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PHOSPHORUS TURNOVSR AND PHOTOSYNTHESIS
' BY
Sam Aronoff and Melvin Calvin

From the Radistion Laboratory and
Department of Chemistry, N
University of California, Berkeley”

20 November 1947

The participation of phosphorus in biological oxidation-
reduction reactions of the type fouﬁd in glyeolysis ADP + POAB- +
3=phosphoglceraldehyde + PN = 3-phosphoglycerate" + 2H* + DPNH +
ATP has suggested theories in which similar reactiors are proposed for

photosynthesis (Lipmann, (6), Ruben (8), Emerson, Stanffer, ard Umbreit

(2). 1In these theories the reducing power of photosynthesis is utilized
not only for reduction of carbon dioxide but also, by means of coupled
oxidations, for the sereration of high-energy nhosrhate honds, or in

the last reference directly for the generation of high-energy phosphate.

Since in these theories acyl phosnhate is formed from inorganic phos-
phate, they are amenable to proof without isolation of varticular inter-
mediates, by means of radioactive phosphorus. It would be expected

that the rate of conversion »f inofzanic phosphate to organic phosphate
“would be greater in light than in the dark. e have investigated this
possibility under a variety of conditions and are unable to substantiate
the theories. The following experiments are reported:
a) with grana

The use of grana, which are cavable of accomplishing the photo-

chemical reduction of a variety of substrates, e.g. of qiinones (Warburg (9)

(¥) This paper is based on work performed under contract No. W-7405-
Eng.-48 with the Atomic Energy Commission in connection with the
Radiation Laboratory, University of California, Berkeley.

.
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Fan, et.al, (3), Aronoff, (1), permits a test of the theory of Emerson,
et.al. It is to be expected that the direct utilization of light should
result in the formation of organic phosphate,
b) with leaves

There is some evidence to indiéate that the light reaction in-
volving the fixed carbon dioxide occurs within the chloroplast (Frenkel
(4). Twis suggests trat the chloroplasts, isolated from lighted arnd
darkened halves of a leaf will show differences in rate of formation
of organic phosphate. |
¢) with algae

Diverse aspects were investigated; light vs dark, t-e presence
and absence of carbon dioxide and of oxygen.

' The P* obtained had a snecific activity of anproximately 35‘pc/ﬁf,
the concentration of uhe P* unfortunately varying from sample to sample
and commonly being as high as 10 ¥ /ml. Experimental total coun’s of
P* were of the order of 106——107, involving aliquots of 0.1—30,2 of
the P* golution., The amount of absorption of P* into e.g. 100 c.m.m,
algae during a normal run of ca. 15 minutes is of the order of Ol =—* 5%
depending upon particular conditions, All experiments with algae were
performed with the usual manametric equipment, p* being tipped in after
equilibration. The determination of the ac£ivity in the algae was accom=~
plished, after quantifative removal from the reaction vessels, by centri~
fugation (complete within 2.5', 2°-3° C), and washing twice with distilled

water, and finally being made to volume 2.5 or 10 ml. (depending on

activity of P* op number of cells) with cold i%- KHyPOs.  An aliquot

of this suspension was pipetted onto a counting nlate, made by glueing

filter paper onto an aluminum disc with rubber cement. (In preparation
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the use of the rubber cement should not be minimized, and pressure should
be applied during drying). With our acitiviteg and cell numbers, counts
on a plate usually were of the order of 100--—$1000/minute.

