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ABSTRACT

STUDIZS ON PZOTOSYNTHESIS

PART I: BIOSYIITHESIS OF SUCROSZS FROM GLYCOLATE
PART II: ZEICARZ0IATE UTILIZATION BY WASHED ALGAERE

by Eduardo Jimenez Saenz

Two different asvects of photosynthesls were con-
sidered in this work. First, the role of glycolate as a
precursor of sucrose was investigated, and secondly, the in-
hibitory effect of washing algae with distilled water was
studied.

014 were fed to

Glycolate-1l- or - -c1* and serine-3-
leaves of different plants in the light for snhort time periods.
Iabeled sucrose was isolated by chromatography, hydrolyzed and
the distribution of 014 in each carbon atom was determined.
Glycolate—l-cl4 was converted into 3, 4 labeled hexoses, while
glycolate-z-cl4 was changed into 1, 2, 5 and 6-cl%* hexoses.
Serine-B-Cl4 was metabolized into 1, 6 labeled glucose and
fructose. These data contributed to an understanding of a Gly-
colate Pathway for metabolizing photosynthetic carbon products.
Glycolate was converted to serine, serine to glycerate, and
glycerate to sugar by reversal of the Embden-ileyerhof Pathway.
The contribution of the Glycolate Pathway was discussed for the
randomization of label in the hexose molecules.

Upon washing algae three times with distilled water, the

photosynthetic rate of fixation of HaHCl403 at pd 8.2 or above

was inhibited 80 to 90 percent. This inhibition was reversed
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waen thae pid was lowered to 7 or below by buffers such as paros-
pnate, vnosvnozlycolate or amino acids. This phenomenon was

best explained by the assumption that 014

0, entered the cells
many times faster than the bicarbonate. o additional facts
wnlch supported thils hyvothcsls vere that the bulffers need
not enter the cells to be effective, and that the products of
pnotosyntnesis were not altered by three wasialngs or by pd
changes of the medium. At hish bicarbonate concentrations,
diffusion of the anlion also suvvorted pnotosynthnesis. Ior un-

explained reasons the increased photosynthetic rates induced

by buffers at pi 7 were prevented by uranyl or arsenate ions.



SIUDISS 0 PuQORCIYLTHESTIS

AT I: 3Blosynthesis of sucrose from Glycolate

[ad)

FART II: Bicarbonate Utllization by washed alcae

=y

mduardo Jimenez Saenz

Subnltted to the oschool for Advanced Graduate Studies
of licniszan State Unilversity 1in partial
fulfillment of the regquirements for
the dexree of

DOCTOR 07 PHAIIOSCPIY

Department of Botany and Plant Patholozy

1962






~‘-!i;

7 // 7 / - _

To

Iy wife

And children

ii



I wishh to exvress i1y avrreclation to the members of
ny acadenic Advisory Comnittee, and in particular to Dr. IT.
Z. Tolbert of the vepartment of Blochemistry for his constant
aid and eacourazeument tarougnout the course of the investi-
cation 2and during the preparation of this manuscript.

It is with gratification that I acain acknowledge
the zenerous assistance of the Rockefeller Foundation, whose

soonsorship so greatly aided me in pursulnz tals svudy.

(]

iii



TABLZ OF CO.LITLETS

I;:TRODUOTIO:\Y o L] L] L] L] o L L] L] L L] . L] L] L J L] L] L L[] L
REVIZT CP LITERATURD o o o o o o o o o o o o o o o o

Orizin of Glycolate in Plants
Fnysiolozical Importance of slycolate
Glycolic acid Oxidacse

Tae Glycolate 2atawa

Utilization of Zicarbonote by .ilzae

o

e sagalng Sffect
:;61-3314‘&1.{3 —\‘-;:D I:T::OJJ ] L] L] L L] L] L] L] L] L] [ ] L] L] L L]

Zizner Flants
Alzae ,
Glycolate-Cl% Fecding Zxperiuents
Vacuun Infiltration Tecimicgue
velection of Flents for Iabeling of
dﬁqrose
serine=3-C+" ITeeding Experiment
Use of Alsag Cultures for rhotosynthesis
Uptale of P-2-labeled Phosphate or Serine-3-Cl%
Procedure for the Dlegradation of Hexoses

PART I: RISULTS AID DISCUSSIOI 6 v 6 6 o o o o o @

Photosnythesis Sxperiments with Hisher Plants
Glycolate ZFeeding Ixperiments
Vacuun Infiltration
Iabeling of ducrose-—;‘l4 by Different
“}qnts
oerine-3-C+7 Feeding Ixperinent

P‘:LR‘I II: RJ_“JN)UL‘J-“J‘ [ ] [ ] [ ] L4 [ L J [ ] [ ] L] L] L] L] [ ] L] [ ] [ ] [ ]

The wasninz zifccet .

lnterials which Stimulated Lazcl®0. Pization by
nasned Alsae 2

Effect of Inhibitors

Tranyl Inhibition

Arsencte Innibition

Influence of »i on the Utilization of Bi-
caroonate ions

Feedins Radioactive Compounds winich Stinulated
Thotosynthesis

Froducts of Photosyntnesis

iv

ry
2
®

)

=
Ul OWTLL Ll

=
\]

ol
~ =

20
0

2l
22

23
25

29

)}

(SRS Y|
O\ -

20

4y
53
54
58

Ch

~ O\
NS RN B



Faze
PART II: DISCUSSI0H o o o o
SULLARY AIID COUCLUSIOINS o o o W

LITEZRATURS CITED @ & o o @



loble

II

III

v

VI

VII

VIII

XI

LIT

Yield and distribution of cl% in fermentas
tionlzroducts firmed fronm glucose-l-c1 ,
2=C and -5-CL%
fmctose. * L] L] L] L] . L] L ] L] L] L] e L ] L ]
Formation of labeled compounds by young
wheat41eaves after two or ten nminutes
of ¢l 05 pnotosyntinesise .+ o o o o o .
. 4 .
Percentage distribution of Cl in hexoses
O-f SU.CI‘OSG. [ L) . ] [ . . [ [ L) ° [ ° o

Products_of jlycolate-l—cl4 and glycolate
-2-01% netabolisn during a periocd of
three minutes in the 1li~nt by vacuum-
infiltrated wheat or soybean leaves . .

Products_of ::lycolate-l-cl4 and glycolate
-2-C+% metabolisn during a period of
ten nminutes in the lizht by wheat,
soybean or coffece 1leaveSe o o o o o o o

Products of serine-B-Cl4 netabollsm during
a period of ten minutes in the light
by Uhe&t leaveS. . ] ) ] . . . ° [ 3 L]

of three washinzs with distililled
er on txhe capacity of Chlanmydomonas
nhordti to utilize bicarbonate ions.

Differential capacity of three specles of
alsae to utilize bicarbonate ions. .

nffect of compounds on stimulating washed
algee to utilize bicarbonate ions. . o

Effect of wasnin~ Chlamvydonmonas reinnardti
with two calciunm chloride solutions.

Zffecect of increasing amounts of bicarbonate
ions on photosynthesis of washed
Chlorella pyrenoidosS2. =« o o o o o o &

Pnotosynthesis by alzae washed with bi-
Calﬁbonateo : L L J L L L] L] L] [ ] [ ] L L] L] L]

vi

with and without added

Paze

28

Ul
[

Ll
Ll



P Y- L RS

L e e



Table

{IIT

LIV

“r

LVI
LVII

LVIII

LIX

L
dmdd

AXII

LLIII

oI R
Llure

1

-

zffect of 1ncreasinz pnosphate concen-

trations on the photosynthetlc
activity of algae washed either with
distilled water or a bicarbonate

solutione « o« ¢ ¢ o o

L] L] L4 L] L ® L] L] L]

sffect of uranyl acetate on the stinulatory
action Ifron addition of vhosphate,
pnosphoslycolate and serine to washed
Chalanydononas reinhardtie o o o o o o o

Differential response of enhanced pnoto-

synthesis in nresence

of a constant

concentration of uranyl acetate. . . .

sffect of sodium arsenate
synthetic activity of
wasned alsges o o .

zifect of sodiun arsenate
syntahetic activity of
APL= ﬁ'le\l Cll. Cle . . . ° °

nffect of 1acubzation with
°tirulatory substance

on the pnoto-
vartially

of the photo-
completely

arsenate or sone
on the capaclty

of wasned Chlamvdononas reinnhardti to

utilize bicarvonate 1011Se o o o o o o o

Influence of pi of the mediun on the
stimulation of photosyntihesis by tuo

buffer solutions. . .

zffect of »pZ on the utilization of bicar-

bonate lons by wasaed

l qe. L] L ] L] L] L]

Influernce of nichh pl values oa the stinu-
latory effect of phos»aate. o o o o o

absorption of labeled phosphate or serine
by racaed QLlO“”lla pyrenoldosae during

stimulatlon of bicarbvonate uptuhe o o o

Percentage distribution of Clp anong
products of photocynthesis as affected
by different stirulatory compounds. . .

The Glycolate Pathway

.

