oe —Zeyo/(2kT) } dwo

_ \/Dnzzez 2%T\* SZe/ GRT) Ze\l/o_l _
87kT \ Ze 2T
o~ Zeto/ (2kT) Ze\"0+l v
24T 0
_ ‘/2anT o siah (Zexl/o B
T 2kT
2kT c:osh(ze‘l/0 -1 }
Ze 2kT
_ ‘/ZDCERT g sinh (200 —
10007 2kT
KTV oen (28 — 1 b a3
Ze 2kT

C. Derivation of Equation 19. For simplicity let

f=—orc=21+nf

T 21+ (16"

Substituting 16’ and 17 into 16 and integrating, we get

I ko (f+y dy _
kal(s — )t fo {1 +k21<ﬂ'(rf— y>}““y i
| a > k1 {fy Sfdy
n<a—y +kQKa’ o(’f_y)(a_y)+

Y ydy
— 1 !’
j; (rf — yXa — y)} ar

The first integral on the right-hand side of 17/ is equal to

f @ =nf_
a—rf (tf— ya

S {m <1 - X) —~In <1 . X>} (18"
a—rf a rf,

13=

For yja < 1and y/(rf) < 1,18’ may be written as

(197

IR NSANR Y AVEAY
@A)

Similarly for y/a < 1 and y/(rf) <1, the second integral is

equalto
L= dam(1=2)—pinf1-2
a—rf a rf,
y2
=2 207
2arf (207
Let
m = ks and s = 2kalb — 1)
kK.'r 1+ m

Substitution of 19/ and 20’ into 17/ gives

kd(b — %)t = —{—<—y> - 1<X>2— } +
a 2\a
y a+rf\{r\?
G+ (o) )+
a{y\?
+2—f<5> T }‘
=a+m)G>+
a
}[(1 +m)rc+2m(1+r)2a] <X>2 +
2 re a
or

1[(1 + myre + 2m(1 + ")2a] <X>2 + .. Q1)

2 A + mre a

Except when ¢ — 0, the third and higher terms on the right-
hand side of 21’ may be neglected. Then by solving the result-
ing approximate quadratic equation, we obtain

Yoo 1+ myrc v
a (1 4+ myre + 2m(1 + r)a

. (1 + myre + 2m(l + r)?a Ve
{ 1+[1+ e xSf]}

For short #, binomial expansion gives

lest—l 1
a 2 8
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The exclusion of ¢ — 0 is not a serious limitation, since in
order for the experiments to be meaningful, the concentration
of added buffer must be substantially higher than that of the
endogenous buffer groups.
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Primary Structure of C-1-a,—a Cyanogen Bromide Fragment of

Heavy Chain from Inbred Guinea Pig Immunoglobulin G(2),
Which Contains a Markedly Variable Segment”

Barbara K. Birshteint and John J. Cebraf

ABSTRACT: The primary structure of a 49-residue CNBr frag-
ment from the N-terminal quarter of strain 13 guinea pig
immunoglobulin G(2) heavy chain has been determined. This
fragment, which spans residues N-35 to N-83 of the +y. chain,
has two regions of almost constant sequence joined by a
markedly variable region spanning 12 residues. Automated
sequential degradation of C-1-a; from strain 13 and strain 2

V- »e have presented the procedures for the isolation of
CNBr fragments accounting for 303 residues from the C-
terminal three-quarters of the . ! chain from strain 13 inbred
guinea pig 1gG(2)? (Birshtein er al., 1971a). Sequence data of
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Science Foundation Grant GB 7852,
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! The nomenclature is in accord with that suggested in Bull, W. H. O.
(1964), 30, 447, and with that proposed by the Conference on Nomen-
clature for Animal Immunoglobulins, Prague, June 1969,

2 Abbreviations used are: IgG(2), immunoglobulin G(2); DNP and
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animals and from anti-dinitrophenyl antibody purified from
strain 13 animals confirmed the presence of a constant
sequence for residues N-36 to N-47 of ~. chain. There was
greatly restricted variability in purified antibody within the
region shown to be markedly variable in normal C-1-a, of both
strains. Positions N-49, N-51, and N-58 within this variable
region seem constant in all these sources of C-1-a,.

two of these fragments and of a tryptic peptide containing
methionine have shown a constant sequence for that segment
of the molecule extending from position ~N-120 to the
hinge region in the middle of the chain (Turner and Cebra,
1971; Birshtein er a/., 1971b). Position N-120 is very close to
that residue position which, in myeloma proteins, is termed
the “switch point,” that point N terminal to which these
proteins have differing sequences.

The isolation of two additional fragments (C-1-a; and
C-1-a,) was reported (Birshtein ef al., 1971a). These fragments
as well as a third, C-1-n, have been shown to account for the

TNP, di- and trinitrophenyl; HSA, human serum albumin; PTH,
phenylthiohydantoin; PCA, pyrrolidonecarboxylic acid.