The method is based on the observation that two washings of

cells with distilled water removes external radio phosphate completely,
and further washings do ﬁot remove additional phosphate from the cells.
The suspension of the cells in i%— HZPOA-’ for a period of 8-10 minutes,
results in a semi-quantitative exchange between the relatively concentra-
ted external :nactive phosphate and the intracellular inorganic radio
phosphate. Different cultures appeared to require varying pH's, up

to 6.5 for quantitative removal of iP*. “gentrifugation and resuspension
of the cells in H2P04— does not cause appreciahle additional removal of
phosphates Vowever, periods lon-er than the 8=10 minutes diminish the
apparent organic P* (,P*) since there is continual interchange (OP*ﬁzz;iP*)
between external P (eP) and iP*. The ext~nsion of tre suspension period,
e.g. from 10' —> 30" results in an apparent diminution of OP* from 80% —
65% (see Fig. 1). This is complicated by the 4P —3 P change, but the
use of cold solutions diminishes the rate of these processes. Results
within a particular experiment are believed to be valid to within 10%.

*
The total P’ (¢{P") having thus been cbtained, the inorganic P*

(iP*) may be determined from the supernatant after the suspension has
équilibrated with the cold H2P04' for ~v10', Determination of P from
the cells is preferable, however, since the "geometry" of the counting
plate is more comparable to that for t“e total.

In either theory under consideration, an increased rate of
conversion t- organic acyl=-phosphate compounds is expected. Jere it
not for considerati-ns of permeability, one co1ld measure the effect

*
merely by determination of total P uptake, since this would be increased
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under the influence of light. Actually, by far the slower of the two
processes is that of the initial entrance of P into the cell., Consgidera~«
tions discusged below will show that although it iﬁ desirable to be
aware of both rates, a) the rate of entry of externgl radio=phosphorus
(™) into the oell, becoming internal inorginic rédio-phosphorus (iP*),
and b) the rate of conversion of iP* ﬁo internal organic radio-phosphorus
(GP*), the critical quantity is the rate of convergion of iP* to @P*.
EXPERINMENTS
Grana

Grana were prepared from spinach leaves, purchased locally,
via a.method similar to that used for the chloroplasts, except for the
further centrifugation in a high-speed centrifuge (20,000 g. 10', T =
2,5° ), (see ironoff (1).

Almost all of the P* was removed by washing with KHEPOA. Thus
no conversion to 4P had occurred, and the equality of p* uptake indicated
no effect of light, The theory ol Fmerson, ef.al. (2) is thus not
confirmed, (see Table I),

Leaves

Tobacco leaves, used for chloroplast.preparation, were obtained
from plants grown in a green house in nutrient solution, during summer
months, Chloroplasts were prepared by pressing leaves with a pestle in a
mortar containing ice-cold M/20 KHCOB, and differential centrifugation,
and washing with distilled water,

An excised tobacco leaf was permitted to absorb P* in the dark,
followed by an equal period of distilled water absorjption, including
three changes of water, Half the leaf was then illuminated, the stem
being in distilled water,

From Table II we note that the leaf punches show slightly more



UCRL - 10
page 5

activity in the illuminated than in the dark side, but the chloroplasts,
isolated from each half (2° ¢, as simulianeously as possible) possessed

riot ohly aﬁpfoximétely eqﬁal activity, but théy indicate ho preferential
conversion of iP*~—~%P*; - |

If‘one accepts the percent of total Vdiuma occlipied by thé
chloroplasts of a tobacco leaf as equal to a 5pinach‘ieaf (17%) (Mencke (7,
then the specific activities of the chloroplasts were only ca. 1/10 that
of the cytoplasm,

If the leaf is half-illuminated directly while absorbing P*, a
much higher P* (2,5 times) is found on the illuminated than the dark
side, although the ratio of chloroplast P*/total P* is mqual for each
half. This effect is presumably due to transnirational differences,.