Par~c

——— e

Ul
Ul

57

70

73



e O |

B . . - - . - . . . - - . . B .
. . . . . . . . B . . - . .
. . . - . . . . . - N - - .
. . “ . . . . .
. . - - . . . . . .
. ¢ - B - .
. - - . .
B - s §
. . B



INTRODUCTION

Glycolic acld metabolism has been investigated in
microbial, animal and plant systems. The significance of
organic acids in plant metabolism was only partially under-
stood by the earlier physlologlsts and biochemists who
conslidered them, as a general rule, only as products of the
oxidative processes connected with the respiration of
carbohydrates and fats (49, 63). Among the early investi-
gators, only a few entertained different ideas concerning
the participation of organic acids in other vital processes.
Sacns (63), for example, stated that Hugo de Vries believed
that the vegetable aclids played an important part in the
turgescence of the cells and hence 1n growth. However,
Lieblg (42) proposed the most controversial theory, namely
that the formatlon of these acids was the first reaction of
photosynthesis. Liebig's theory had no experimental basis
(45) and therefore was severely criticized by other scientists.
Pfeffer (49) argued that, even if the chloroplasts do actually
produce carbohydrates directly from organic acids, this still .
would not support Iiebig's contention that the formation of
organic aclds was the first step in the asslmilatlion of carbon
dioxide. Pfeffer thought that the free organic aclds
(malic, isomalic and oxalic), which were produced during
respiration, were further oxidized under the action of light
and that the carbon dioxide thus produced was then immediately

assimilated.
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Today 1t 1s not difficult to reallize that even
though ILiebig's theory was too general in its conception,
it was not completely wrong, since the organic acids indeed
play an essential role in photosynthesis. The work by
Calvin and his associates (16) has clearly demonstrated that
the compound 3-phosphoglyceric acid is the first detectable
product of the fixatlion of carbon dioxide in photosynthesis.

The obJectives of the present work were twofold.
First, to determine if glycolic acid, which can be considered
as a by-vroduct of the photosynthetic carbon cycle (76, 83),
i1s utilized by higher plants in the formation of hexoses as
proposed by the Glycolate Pathway (60). Second, to attempt
to explain a behavior exhibited by washed algae during

pnotosyntnesils.



RIVIEJ OF LITSRATURE

Glycolic and phospnoglycolic acids have been
identified as early products of photosynthesis. This
sugsests the importance of these compounds in the metabolisnm

of the plant (2, 7, 13, 156, 69).

Ori~in of Glvcolate in Plants

The origin of glycolate in plants has not been
definitely establisned, although the experimental evidence
obtained by several workers seems to indicate that this conm-
pound is formed via a side oxidation pathway from thne photo-
synthetic carbon cycle (60, 76).

According to the work by Tolbert and 2111 (76) and
wilson and Celvin (83) free slycolic acid is formed and
accurulates in cells vhotosynthesizing under conditions of
low carbon dioxide pressure. Under these cilrcumstances
there may be only a small reservolr of phosphoglyceraldehyde
which normally acts as the accentor for the glycolyl fragment
derivable from a pentose or hexose phosphate durlng sugar
netabolism. The transfer of the glycolyl fragment to
phospnoglyceraldenyde is mediated by transketolase. This
enzyme was purified by Horecker et. al. (33) who also
described several mechanisms for the reaction involved. In
all cases, the participation of an "active glycolaldehyde"
(zlycolyl fraszment) 1is required. The 2-carbon piece 1is .
bound to the enzyme throuzh thiamine pyrophosphate which has

3
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been identified as the coenzyme for transketolase (33),
One hypothesis has been that if the concentration of acceptor
i1s reduced, the 2-carbon molety 1s liberated giving rise to
zlycolate (83). This proposal has not been substantiated
with adequate data.

That pentose phosphate can serve as the precursor of
glycolate was suggested by Weissbach and Horecker (82) who
reported the in vitro formation of glycine from 1-cl4-rivose-
5-phosphate in spinach extracts., According to these inves-
tigators, the incorporation of carbon-1 of ribose into the
methylene carbon atom of glycine could be expiained by a
sequence of reactlons which involve the formation of glycolate
from the first two carbon atoms of the pentose phosphate. In
vivo evidence that a pentose may be the precursor of glycolate
has been presented by Griffith and Byerrum (29). These

investigators fed D-ribose-l-c14

14

to tobacco leaves (Nicotiana
rustica) and found that the C content was highest in the
alpha carbon of glycine and glycolate, and the alpha and beta
carbons of serine. Their conclusion also was that carbon
atoms 1 and 2 of the pentose gave rise to glycolate.

Tolbert and 2ill (76) summarized the data from
several sources concerning the origin of glycolate. The
same distribution of 014 i1s found in glycolate as in the
alpha and beta carbons of phosphoglycerate formed during
short time photosynthesis experiments (16). In vitro

enzymatic studies (26, 82), and the ease of air oxidation of

ribulose diphosphate to phosphoglycolate (28) substantiated
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these results. lore recently, Rabson, Tolbert and Kearney
(60) established the position of phosphoglycolate as the
immediate precursor of glycolate. Another significant
observation 1s the activation of a pathway for glycolate
metabolism which takes place only after the establishment
of the photosynthetic carbon cycle in green plants (3, 73).
Tanner, Brown and Eyester (67) indicated that glycolate is
the first product from the conversion of carbon dioxide in
photosynthesis and that the only possible 1ntérmediate in
such a reaction is the radicai (CHO. ). However, the possi-
bility that glycolate arises from the condensation of two
l-carbon pieces formed directly from carbon dioxide was
discarded long ago by Calvin's group (65) who based their
conclusion on the fact that glycolate accumulates even in the

absence of carbon dioxide.

Physiological Importance of Glycolate

In spite of the fact that plants may accumulate large
amounts of glycolate during photosynthesis (7, 50, 80, 84),
preclse knowledge of its physiological value has only been
gained recently. In 1949 Tolbert, Clagett and Burris (72)
stated that nothlng was known about the role of glycolate in
the pnysiology of plants. In fact, it could be said that
the beginning of the study of glycolate metabolism in plants
was maried by this grouﬁ of investigators with the report of
an enzyme system which catalyzes the oxidation of I-alpha-

hydroxymonocarboxylic acids (18, 72).



Glycollc Acid Oxldase

The enzyme found by Clagett et. al. (18) oxidizes
glycolic acid at a faster rate than I-lactic acid. It is
of particular interest because of its high activity, wide
distribution among green plants, low activity in etlolated
plants, and because it may function as a termlnal oxldase
in plants (72). Activation of the apoenzyme found in
etiolated tissues was shown to be a case of substrate acti-
vation (41) and not 1light activation in a physical sense,
as first proposed (71, 73). The conditions for activation
of glycollc acld oxidase, both in vitro and in vivo, have
been studied by Kuczmak (41). He found that this enzyme
1s indeed activated by feedinz etiolated plants glycolate,
lactate, alvha-hydroxybutyrate and even glyoxylate, as pro=-
posed by Tolbert and Cohan (73). Kuczmak also found that
the apoenzyme, as present in etiolated leaves, becomes
active upon addition of an excess of FIIT to the tissue
homogenate. Since green plants contain more FIII than
etiolated ones, 1t can be interpreted that the activation
of the apoenzyme during greening results from the increase
in formation of flavin mononucleotide. However, Kuczmak

8H which

indicated that the content of FMI in plants is 10~
1s well below the 10'4H concentration necessary to activate
the apoenzyme in vitro (41).

Glycolic aclid oxidase 1is a flavoprotein and its

prosthetic group has been repeatedly reported to be ribo-
flavin-5-phosphate, or ROl (17, 34, 37, 41, 85). Flavin
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adenine dinucleotide, or FAD, cannot substitute for FIII in
partially purified enzyme preparations. Any activity of
FAD with crude sap preparations can be explained by the
enzymatic conversion of this substance to FilN (41). This

enzyne 1s predominantly located in the cytoplasm (17, 41, 60).

The Glycolate Pathway

The serlies of biochemical reactlons which start with
the formation of phosphoglycolate as a by-product of the
photosynthetic carbon cycle and end up in the synthesis of
hexoses has been called the Glycolate Pathway by Rabson,
Tolbert and Kearney (60), and it is summarized in Figure 1.
Based on studies relative to the unique loss of 014-1abeled
glycolate from isolated chloroplasts (36, 69), the products
of the Glycolate Pathway should be localized in the cytoplasm
(60). The importance of this system resides in the fact
that it makes possible the accumulation of reservoirs in the
cytoplasm of compounds from newly fixed carbon diloxide,
which are produced in the chloroplasts during photosynthesis.

The hydrolysis of phosphoglycolate 1s catalyzed by a
speclific enzyme, phosphoglycolic acld phosphatase, which has
been obtalined in partially purified form from tobacco leaves
by Richardson and Tolbert (61). The glycolate thus formed
1s subsequently oxidized to glyoxylate, as mentioned above,
by glycolic acid oxlidase. Transamination of glyoxylate
yields glycine which in turn can be further metabolized into

serine (74). Tolbert and Cohan (73) presented data to show






8
that the 2-carbon skeleton of glycolate goes unchanged to
glycine and to the carboxy and alpha carbons of serine, while
the beta carbon of this amino aclid arises primarily from the
alpha carbon of glycolate.

Evidence that glycolate and serine can be metabolized
into glycerate by plants has been obtained from feeding expe-
riments performed by Rabson et. al. (60). Glycolate-2-014
was gilven to leaves of various kinds of plants, and the
degradation data indicated that similar patterns of labelingz
vere observed in serine and glycerate when glycolate-2-014
nad becen fed to corn during 15 or 30 ninutes in the lizht.
Carbon atoms 2 and 35 of both compounds were equally labeled,
and there was little randomization of C14 into the carboxyl
group. This was taken as evlidence that serine was directly
converted into glycerate. Further evidence was obtained

wnen the glycerate derived from serine-B-C14

was degraded.
In this case it was found that the substrate was almost
entirely converted to glycerate-3-014. In addition, Rabson

014 or serine-S-C14 were

et. al. found that when glycolate-2-
fed to leaves in the lignt, hexose nhosphates and sucrose
also became labeled. Therefore, the labeling in glycerate
from elther glycolate or serine, as well as the formation of
labeled sugar phosphate and sucrose are in agreement with thne
Glycolate Pathiway shown in Figure 1.

It was mentioned above that the beta carbon of serine

arises primarily from the alpha carbon of glycolate. This

implics that glycolate may also serve as a source of l-carbon
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units. That such may be the case 1s suggested by the non-
enzymatic formation of formate and hydrogen peroxide by the
oxidative decarboxylation of glyoxylate derived from glycolate
(72, 85). The direct 1ncorporation of formate by plants
into the beta carbon of serine, into chollne and betaine, as
well as into many compounds including sucrose, has been re-
ported by Tolbert (68). Other examples in whicn formate
can serve as a source of l-carbon units are found in the
work by Krotkov, Vittorio and Reed (40) who observed that 24
hours after radloactive formate was fed to tobacco leaves,
labeling could be detected in glucose. Likewise, Byerrum
et. al. (14, 15) reported on the role of formate in the
blosynthesis of methionine and lignin.

The metabollism of glycine as a precursor of sugars
has been reported in an abstract by #ang (78) who fed labeled
glycine to leaves of Khapli wheat and found that a considerable

amount of the 014

was present in sugars. Both the methylene
and the carboxyl carbon of glyclne were effectlvely incor-
porated into carbohydrates in the light. However, when a
supply of non-radioactive glycolic or glyoxylic acids was
given to the leaves, the rate of transformation increased

but the glyoxylic acid that was isolated from them as the
phenylhydrazone did not show any higher radloactivity than
the control. This data may be interpreted to indicate that

the carbon chain of glycine was not first converted to

glyoxylic or glycolic acilds in the formation of sugars.
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Utllization of Blcarbonate by Alcsae

The role of bicarbonate ions as a substrate for
photosynthesis has been a controversial subject for a long
time. Until about 1947 it was considered that bicarbonate
did not participate directly in photosynthesis. According
to Rabinowitch (55), evidence for the participation of
bilcarbonate was supplied in particular by Osterlind and by
Steemann-~Nielsen. The capacity of certain higher aquatic
plants and algae to utillize blcarbonate ions seems to be
mainly a matter of adaptation to the natural habitat. Such
adaptation was probably due to a change in the permeability
of the cell membrane, rather than to an alteration in the
mechanism of carboxylation during photosynthesis (56).

O0f particular concern to the present study of
bicarbonate uptake by washed or unwashed algae, is Rabino-
witch's summary of the work by Osterlind (56). It is

stated that Scenedesmus guadricauda differs from Chlorella

pyrenoidosa with respect to the influence of bicarbonate on

thelr rate of growth. Although the two species contained
different amounts of carbonic anhydrase, the difference was
not great enough to account for the wide discrepancy in
thelr apparent capacity to utilize bicarbonate. Hence,
variations in membrane permeabllity were adduced as the
most likely explanation. When the rate of photosynthesis
of these two specles was measured manometrically, it was

found that ten-day old Scenedesmus cultures, and all the

Chlorella cultures studied, showed no evidence of bicarbonate
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utilization. However, five-day o0ld cultures of Scenedesmus

proved able to photosynthesize at a maximum rate in a
solution of sodium bicarbonate (10'5H, pH 8.1) containing
only insiznificant amounts of free carbon dioxide (2 x 10'7
mole/1). At pH 4 to 4.6, the same cells produced oxygen at
a rate proportional to the concentration of carbon dioxide
(between 0.9 and 9 x IO"SM). In the latter case, the
bilcarbonate concentration was too low (about 2 x 10_6M) to
be significant. Based on this peculiar behavior of

Scenedesmus, Osterlind suggested that the capacity of this

alga to use bilcarbonate ions depends on an enzyme that
requires photoactivation. He proposed that either HCOE
lons undergo activation before they can enter the cell, or
thelr activation occurs inside the cell, in which case,
activation may simply mean dehydration and the enzyme
requiring activation may be carbonic anhydrase (57). How=-
ever, Osterlind could not determine for certain whether
blcarbonate was utilized as such or whether 1t was first
converted to COé inside the cell.

Carbonic anhydrase is widely distributed in plants,
and is predominantly localed in the cytoplasm (81). The
novement of CO2 as bilcarbonate across cell membranes, inside
the cell, and into the chloroplast has been postulated as a
function for this enzyme. The non-enzymatic movement of
blcarbonate ions into cells suspended in water or nutrient
solution has been postulated by Tolbert and Zill (76) in

terms of an anlonic shift involving blcarbonate and glycolate
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ions. This shift, first demonstrated in Chlorella, may
also function in higher plants and it would provide for
rapid movement of the bilcarbonate ion without a corresponding
obligated cationic shift (70, 76). The secretion of
glycolate by isolated chloroplasts has also been demonstrated
(36, 69). This phenomenon might function as an anion shift

inside the cell, across the chloroplast membrane.

The Washing Effect

Algae used in the photosynthesis experiments are
generally centrifuged and resuspended in water oné or more
times in order to remove undesirable substances present in
the original mediun. However, such washing procedure often
results in decreased rates of carbon dloxide fixation and
this phenomenon has been attributed to several causes. Thus,
Warburg, Burk and Schade (79) believed that Chlorella cells
are damaged by strong centrifugation and that the cells may
be partially destroyed during resuspension of tightly packed
sediments. Clendenning and Brown (19) studied photosynthesis
in heavily centrifuged Nostoc and Chlorella and came to the
conclusion that no damage such as cell rupture or intra-
cellular displacements could be detected after 3 hours of
centrifugation at 145,000 x g which could be assoclated with
damage to the photosynthetic capacity of the algae. In
thls case, the cells were kept in a complete nutrient medium
at about 0° C. The photosynthetic ability, however, can be

impaired when use 1is made of unrefrigerated contrifuges
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operated at uncontrolled roon temperatures. Overheating
and oxygen exhaustion seem to be the main factors responsible
for the decline in photosynthetic activity after lengthy and
inadequate centrifuzations (19).

The removal of cations 1in particular from the
suspending medium has been recognized as another major cause
for the lower rates of carbon dioxide fixation upon 1illumi-
nation of washed algae (10, 43, 48). The fact that washing
may affect under certain circumstances some metabollc system
or system of the alsae, has been suggested by Clendenning,
Brown and Eyester (20). They stated that the injury to
llostoc by washing with neutral potassium-free media probably
involves altered permeability and loss of cellular consti-
tuents. Schmidt1 indicated that washing wita water contain-
ing calcium ions should protect algae against photosynthetic
inactivation. Loss of intracellular nitrogenous compounds
should be prevented by calcium ions (66). The alternative
exlsts that leaching out of cellular components may be a
result rather than a cause of changes in cell metabolism.
Barber and Russell (4) concluded after studying the relation-
ships between metabolism and the exchangeabllity of ions in
plant tissues, that an appreciable part of the capacity of
carrot parenchyma to hold ions by exchange 1s dependent on

concurrent metabolisn.

lPersonal cornmunication. Dr. R. R. Schmidt, Assistant
Professor of Biochemlstry and JNutrition. Virginia Poly-
technic Institute. Blacksburg, Virginia.
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The effect of various mineral salts, both singly or
in combination, on the uptake and distribution of photosyn-
thetically incorporated 01402 in Chlorella, was investigated by
Holm-Hansen et. 21. (31). They reported that when maznesium
sulfate, votassium nitrate and potassium phosphate were
conbined in the same concentrations as are found 1n the
normal nutrient solution, the uptake of radloactive carbon

1
was increased and mnore C 4

was incorporated into the amino
aclds. Tne percentage of radioactivity in the sugar phos-
phates, on the other hand, decreased when compared to the
controls in distilled water. The most striking effect of
the addition of Just one salt was obtained particularly with
amnmonium chloride. This increased the total uptake of

01402 by a factor of 3, and raised the amount of radloactivity
found in the amino acids Ifrom 9.9 to 57 per cent, while the
label in the sugar phosphates fell from 64 to 7 per cent.
These results indicate that some metabolic pathways may be
influenced by the addition of salts, as suggested by Clen=-
denning et. al. (20), without greatly affecting others.
Holm=Hansen et. 2l. further indicated that according to thelr
experiments, the capacity of Chlorella cells to store such
basic raw materials as nitrosen and pnosphorus compounds,
appears to be quite small. Within 30 minutes after the
removal of the algae from complete nutrient mediunm sisns of
nitrozen and phosphorus deficiency could be observed when

the cells were subsequently placed under conditlons for rapid

photosynthetic assimilatlion of CO, (32). In contrast to
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thls concept is the report by Al Iholy (1) that algae are
able to store phosphorus and continue growing for some time
after complete depletion of this element in the external
mediumn. In agreecment with the latter is evidence gathered
by Schamidt (66) from cytochemical and physiologlcal studies

indicating that Calorella vyrenoldosa cells accunulate

vpolypnosphate which in turn can be used for growth and
division.

Bassham and Calvin (5) have stated that addition of

5

a small quantity of phosphate buffer (2.5 x 10 "H K, HPO -

KH2P04) to an algal suspension of Chlorella or Scenedesmus

which had been washed twice with distilled water, improves
the subsequent chromatography of the cell extracts. This
addition of phosphate 1s a common vpractice by algalogists
who study photosynthesis. The stimulation of photosynthetic
rates obtalned with phosphate and an explanation for the

effect, will be the subject of Part II of this dissertation.
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MATERIALS ALD IMETHODS

Hizher Plants

Ten-day old Tatcher wheat and Hawkeye soybean seed-
lings were grown on standard greenhouse soll nmixture in a
growth cnamber with a 1light intensity‘of 2,500 f.c., a day
temperature of about 249C and a night temperature of about
129c. Coffee leaves were obtained from a shrub in the
collection of Economic Plants on this Campusl. This plant

appeared healtihy and 1ts age was estimated to be about 7 years.

Algae

The unicellular algsae Chlorella pyrenoldosa,

Chlarmydomonas eucametos and Chlamydomonas reinhardtl were

growvn in sterilized nutrient media in growth tubes at 20%¢.