It is often stated, even among physiologists, that the use of
algae are rreferable to leaves, s.nce they are more uniform, statistically
than different leaves, The comparison is not valid, since the chloroplasts
within a single leaf are probably as uniform as the algae within a
culture, and it is doubtful whether two algal cultures are more identical
than opposite leaves, Furthermore, algae are complicated by a completeness
and complexity of physiology not present within a more specialized
organ as a leaf, Thus, although a variety of experiments have been
done with algae, differences in behaviour of different cultures have
made comparisons in experiments difficult, and the data offered are to be
considered only as preliminary,

Algae

The primary comparison to be made is that of light vs. dark,
Furthermore, since respiration is known to involve considerable phosphory-
lation, while photosynthesis requires only minute amounts of oxygén,

most experiments were anaerobic,
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Table I
Effect of light on p* uptake
during photochemical reduc-
tion by grana (*).
substrate ¢/m P* gas exchanges
XS Quinone, light 3620 % 86 cmm,
Xs quinone, dark 3860 - 4 cmm,
no substrate, light 3660 + 12 cmm,
no substrate, dark 3660 + 6 cmm,
(¥)., Bor grana preparation, see text. Grana washed once and resuspended

in distilled H,0.

Table II
Effect of light on P* uptake
in tobacco chloroplasts (%),
material light dark

leaf punches 373,000 340,000

total P in chloroplasts 5,000 6,200

oP* in chloroplasts 570 620
(*¥), Leaf used I hour after cutting. Area = 300 en®. Stem immersed in

5 cc distilled H,0 containing 9.0 x 100 "countst P*. 1In dark 45%
after which P* solut.on is replaced with 20 cc distilled H,0, let
stand 15' and twice repeated. One half covered with Al foil, Leaf
illuminated 30' with 300 '/ reflector spot lamp, Illumination inten~
si¥y at leaf ca, 10,000 lux, FS 311 infra-red absorbing filter Ee-

tween source and leaf,
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Chlorella vulgaris, grown in Emerson's solution over two 100 W
white fluorescent lights (10 cm., fan circulation of air) were generally
3nd déy old cultures, which Had been stored after growth at 2-3° C until
use, Because of vafiabiiities ih pfowWth and duration of storage, the
algae proved to be rather'unpredlctable both as to length of ihduction
period (for photosynthesis) and, to a lesser extent, respiration, This
variability appeared to affect both rate and extent of P* rickup so
that experiments were directly comparable only if algae had been aliquoted
from the same stock, Further work undoubtedly requircs algae cultured
and used under identical conditions,

A typical experiment testing the eflfect of light is summarized
in Table III., It is apparent that no effect of light is found,

Table III

0.220 cc algae, eP* = 0.6, c/m= 6.0-106. t = 23!, Gas phases

N, + 4% CO,. liedium 0.1 M K,CO4.

Total Organic P % oF
light , 101,000 38,000 38%
dark 102,000 38,000 38%

Furthermore, even in the presence of oxygen, which could
wonceivably be specifically coupled with the phosphorylations, a short
run correlation could not be found, as is evident from Table IV,

Identical experiments with cultures in the presence of oxygen
(or for protracted periods (60') in its absence) indicated that 20
minutes was generally required for equilibration between iP + P

(i.e., in algae, ;P/ P = 4, so that when the % ratio is 20/80, complete
RN 2 ’ P
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Table IV

D.100 cc algae. (P = 0.6, e/m= 3 x 106£ t = 15', Gas jhases,

air + 4% CO,.

* ¢ . *
Total 4P % P
light 16,300 8,200 505
dark 17,300 8,700 , 49%

equlilbration has occurredand the continuation of the experiment beyond
this time is of no further value, (e.g., see Fig, I),

It is however, apparent from Table III that the permeability
is the lxmltlng factor, since less than 2% of the original activity
had entered the cell, To calculate the distribubion between cells and
medium at equilibrium, assume that F enters only b, exchange, Equili-
brium will occur when the specific aftivity of P* = ;P* « ", The
average composition of algae may ve assumed to be v~ 0.,1% of the wet weight,
so that 120 mg, of algae contains 120 & of P, The external radiocactive
gsolution éontalned O.é»K'P so that at equilibrium, the “count" in the
external solution should be (..,_aé...)(é 0 x 10"6) = 5.0 x 104, vhile the

.6 + 120

cells should contuin ( %SO )(6 0 x 107) = 5.9(5) x 107, It is obvious

that the cells are far from equilibrium with the external solution and that

the permeability is by far the slower rate,

There 1is @ very definite effect of oxygen in the dark, as
shown in Table V, The data for OP* a;}e.r to be somewhat high and
indicate in this instance incomplete remdval of iP*'

It is to be noted that not only does the presence of oxygen

accelerate the rate of conversion of iP*m*~)OB*, but also the permeability
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of the cell, i.e., P~ .P. Although anaerobiosis does not always
affect the rate of absorption of ions through cell membranes, there are
numerous instances (e.g. Foagland (5) as this, where it is believed to
oecurs.