The composition of the nutrient medium for Chlorella was as

- 3 4
5 x 1077 5 13S0y, 2 x 102 1; ca(w0

, 5 x 10 ¥; KH,PO,,

3)2, 2.5 x 1o“4 M;
Hoagland's trace nutrients (77), 2 ml/1l; PFe (as the ferric-
EDTA complex), 5 p.p.me The pd was adjusted to 7 before
sterilization. The iron solution was sterilized separately
and added to the main solution when both were cool. This
procedure was necessary in order to prevent severe floccula-

tion of salts after sterilization of the medium. Zven then,

"With the kind permission of Dr. #. B. Drew, Head of the
Botany and Plant Pathology Department. Michigan State
University. EBast Iansing.
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some precipitation of iron inadvertently occurred.

The composition of the medium for Chlamydomonas was:

4H 59 2.5 x 1072 M; MgSO4, 8 x 10'4 M CaClg, 2.3 x

10-4 M3 K2HPO4, 8.2 x 10'2 Ms KH2PO4, 5.3 x 10-2 11; Hoag-

IH

land's trace nutrients and Fe as above. The pH was adjusted
to 6.9 before sterilization.

Continuous artificial illumination was provided by
means of a bank of fluorescent lamps with an intensity of
about 1,000 f.c. The cultures were constantly aerated with
a mixture of air containing about 1 percent of 002. Both
algae and growth tubes were washed thoroughly at least once
a week to prevent deterloration of the cultures. The need
for the occaslonal washings 1s an experimentally derived
fact. Lxcretion of inhibitory substances will be discussed
in the sectlon pertinent to results. Presumably this effect
eventually will innhibit an algae culture unless the medium

is changed.

Short-time Photosyntheslis Experiments

Selected wheat seedlings were cut off abaut 1 cm
above the soll level. The remnants of the coleoptiles were
carefully removed and the leaves rapidly placed in a glass
tube containing a small volume of water, This tube was
placed in a photosynthetic chamber, which was similar to
that described by Towers and lortimer (77). The photosyn-
thesis apparatus consisted of two reflector lamps, which

illuminated the leaves from opposite directions with an
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intensity of about 2,000 f.c. Two large flattened pyrex
Jars filled with water served as heat filters. In addition,
the closed photosynthetic chamber was immersed in a water
bath so that the temperature of the system could be maintained
at about 20°C. Usually, the leaves were allowed & period
of 3 to 5 minutes for adjustment to the new environment
before the radioactive carbon dioxide was released. The
C”‘O2 was generated inside the chamber by injecting excess
acid (about 0.25 ml of 5 N lactic acid) onto a calculated
anmount of Bac1403 contailning approximately 20 nc of the
isotope.

Two different types of pnotosynthesis experiments
were conducted: one which lasted only for 2 minutes, and
another in which the period of 1llunmination was prolonged
for 10 minutes. The objective was to determine the shortest
length of time which would vpermit the leaves to photosynthe-
tically produce sufficlent labeled sucrose for degradation
purposes, yet keep the randomization of C14 in the molecule
at the lowest possible level. At the end of each experiment
the leaves were quickly removed frou the chamber and dropped
into bolling 80 percent ethanol. The alcoholic extraction
was prolonged for 10 minutes and was followed by two more
extractions with bolling distilled water. The extracts were
then combined and assayed for total fixation of 01402, before
they were prepared for chromatography according to the methods
of Benson et. al. (6).

The sucrose area on the caromatosran was identified
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by its R, values and by chromatography of its hydrolyzate,

T
which indicated that only two new radioactive spots corres-
ponding to glucose and fructose were formed. All the

sucrose-C14

obtained from a given experiment was eluted
from the corresponding chromatograms and combined into a
single sampnle. This sample was then reduced by evaporation
with the aid of a Rotary Evapo Iliix, acidified with HC1l to a
final concentration of 1 N, and heated for 20 minutes in a
boilling water bath to effect hydrolysis. iWhen cool, the
solution was treated with Amberlite IR 45-0H until it was
neutral to paper indicator. The hydrolyzate was recovered
by filtration, following which the resin was thoroughly

washed with water. Tne radioactive solutions thus obtailned

were then stored in the deep freezer until used for

degradation.
Gl},’colate-c14 Feedin~ ZExperiments
Vacuum Infiltration Technioue. The leaves of wheat
14

and soybean seedlings were fed either glycolate-1-C or =2-
014 by vacuum infiltration. The wheat plants were handled

in a way already described in the photosynthesis section. In
the case of soybean, only the youngest and partially expanded
leaves were utilized. Both kinds of leaves were cut into
small pleces and placed at the bottom of a Thunberg tube
containing a labeled glycolate solution (specific activity,
100 pe/ml). Care was taken that the leafy material was

conpletely covered by the solution. Then, the tube was

——
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attached to the suction line and enougn vacuum was created
to achieve complete infiltration ol the tissues when the
vacuun was released. The tube was gently agitated while
suction was appnlied to facilitate the removal of air bubbles.
The infiltration was carried out at low light intensity, but
afterwvards the intensity was about 6,000 f.c. A period of
> minutes in the bright light was allowed for metabolism of
tne substrates. sSubsequently, the samples were killed and
extracted as previously described. The extracts were
chronatographred according to the techniques mentioned above.

14 or -2-014 solutions were prepared

The glycolate-=1-C
as follows. The calculated anounts of elther calcium salt
were transferred to small conical tubes containing about
0.25 ml of distilled water. Then, enough Dowex=-50-lla resin
was added and mixed until the insoluble salts went into
solution. The sodium glycolate solutions were subsequently
renmoved from the resin by means of a medicine dropper, and
the resin was washed several times with water untll a final

volume of 1 ml of solution had been collected.

Selection of Plants for Iabeling of Sucrose. Gly-
14 ol

colate=-1-C or -2- were fed to leaves of wheat, soybean
and coffee in the light for a period of 10 minutes, in an
attempt to find out which was capable of forming the largest
amount of sucrose in this time period. Feeding was accom=-
plished by lmmersing the petioles Into the radioactive
solutions, which were contained in short pointed test tubes.

The rate of transpiration and hence the uptake of the solutions
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by the leaves was enhanced by blowing a mild air current on
themn. After the feeding period, the leaves were removed
from the solution, and the excess glycolate-c14 was washed
off by placing the petioles under running tap water for a

few seconds. The leaves were then extracted with SO percent
ethanol and assayed by paper chromatography.

14 7

Serine=3=C ceedins Exveriment

The base of several young wheat leaves were placed
in a radioactive serine solution (100 uc/ml) for 10 minutes
in the 1light. At the end of this period, the leaves were

extracted and assayed by chromatography.

Use of Alcae Cultures for Photosynthesis

Approximately fOO ml sanples of 1-day old algae of
a glven svecles were drawvn off the continuous culture into
precooled tubes and centrifuged for 5 minutes at 900 x g in
a refrigerated centrifuge at 2%%. The supernatant was dis-
carded and the algal pellet resuspended in cool distilled
water, This washing orocedure was reveated three times.
Then, the algae were resuspended in a small volume of water,
transferred to a precooled graduated pointed test tube and
further centrifuged for about 5 minutes at full speed in a
clinical centrifuge. The volume of packed cells was recorded
and the cells were diluted to a final density of 1 ml of

vacked cells per 100 ml of suspension.

Prior to the photosynthesis studies, the algal
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suspension was aerated for at least 10 minutes in the cold.
Then, 3-ml aliquots were pipetted into flattened test tubes
and further adapted for 10 nminutes to designated light and
temperature conditions. Zxcept for the flattened test
tubes, the rest of the photosynthesis apparatus was the
same as described above. After the equilibration period,
small volumes of solutions under investigation were added
to the alsel susvension, followed by 20 pl of 0.1 XN lIaHCMO3
(0.5 mec/m1). The fixation perliod was usually extended for
10 minutes, unless otherwise specified. At the end of each
tine perlod, 1-ml aliguots were transferred to test tubes
containing about 5 ml of hot absolute methanol. The volune
of the alcoholic extracts was then adjusted to 10 ml with
water and 0.5-ml1 aliquots were counted for total fixation of
014. It was necessary to add about 3 drons of 2 I acetic
acld to release the excess radioactive blcarbonate, while
drying the aliquot in the counting dish. A Nuclear Chicago
scaler, model 161 A, with a thin end window Geiger-lmeller
tube was used. The counts were not corrected for self
absorption. Total fixation was calculated on the basis of
counts per second ver milliliter of algal susvension. The
distribution of radioactivity among the soluble products of
photosynthesis was determined by counting the spots on the
baper chromatograns.

Uptake of P32-1abe1ed Phosphate or Serine-3-C14 by Washed Al~ae

The alga Chlorella pvrenoidosa was washed three times,
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resuspended and adapted according to the procedure described
for tne photosynthesls experiments. Two different kinds of
Chlorella were used: one which was grown in its own medium
(basal phosvhorus content), and another which was grown in

the presence of excess of phosphorus (Chlamydomonas medium).

For simplicity, these two conditions will be designated
respectively as "low-P" and "high-P".
After the period of adaptation, the control sample

4

recelved only 20 ul of NaH01 03 (0.5 mc/ml). Other samples

recelved either 10 umoles of nonradioactive phosphate-HC1l

4

buffer (pH 7) plus the same anount of HaHC1 03, or 10 nl of

radioactive vhosnhate (1 me/ml) plus 10 pumoles of phosphate
carrier. At the end of the 10 minute period, the 014-treated
sannles were handled as described above. Sanples tagged
with P32 were analyzed as follows: (a) O.1-ml aliquots were
taken out and counted for total activity in the whole sanple.
(b) 2-nl aliguots were pipetted out and filtered with the aid
of a nillinore filter whose pore size was 0.45 u. The cells
were wasned once with 3 ml of 0.01 N HCl1l and then killed with
1 ml of 1 1 HCll. Further extraction of the algae was
achieved with methanol and distilled water at room tenpnera-

ture. The radioactivity in the supernatant, washing and

conbined extracted fractions was counted as described

1According to personal communication with Professor R. C. B2ll
of the PFisheries and wildlife Department, lMichligan State
University, washing with 0.01 N HCl should remove any adsorbed
P32 on the surface of the cells without injuring the algae.
Stronger concentrations, on the other hand (e.g., 1 I7),

should kill and extract the cells.
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vpreviously. The counts were expressed as counts per second
ver milliliter. The fillters witn the cell residues were

also counted.

Procedure for the De~radation of Hexoses

Carbon by carbon dc{;radation1 of glucose-cwr and
fructose-c14 wvas accomplisiied by the combined bacterial and
chenlcal method originally described by Berstein et. 21. (9).
alterations of these procedures are also explained in some
detail in another manuscript on this work by Jimenez et. al.
(35). Egsentlally, slucose and fructose were converted to

lactate, ethanol and carbon diozzide by Leuconostoc nesente-

roides, strain 5493 (44), which were grown at 30°¢C and

harvested in the zassing ohase. The cells were washed

three times and resuspended in distilled rater. The fer-
neantations with labeled suzars were carried out in the
apparatus described by Krichevsky and Wood (39). Anacro-
blosis and CO2 reroval were accomplisned by continuously
flushing with high purity Ii,. Usually, two hours were
sufficlient to ferment 95 percent of the hexoses. Carbon
dioxide was trapped in 0.4 I l20d and quantitatively deter-
nined by titration of the remaining hydro:zide ions. The
ethanol was recovered by distillation from a neutral solution

and the lactate by ether extraction at pH 3. The lactate

The degradations were performed by Ixr. R. L. Baldwin in
r. W. A, Wood's laboratory of the Department of 3ilochemistry,
iechigan State University.



26

was subjected to 11 volume distillation to remove contaminat-
ing orsanic acilds. Then, 1t was oxldatively decarboxylated
by the ImO, method. The ethanol and the acetaldehyde were
converted to acetate with chromic acid, and the acetate was
then degraded by the Schmidt azide procedure (64).

To deternine the accuracy of the procedures, glucose-
1-014, -2-014 from Jew Zngland luclear Corv., were degraded.
The ylelds of 002, ethanol and lactate were the same whether
clucose alone or glucose plus fructose served as the carrier
substrates (Table I). Tnis iIndicated that the conversion
of hexoses to the expected products was nearly complete,
The cross contaminatlion between carbon atoms was less than
1 percent in all cases. The inclusion of fructose did not
alter the specific activities of the products of degradation.
Consequently, 1t was deemed satisfactory to use L. mesente-
roides, strain 5493, for fermenting the mixture of glucose
and fructose obtained from the hydrolysis of the sucrose-c14
produced in the nlant metabolism experiments.

In a recent paper by Busse et. al. (12), data has
been presented pertalning the degradation of fructose-c14

with L. mesenteroides, strain 39. It was found by these

workers that thils strain converted 314 of the fructose to
mannitol, but the other fermentative products were nearly
the same as those obtained from glucose. It wvas indicated,
hovever, that a greater randomization of labeling occured
among the other products. Such was not the case under thne

Dresent experimental conditions, Judginzg by the fact that
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better ylelds of CO, were obtained with strain 5493 than

2
were reported with the strain 39. Hence, 1t could be ex=-
pected taat mannitol production was much lower. Further

nore, tne degradation of glucose-c14

standards in the presence
of fructose indicated that the influence of the latter upon
CI4 distribution and the specific activity of the degradative
products was within the limits of fluctuation expected from
thls procedure.

Since the labeled substrate used in the present
studles was nearly an equal mixture of glucose and fructose,
the maxinum error from svread of the tracer tanat could be
attributed to poor fermentatlon of the fructose fraction

would be only 50 percent of that produced by fructose alone.

Even if L. mesenteroides, strain 549B, fermented fructose as

reported by Busse et. 2l., a maximum error of 10 to 12 ver
cent would then result which is not sufficient to affect

the conclusion derivadle from the present data.
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TADLE I. Yield and distribution of 1% ip fermentu;ion
products formed from glucose-1-Cl%, -2.¢l* apng
-6-C14 with and without added fructose.#

S =— = e > ey
Products
Substrate 0o Ciz-——CHo0H CO0HE-(H03-Cily
(umoles) (uroles) (umoles)

Glucose +

Fructoce 955 685 800 400 346 336
(dom/unmoles) (dpn/umoles) (dpm/unoles)
Glucose-1-Cl%4 630 ees 7T, T
Glucose + 653 1.3 1.1
rructose
Glucose-5-C1% 4 7.1 4,6 3.1 2.6 G633
Glucogse + 560 4,1 2.1 1.8 620
Fructose
Glucose-2-Cl% 4 3.1 7350 5.2 2.3
Glucose
* Ior eacn de~radetlon a total of 1 mnmole of hexose was
ferunented. n flask contained 500 um.les of glucose- cl 14
and 500 umolec of either r*luco e or Iructose. iqe specific
activities of the glucose~l- ¢l 2-cl% and -6-ct? <rithout

carrier wvere 1250, 1484 and 1294 respectively. The fermenta=-
tions were run and the products isolated and degraded as
described in the te:it,



PART I

RESULLS ALD DISCUSSIOCH

Photosrnthesls Exveriments with Hisher Plants

The photosynthetic products formed by young wheat

140

leaves after 2 or 10 ninutes of exposure to C 5 are shown

in Table II. The same nattern of distribution of 014 anong
the products was found in these experiments as has been
repeatedly reported by other workers (6, 8, 75).

with 2 ninute photosynthesis, approximately 50 per
cent of the soluble radioactivity was found anmong the sugar
phosphate esters. Substantlal amounts of sucrose-c14 were
also produced during thils short period of illumination.
Serine, glycine and glyceric acid were also labeled, After
10 minutes in the 1light, the percentage of the total radio-
activity in surar vhospnates had considerably decreased due
to the accumulation of sucrose. Thus, the proportion of

14

total C in sucrose rose to a level at least 4 times hicher.

The relative percentage of C14

in serine, glycine and
glycerate also diminished after the longer exposure to light.
Alanine, aspartate and malate could only be detected on the
chromatograms after 10 minutes of photosynthesis. Glycolate=-
C14 was present but only in trace amounts. 3eslides these
compounds there were several others which together accounted
for only a few percent of the total soluble 014 fixed after

2 or 10 nminutes of illumination.

Tne distribution of radioactivity in the hexoses

29



TABLS II. TFormation of labeled compounds by youns wheat
leaves after two or ten minutes of Cl Oo photo-

synthesis.
Period of Illumination
Compound 2 minutes 10 minutes
c/s#* < c/s I

suzar pnosphate esters
sucrose

Serine

Glycine

Glycerate

Aspartate

Alanine

ralate

Glycolatests

Others

100.8 55.8 175.2 12.7
32.5 17.1 1000.0 T1.5

14.5 7.9 66.5 4.8
18.7 9.8 30.9 2.3
9.7 5.2 29.2 2.0
- - 31.0 2.1
- - 24.0 1.7
- - 15.4 1.1
- - 4,2 0.2
8.7 4,2 22.5 1.6

# Counts per second, directly obtained from the paper

chroratograms.

#3% Uncorrected for loss due to sublimation.
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distribution of 014 in hexoses of

TABLS III. Percentage
sucrose.

Sxveriment Substrate Ql Q; Cy Cs
cl%0, 17.2 17.3 19.0 15.7
clo, 9.4 22.6 34.6 4.4
Serine 43,7 it 2.5 44,5
~3=-01
Glycolate 25.7 4,1 3.7 19.9
-2-cl%

5 Glycg%ate 15.8 16.0 21.4 14,0

-1-cl-
Glycolate 8.0 22.1 27.0 9.4
-1-cl+

% Except exveriment /2 which was for 2 minutes, all
otners lasted 10 minutes.

#% ILess than 25 of the 014 wvas found in carbon atoms 2
and 3 conbined.

+ Wneat leaves were used in all experiments excent #6,
in which soybean leaves vwere utilized.
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derived from the labeled sucrose formed during 01402 fixation
i1s showm in Table III (experiment 1 and 2). After 2 minute
photosynthesis (experiment 2), the hexoses were labeled
predoninantly in the carbon atoms 3 and 4, with C4 having a
higher speclific activity than 03. These results agree with
those reported by Gibbs and Kandler (27). The discrenancy
observed in the amount of tracer shared by carbon atoms 5
and 6 with resmect to 1 and 2 is not considered significant
and can be explained by the limitations inherent to the
degradation procedure. Within a period of 10 minutes
(experiment 1), on the other hand, the sucrose molecule was

uniformly labeled.

14
Glvecolate=C Feedin~ Exvnerinments

-

Vacuun Infiltration. Tne object of using this

teciinique was to overcome the linitation imposed by the slow
rate of penetration of labeled substrates into the leaf.
However, thls technigue was not suiltable for this purpose

C14 were con-

since neither glycolate-i-c14 nor glycolate-2-
verted during the 3 ninute period of exposure to liznt into
enough labeled sucrose for dezradation purvoses (Table IV).
Only traces of sucrose-c14 were formed by wheat leaves when
glycolate-hc14 was the substrate, and none was produced by
soybean leaves. Small amounts of serine, glycine, glycerate
and other compounds could be detected chromatographlcally in
the extracts of both leaf samples, particularly when the

substrate was glycolate-2-014. It was not determined whether
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rroducts of glycolate -1-01‘,1L and glycolate -2-C14

metabolism during a neriod of three minutes in
the 1lizht by vacuun-infiltrated wheat or soybean

leaves.

Compound

‘-

Unnetabolized glycolate
sucrose
oerine
Glycine

Glycerate

soybean

Unmetabolized glycolate
sucrose

serine

Glycine

Glycerate

thers

substrate
Glycolate Glycolate
-1-cl4 _n_glh
/s -5 c/s# %
200.0 94.8 220.0 92.1
2.5 1.2 - -
traces -- 9.2 3.8
traces -- 5.1 2.4
1.5 0.9 2.1 0.8
6.0 2.0 2.3 0.9
615.0 98.5 210.0 85.7
2.4 0.3 9.1 37
5.2 0.8 8.5 3.5
1.5 0.2 12.4 5.1
1.5 0.2 5.0 2.0

* Values are based on 014

content of a paper chromatogran.
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the impairment of the metabolic activity of the leaves by
the vacuum Infiltration was due to physical damaze of the
cell structure or to insufficient oxygen supply.