An attempt was the?éfofe maae to détérmine the relation between 0O
assimilation and P fixation. bupiicafe flasﬁé wote used; one fop the
determination of respiratory p?ckup 6? P; anothér for fermentative, iiei,
in the presence of argon. Reépiratory rate was determined in & third

vessel. Aliquots were made from the flask containing air + P* at 5!

intervals and OP* determined. At the conclusion of the experiment, e

similar analysis was made for the vessel containing argon,

Table V

0.150 cc algae. P 267, co/m = 3.0x 106, &= 30'. Gas

Phases, N, + 4% COy; argon, air-COy.,

Total P oF %oP
N, + 4% Co, 23,900 11,000 46%
argon 26,800 12,000 | 45%
air - COy 142,000 127,000 . 89%

One may calculate the relation between Oy consumption + P conver-
sion either from the rate formula as follows:

It has been shown earlier that ﬁhe rate of entry of P* from the
external medium into the cells is very much slower than its rate of con-
version within the cell to organic p*. Therefore, neglecting ePf—v—m?iP*,

we may write the equation for the rate of formation of P* from .P* as:
0 i
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p* p¥ *
U L of

P pm—————

dt 1P oP

*

where, at t = o, {P* = P* = 0; and ;P = .P" ¢ P

The solution of the differential equation 1s

P:P
* ol —k(
OP T e etcanmn— 1-g PP )t

of ¢+ 1P

o

which may be rewritten as

oP 3 4P

11

~ln (1 = uOP*) ukte. where u =

oPiP

From the curve (Fig. 1) it is seen that half of the conversion of

- 40% occurs at 7.5 minutes. Substitution in

§P ey P* (L.e., P
the above, after utilization of the relation, i? - iP* ¥ OP*, results
in the evaluation of k¥ = 14.5%/min.

The 290 omm. of cells are estimated to contain 290 & P of which 80%
or 232 %, are believed to be organic (Emerson, et. al. (2), This is
equivalent to 232/290 = 0.80 3/ OP/omm. cells or 0.0258 micromoles/bmm.'

cells. The fraction formed is 14.5% = 0.0038 micromoles/min/cmm. cells.

The rate of 0, assimilation is 0.015 omm, 0,/min/cmm. cells. This is
eguivalent to 0.015/22.4 = 0,0087 micromoles/min/cmm. cells. The ratio

of OgP 1s thus 67/380 or approximately one atom 0/3 atoms P.

DISCUSSION
It is evident from the experimental data presented that there is
no direct connection betwsen light and the gross formation of organic phos-
phorus compounds. Thus the scheme of Ruben-Lipmann is not applicable in

its largest interpretation. Yhere still remain two possible interpreta-

tions by which phosphorus might still play a direct part in photosynthesis.
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If an organic phosphorus fraction constituting‘only 1-10% of the total
organic phosphorus were involved in the photbqhemical interchange with
inorganid phosphorus, the preéenf thethod wddid not have been abld to
detect an scceleration of this inhéfehaﬂgé by 1ights Yhe second possi-
bility ik that the light accomplishes transformation of organic phosphorus

from one form to another without passing through the inorganic state.

SUMMA RY

Using radioactive phosphorus, no direct connection between gross
formation of organic compounds and photosynthesis or photochemical re-

ductions has been found to oceur,

The cooperation of Dr. Victoria k. Heas in a portion of this work is

gratefully acknowledged.
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