[ 4

Iebelins of Sucrose--c}]4 by Different Plants. Wheat,

14 or —2-014

soyvbean and cofifee leaves were fed glycolate-1-C
by transviration for 10 minutes 1an the lisht to determine
which could synthesize most efficiently labeled sucrose.

It was found that wheat leaves converted a larger percentage
of the labeled substrates to sucrose than either soybean or
coffee leaves (Table V). wheat not only formed more
sucrose, but was also able to netabolize a larger portion

of the added glycolate into other conpounds. Soybean and

coffee metabolized less of the substrate but converted a

signiflcantly larger percentage of the added glycolate-c14

into serine-c14. This suggests that some of the enzymes of

the Glycolate Pathway (p. 7), which catalyze the steps
beyond serine may be relatively less active 1n tnese two

plants than in wheat. Thus serine accumulated.

With respect to the percentage distribution of C14

in the hexoses of sucrose, it was found (Table III, experi-

ments 4, 5 and 6) that feeding either glycola‘ce-i-c14 or

014

-2~ led to label in sucrose as predicted by the Glycolate

14

Pathway. It has been shown that glycolate-1-C is con-

verted to serine and glycerate labeled in the carboxyl group,

14
while glycolate-2-c14 is converted to serine-2, 3-C and

glycerate=2, 3-014. Hence, it was predicted that glycolate-

1--C14 would label the hexoses in the 3 and 4 positions, and
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TABLE V. Products of glycolate -1-¢1% ang slycolate -2-cl4

metabolism during a period of ten minutes in the
lizht by wheat, soybean or coffee leaves.

qeat
substrate
Glycolate Glycolate
-1-cl —2-cl4
Compound c/sit 5 c/s 5

Unmetabolized glycolated# (8.0 41.1 95.9 42,1
Sucrose 50.8 27.8 64.7 29.6
Serine 16.8 13.8 15.0 9.1
Glycine 6.8 T4 17.6 8.0
Glycerate 5.0 3.1 9.4 4.3
Otners 13.0 6.8 14.7 6.9
Soybean

Unnmetabolized zlycolates* 21,2 45.1 66.7 50.0
Sucrose 3.3 5.6 3.1 2.3
Serine 11.0 25.0 25.2 19.0
Glycine 3.6 Te7 8.6 6.5
Glycerate 2.9 5.9 17.1 12,9
Others 5.8 11.7 12.4 9.3
Coffee

Unnetabolized glycolatedt# 11.0 53.1 30.4 54.3
3ucrose 0.6 2.9 1.3 2.3
Serine 4.0 19.4 16.7 29.8
Glycine 0.7 3.4 5.1 9.1
Glycerate - - 1.9 3.4
Others 4.4 2l.2 0.6 1.1

# Values are based on Cl4 content of a paper chromatogram.
%##* Uncorrected for loss due to sublimation.
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14 yould label carbon atoms 1, 2, 5 and 6,

that glycolate-2-C
1f the hexoses were formed by the reversal of the Embden-
Meyerhof Pathway after the labeling of glycerate, That
the present fesults are in accordance with the expectatlons
is 1illustrated by experiments 4 and 6 in Table III.

The higher degree of randomization of tracer that
was observed when glycolate-l-c14 was fed to wheat (Table
III, experiment 5) as compared to soybean (experiment 6)
was probably caused by a larger portion of the C14 which
was oxidized to 01402 plus an unlabeled l-carbon fragment
during the enzymatic conversion of the 2-carbon molety to a
5-carbon derivative. The radioactive carbon dioxide thus
formed would be fixed photosynthetically to yield uniformly
labeled hexoses as 1n experiment 1 of Table III.

4

Serine-}-c1 Feeding Experiment

The results obtained from the feeding of serine-3-
014 to wheat leaves are shown in Table VI. Even though the
substrate was metabolized slowly during the 10 minute expe-
riment in the light, an appreciable amount of sucrose was
formed (about 5 percent of the total activity). Glutamate,
alanine and a phosphate ester, which may be phosphoglycolate,
could be detected also on the chromatograms although in
trace amounts. Degradation of the hexoses from this sucrose
showed that they were labeled predominantly in the 1 and 6
positions (Table III, experiment 3). Carbon atom 5 also

contained a significant percentage of radlioactivity, while
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TADLE VI. Products of serine-}-cl4 rmetabolism duringz a
period of ten minutes in the light by wheat
leaves®,

Compound c/s i

Unnetabolized serine 2(9.5 94.0
sucrose 1.5 5.0
Flutanate traces
alanine traces
Phospnate esters traces

¥ Values are based on the Cl4 content of one paper
ciiromatozran,
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atoms 2, 3 and 4 were only slightly active. Since it has
been previously demonstrated (60) that glycerate-}-c14 is
produced from serine-B-C14 by corn leaves in 15 minutes, the
labeling pattern shown in experiment 3 indicates that
glycerate was subsequently incorporated into hexoses by
reversal of the Embden-lMeyerhof Pathway. This route of
hexose formation, however, does not account for the signifi-
cant randomization of 014 which occurred into carbon 5.

Even though the cross-contamination of labeling
within the carbon atom pairs 1-6, 1-2 and 2-5 as observed

by Busse et. al. (12) during the fermentation of fructose

by a different strain of Ieuconostoc mesenteroides were

sustained in these experiments, the significance of the data
still would not be invalidated. Any cross-contamination
that might have occurred between carbon atoms 1 and 2 or 5
and 6 of the hexoses derived from glycolate--Q-C14 would not
change the results since these carbon atoms should have
about the same specific activity. The same reasoning
appllies for cross-contamination between carbon atoms 1 and
6 of hexoses formed from serine-3-014. Furthermore, the
lack of activity in the C, + C3 fragment 1s indicative of
the absence of contamination of carbon atoms 2 and 1 and
verifies the fact that bacterial fermentation produced little
spreading of labeling in the present degradatioms.

It has been previously shown that a major portion of

the photosynthetically fixed 01402 moves through a pathway
involving glycolate (7, 50, 60, 69, 80, 84). Glycolate may
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function in the translocation of carbon from the chloroplasts
to the cytoplasnm (36). Since the enzymatic conversion of
glycolate to glyoxylate (18) as well as the subsequent re=-
actions leading to the formation of sucrose occur in the
cytoplasm, the sucrose labeled from glycolate represents
cytoplasmic sucrose in contrast to the reservoir located in
the chloroplasts. Due to the fact that glycolate and all
of the 3-carbon compounds derived from it during photosyn-
thesis are uniformly labeled even for the shortest experi-
ments (65), the cytoplasmic sucrose formed from glycolate

produced during 014

0o photosynthesls should also be uniformly
labeled. Since the chloroplastic sucrose produced under
similar conditlons is unsymmetrically labeled (Table III,
experiment 1), it follows that the Glycolate Pathway accele-
rates the randomization of labeling in the hexoses within

the whole cell, and that the contribution of this pathway

to the production of uniformly labeled sucrose would not be

obvious except as revealed in these studies.



The Washin- Effect

The inmpairment of the photosynthetlc activity of
washed alzae has been recoznized for some time, The origin
of such deterioration of the cells has been associated with
factors such as damage due to centrifugal force (79), or
disturbance of some metabolic system caused by deficiencies
of minerals which are induced during prevaration of the
algae (10, 20, 31, 43, 48). However, in the present report
data will be showvm which meay 1indicate that washing alsae
affects also, and pernaps primarily, the utilization of
bicarbonate ions.

The effect of 3 washings with distilled water upon

the photosynthesis in Chlamydomonas reinhardti is illustrated

in Table VII. The capacity to utilize bicarbonate ions was
reduced by almost 80 percent. The photosynthetic activity
of the washed alcae could be restored to about a normal rate
by the addition of phosphate or phosphoglycolate ions (pH T7)
at a final concentration of 3.3 x 107 I Smaller concen-
trations of phosphate were less effective, and in fact,

1.7 x 1070 M was only 70 percent as effective as 3.3 x 1077 u
(Table XIII) and 6 x 10"4 M was much less effective (data

not shown). Stimulation of photosynthesis above the rate

induced by 3.3 x 1072 ¥ phosphate was obtained with

40



T4L3LE VII.

IZffect of three wasnings with distilled water

on the capacity of Chlamvdomonas reinhardti to
utilize bicarbonate ions.

e

Ul
.
C!

10-J I phospaate
3 7) added prior

x 1072 I phospho-
clycolate (I 7)
added prior to F3

=~y

Total C+* Pized
(¢/s/1r1/10 min. PS*)

Unwasned cellgiesk «ashed cells

2,700 546
2,960 3,100
2,560 3,050

3%

LRkt

PS5 stands for vhotosyntaesis.

Values were corrected for algzal dilution,

so that they

corresponded to the szme dilution (1:100) of the washed

cells.
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1 x 1072 M, but higher concentrations were inhibitory
(TableAXIII).

Washing of the algae, however, 1s not always detri-
mental, for it may serve to remove undesirable metabolites
winich may accumulate in the suspending medium, as it 1s
11lustrated in Table VIII. Lven though 1-day o0ld Chlamy-
domonas were capable of utilizing bicarbonate ilons in the
presence of the original media, photosynthesis by Chlorella
of the same age and grown in the low-P medium was very slow.
The fallure of Chlorella to fix bicarbonate when the cells
remained in the original medium could not be changed eilther
by lowering the pH of the medium from about 8.2 to 6.9 or
by adding phosphate ions to a final concentration of 3.3 x
1072 1 (pd 7) 10 minutes before the photosynthesis experi-
ment was started. Instead, it was necessary that the cells
be washed with distilled water and phosphate lons added back
before tne photosynthetic capacity could be restored. The
response of unwashed Chlorella may be related to the phos-
phorus content of the medium during growth, since this same
specles, when grown in the high-P medium ordinarily used for

Chlanydomonas (data not shown) was capable of rapid utiliza-

tion of bicarbonate even if kept in the nutrient solution

in whicn the algae had been cultured for one day. An
alternative would be that the behavior of unwashed Chlorella
may be due to accumulation in the surrounding mediuua of a
substance which 1s produced by neitaer of the two Chlamydo=-

monas species nor formed by Chlorella when grown in the
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TABLE VIII. Differential capacity of three species of alzae
to utilize blcarbonate ions.

Total Ol1% Fireaw D
One-dav 01d Cultures (¢/s/m1/10 min. P3) A 3
Chlanvdomonas eu~anetos 2,284 5.6 6.0
(unwashed)
Chlamvdomonas reinhardti 2,262 3.3 4.0
(unwashned)
Cnlorella prrencidosa 172 8.2 9.0
(unwashed )
Ch. prrenoidosa (unwashed, 256 - 8.5
pH adjusted to 6.9
with HC1)
Ch. pyrenoidosa (unwashed, 344 - 8.5
plus 2.5 x 10=2 Il phos-
phate (pH 7) added 10
nin. before P3)
Ch. pyrenoidosa (washed 3 1,712 - 7.8
times plus 5.3 x 10=2
phosphate (pH 7) added
at the beginning of P3)
Ch. pyrenoidose (washed 3 200 - 9.0

tines witaout vhosphate)

# Values were adjusted for cell dilution on the baslis of
1l ml of packed cells per 100 ml of suspension.

#% The pHd was measured before (A) and after (B) the 10 minute
photosynthesis experiment., The pd of the washed algszal
suspension before Ps was about 7.
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presence of an excess of phosphate ions. A possible
substance could be chlorellin (51, 52, 53, 54) which is
Imown to inhiblt photosynthnesis, and which seems to be
active only when found in the external mecdiunm. It is
possible that thils innibitory substance may block in soune
way the mechanism of transport of bicarbonate lons across

the cell membrane.

14
lnterials which Stimulated l'adlC 0, Pization by Washed Al-~ae

Tne capacity of washed algae to utilize bicarbonate
was restorsd by a number of compounds. Table IX represents
a suxamary of the substances that were tested for stimulation
of blcarbonate uvtake by all three specles of algze. The

substances were grouped into three categories according to

-

tnelr relative efficlency at a concentration of 3.3 x 10-) L

and at pd 7, under the standard experimental conditions.

In the first group were put those compounds which restored
coapletely the ability of the cells to fix bicarbonate.
Since these compounds were not all phosphate esters, the
concept was untenable that pnotosynthesls in the washed cells
was limited by the avallability of phosphorus for synthesis
of the phosphate esters of the pnotosynthetic carbon cycle.
Compounds grouped under the second category restored the
photosynthetic fixation of bicarbonate only partially. In
the third category were placed those substances which did
not show any appreciable effect. This arbitrary classifi-

cation does not imply that all the substances listed under
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TA3BLZ IL. DBffect of compounds* on stimulating irashed
a7~
“dL

lzae to utilize blcarbonate ilons.

-

De~ree of sStimulation

Comnlete J0me Ilone

sodium phospnate aAnmonium chloride asnesiun chloride

Pnosphozlycolate Tris-hydroxyuethyl- Potassium chloride
aninomethane

Pahosphozlycerate sodium chloride
Glycine

Serine sodium sulfate
Glycolate

Asvartate Adenosine-tri-
Ribulose 1,5-41 phospaate

Asparasine phosphate

I‘inor elenents as

Phosphoserine Glucose=6- found in Hoagzland's
phosphate formula (77)
Glutauate
Calciun chloride Sodium arsenate

sSodium bicarbonate

Fotassiun acetate

# The compounds were tested at a final concentration of
3¢3 x 10=2 I and at about pi 7, except for sodium bi-
carbonate which was tested at 1 x 10=% i1 (pd 8.1), and
the nminor elements. Three-time washed algae (1:100
cell dilution) were used tarouchout the experiments.
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a given neading had the same degree of activity. To a
linited extent, the order in which the compounds were listed
represents thelr decreasing order of effectiveness.

Among tne catlions which were tested, only 2. monium
and calcium moderately increased the uptake of bicarbonate.
In this connection, Holm-Hansen, et. al. (31) have sugsested
that the response of the washed algae to NHZ ions may be to
relieve a mild nitrogen deficiency. However, this sugges-
tion cannot exzplaln the stimulation from non-nitrogen
substances. Addition of phosphate and ammonium ions
together stimulated radioactive sodium bicarbonate fixation
more than that obtained from either one alone (32). This
suggests that there 1s more than one stimulatory effect.

The stimulation by ammonium lons has not been further
investigated.

The rather small effect frou calcium lons in the
standard procedure might have been explained by the fact that
the cation was added after washing. Hence, calcium could
not have prevented the leakage of cellular phosphorus con=-
pounds during the preparation of the algae, as suggested by
Schﬁidtl. In order to test this hypothesis, an experiment
was performed in which the effect of both washing and re-
suspending with two calcium chloride solutions was compared
azainst distilled water or phosphate added prior to photo-

synthesis (Table X). wWashing and resuspending Chlamydomonas

T5ee footnote on page 14,



TAZL:s X. ZEffect of washingz Chlarydoumonas reinharcti with
tiwvo calcium cnloride gsolutionsi.

— o —— —

Phosphatew#
washing Addition
Treatien Durin<y P3 Total Cl% Fixed Final pi
(c/s/m1/10 min. o)

Distilled water 0 1056 8.5

Distilled water 3.3x102 i 1,400 7.5

2x107% 1 Call, 0 350 7.5
2x107° iI CaCl,  3.3%1077 i 954 6.3

1:10-1 1 ¢aci, 0 400 7.0

1x10-1 i CaCl,  3.3x%1072 K 1,170 6.7

g
o

The al=ee were wasned 3 times according to tne standard
oprocedure.,

s
>
o,

5

The piI ol the potassium phosphate solution was 7.
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reinhardtl in either 2 x 10°° or 1 x 1o'1 i CaCl, could not

prevent the loss of pnotosynthetic activity. Phosphate in
the external medium was required in order to restore activity.
That pH could not have been a limiting factor in the experi-
ment is 1llustrated by the pH values recorded at the end of
the 10 minute photosynthesis period. The values fell within
the physiolosical range (pH 4 to 9) determined by Zmerson

and Green (22) for Chlorella, and by Calvin et. al. (15) for

Scenedesrnus.

A slight stimulation of C'% fixation was observed by

the addition of excess carrier blcarbonate durinz an experi-

ment with completely washed Chlorella pyrenoidosa (Table XI).

Tne total amount of blcarbonate added per treatment was

increased stepwise but the specific activity of Cl4

12

was held
constant. Since both C and 014 were used, a correction
for isotopic dilution was made according to the formula

given below, in order to calculate total fixation rates.

12 14)

Correction factor = Jfumoles of O 7 + umoles of C
pmoles of cl+

Since increasing bicarbonate concentrations had some
stimulatory effect upon photosynthesis, the influence of the
presence of this anion during washing of the al_:ae was

investigated (Table XII). Chlorella pyrenoidosa cells were

both washed three times and resuspended with 1 x 1072 i

(Suspension A) or 1 x 10-1 i NadC0 (Suspension B). The pH

of tnese solutions was 7.9 and 8.1, respectively. Also,
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TABLE XI. ZEffect of increasing amounts of bicarbonate
ions on photosynthesis of washed Chlorella

pvrenoidosa,
Treatment Total Cl4 mixed# Final »d
(c/s/wl/10 win. ro)
Control (6.7 x 10=% . 168 T4
laicl405)
2
3.3 x 1075 i [2H0)5 + 3.3 230 6.5
x 10-5 1 waxsl0s
3.3 x 107% 1t vanco; + 3.3 268 7.1
x 10-% 1 IaHcl404
3.3 x 1077 1 [aH005 + 3.3 600 9.0

x 1073 Na3014o3

# Values were corrected for isotovic dilution according
to the formula given in the text. The correction factor
was 2.



TA3L0 NII. Paotosynthesis by 2lz2e wasned with bicarbonate.

-

Treatent Total Cl4 Fied# Final vod

(c/s/::1/10 uin. Po)

suspension A& + 6.7 x 10-4 189 T.4
M razcléo
3
Suspension 4 + 3.3 x 10-3 1,390 8.1
il phosphate (pH 72
6.7 x 10=* i raxncl4os

Suspension 3 + 6.7 x 10-% 3,620 8.6
11 radcl4os
Suspension B + 3.3 x 1072 4,220 8.7

M phosphate (pZ 7) +
6.7 x 10-%4 1 rancltos

Suspension 4: Cn 1 rella ~Jrenoidos both washed (3 times)
and 1esuouuuded 11 x 10=2 L 11a.iC03.

Suspension 2:  Sarte as suspenslon A except that 1 x 10-1
afdl03 was used.

# Values were corrected for isotopic dilution. The
correction factors used were 2.5 and 151, respectively
for suspensions A and B,
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the effect of the addition of the standard amount of phosvhate

lons was tested during photosynthesis with the blcarbonate

2

treated cells. Preparinz the alcae with 1 x 10"~ i bicar-

bonate solution did not prevent the loss of photosynthetic
ability, but activity could still be restored by 3.3 x 1072
phosphate (pZ 7). Preparation with 1 x 10'1 11 bicarbonate,
on tne other nand, was effective for controlling the
deleberious action of washing. Thils amount of bicarbonate
was nucn larger than the amount of phospnate necessary for
restoring photosynthetic activity. The stimulation of G“+
fixation by O.1 I bicarbonate (alone or in combinatlon with
phosvhate) occurred at the hish »d values, 8.5 to 8.7.
speculation way thls occurred will be discussed in more

detail later.

The combination of phosphate and blcarbonate was
further explored. Accordingly, increasing amounts of
phosphate (pH 7) were added to Chlorella cells which had
peen both washed (3 times) and resuspended with elther dis-
tilled wvater or 1 x 1077 M NaiCO; (Table XITI). The presence
of 1 x 10~ if bicarbonate in tne medium resulted in a small

14

increase of C fixation which cannot be ascribed to pi.

In the presence of phosphate and bicarbonate, the rate of

C14 fixation increased unitil the phosphate concentration

reached a level of 6.6 x 107~ If and the pXZ had dropped to

about T.5. Wwaen phospnate was added to cells resuspended
in water, the highest rate of fixation was attained with a

concentration of 1 x 10'2 e In the absence of bicarbonate,






TABLE XIIT.

Effect of increasing pnos»hate concentrations on

tiie purotosynthetic activity of alrcae washed
elther with distilled water or a bicarbonate
solution, #

dashin~ Treatment

Phosphateii

Addition

Jurinm B3

Total C1% rixed

Distilled water
Sodium blcarbonate

Distilled water
Sodium bicarbonate

Distilled water
sodium bicarbonate

Distilled water
sodium bicarbonate

Distilled water
Sodiun bilcarbonate

Distilled water
sodium blecarvonate

1.3:{10‘2
1.3x10=2

&M
"
Py
e
FYS

s

3 i

474

i

s

b s
PYY

Y2 ks
—a

(¢/s/m1/10 min. Ps)

47
210

e17
1,010

1,210
1,890

1,730
3,280

2,000
2,630

1,310
3,180

Sinal pi

L] [ ] L] [ ] L] L] L ] [ ] 3
SN U1 OO\ o

NN NN NN NN NN oo

W

£ 3

Sodium bicarbonate -012 at 1 x lO"3 M was used both for

wasning and resuspending the alga Chlorella pyrenoidosa,
according to the standard procedure.

#% Tne pH of the potassium phosphate solution was 7.
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a sli~nt decline in effectiveness of the phospnate lons

occurred at the hishest concentration, which may reflect

somne unbalanced condition of the mediun.

The Zffect of Inhibltors

Inhibitors were used to provide data which might
help to explain the phenomenon of stimulation or recovery
of radioactive bicarbonate utilizatlion by thoroughly washed
algae. Uranyl acetate and sodium arsenate were investigated.
According to Few et. al. (23), uranyl ions cause a major
reduction in the charge density of purely phosphate-type
colloids such as protoplast membrane lipid. with respect
to carboxyl-type colloids, on the other hand, uranyl lons
are not as effectlve. Frenkel (24) reported that photosyn=-
thesls 1n Chlorella was not inhibited by uranyl concentrations
as high as 1 x 10™° 1. This is remarkable because of the
generally hilgh sensltivity of photosynthesis to heavy metals
(58). Althouch Frenkel indicated that endogenous respira-
tion in Chlorella was only slightly affected by uranyl
chloride, respiration attributed to added glucose was 80
percent inhibited by a2 1 x 10"3 il concentration of this salt.
The latter observation suggests that transport of glucose
across the cell membrane was more drastically inhibited by
the uranyl lons in the external medium than subsequent
metabolism inside the cgell.

Arsenate, on the other hand, is known to interfere

in the metabolism of phosphorus, and specifically with the
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formation of hizh enerzy phospaate compounds (53). Presuna-
bly, arsenate might also act as a competitive inhibitor of

pnosvnate during uptake of bicarbonate.

Uranyl Inhibition

The effect of uranyl ions on the utilization of
bicarbonate by 3-time washed algae was studied first by

adding increasing anounts of uranyl acetate1 to Chlanmydomonas

rcinhardti, simultaneously with the standard concentration

of either vhosphate, phosphoglycolate or serine (Table XIV).

Uranyl, at a concentration of 6.6 x 10=%

M, iInhibited the
rate of HaHC1403 fixation over a 10 minute period of i1llumi-
nation in the presence of 3.3 x 10-3 Il phosphate, phospho-
glycolate or serine, resvectively by 32, 27 and 48 percent.
Increasing the uranyl concentration to 1.7 x 10"3 I caused
no apprecizble change in the degree of inhibition in the
presence of phosphoglycolate. However, this same uranyl
concentration reduced the photosynthetic activity 75 percent
in the presence of phosphate, and almost 95 percent in the
presence of serine. At 3.3 x 10"3 M, uranyl proved to be
equally toxic in the presence of any of the three substances,
although phosphoslycolate still showed some activity. The

extreme sensitivity of the serine stimulation to uranyl ions

cannot be explained by a comparison of the differential

1The pH of the solutlion of this salt could be brouzht only
to 4.1 with KOH, for beyond this point it bezan to form a
precipitate.



TABLE XIV.

Ul
Ul

Effect of uranyl acetate on the stimulatory action
from addition of phosphate, phosphoglycolate and
serine#* to washed Chlamydomonas reinnardti.

Treatment Total C1% pixed (¢/s/ml) Final oi
5 _minutes 10 minutes
Control 155 475 T4
3.3x10~5 M phosphate 1,064 2,240 7.0
6.61{10"4 M uranyl + phosphate 805 1,520 6.9
1.7)':].0"3 M uranyl <+ phospnate 292 570 5.8
3.3x107° I uranyl + phosphate 100 0 4,7
3.3x10~J I phosphozlycolate 810 1,740 7.0
6.6){10"1+ M uranyl + phosphno=- 852 1,274 6.0
glycolate
1.7XZLO"3 ¥ uranyl + phospho- 638 1,236 5.9
glycolate
3.%x10"2 M uranyl + phospho- 180 200 5.2
glycolate
3.3x10"° ii serine -- 1,480 7.0
6.6x10-% 1 uranyl + serine - 770 -
1.7x10"2 K uranyl 4 serine - 100 4,7
3,3x1072 I uranyl + serine - 0 --

# The pH of the phosphate, phosphoglycolate and serine
solutlons was adjusted to 7. The alzae were washed 3
times and resuspended with distilled water.
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abllity of uranyl to reverse the charge density of the
anlonic groups, &s discussed by Few et. al. (23).

The concentration of uranyl ions which inhibited the
utilization of bicarvonate in the presence of all three
stimulatory conpounds was 3.3 X 10'3 I, or three times less
than the concentratlon which I'renxel reported as harmless to
photosynthesis in Chlorella. If 1t is assumed that Frenkel

was correct and that Chlamydomonas and Chlorella respond 1n

a similar manner towards uranyl ions, it follows that the
activity of the stimulatory compounds was not concerned with

)
tne vhotosynthetic fixation of 014

O, but with some other
related vrocess.

In a second experiment (Table XV), uranyl acetate
wvas used at a coanstant concentration of 1.7 x 10-3 M, in
conjunction with 3.5 = 10'3 i alanine or ammonium chloride,
as well as pnosvhate, phosphozlycolate or serine. The
alanine stimulation was innibited by uranyl lons exactly
the samne as serine, wnlle the ammonium stinmulation was not
affected. In fact, 1t seened as 1f the ammonium and the
uranyl lons had acted in a synergistic fashilon. The higher
resistance of photosynthesis to uranyl innibition in the
vresence of pnospvhozlycolate may be explained by the assump-
tion that phosphoglycolate, which has two anionic groups,
could bind more uranyl tnan elther pnosphate, serine or
alanine. Inhibition by binding of uranyl ions to some
anionic group on the cell surface would occur only when an

excess of free uranyl ilons were avallable. Presumably, the
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TaBLZ X7. Differential resvonse of enhanced photosynthesis
in presence of a constant concentration of uranyl
acetate,#

e e —

it

Treatmeont fotal ol* Fixed Final pH
({c¢/s/uwl/10 win. Po)

Control 324 7.0
3.3x10-5 il phosphate + uranyl 100 5.2
3.3x1072 ¥ p-zlycolate + uranyl 1,360 5.7
3.3x10~7 4 serine + uranyl 100 4.7
3.3%10~7 17 alanine 1,630 7.6
3.3%10~7 ¥ alanine + uranyl 176 5.0
3.3%10-2 i ammonium chloride 1,000 6.7
3.3x107° i ammonium chloride + 1,540 6.9

uranyl

% Uragyl acetate was added at a final concentration of 1.7 x
1077 . Chlamydomonas reinhardti, prevared as usual, was
utilized in these experiments.
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site affected by the uranyl ion is actlve in the mechanisn
of blcarbonate transport across the cell membrane or some
other process related to photosynthesis.

The stimulation of photosynthesis by ammonium lons
is probably a different phenomenon than the stimulation by
phosphate, as already sugzested (page 41). In the first
place, one is a cation and the other an anion. Secondly,
phosphate stimulation was inhibited by uranyl ions, while
amnmonium stinulation was not sensitive to thls cation. In
fact, a higher rate of stimulation of photosynthesis was

obtained in the presence of both uranyl and ammonium lons.

Arsenate Inhibition

The influence of arsenate on the utilization of radio-
active bicarbonate by algae was studied first with Chlamydo-

nonas eu~amnetos. The cells were centrifuged once and the

supernatant was discarded. The 2lgal pellet was then

resuspended in distilled water. After adaptation in the
photosynthetic apparatus sodium arsenate was added to the
algal samples (3-ml aliquots) at a final concentration of

6.6 x 10'4, 1.7 x 10-3 Hor 3.3 x ‘IO-3

14
afterwards, 20 pl of O.1 M IllaHC 03 was added and the algae

M. Immediately

were allowed to photosynthesize for 5 or 10 minutes (Table
LVI). The addition of arsenate up to 3.3 x 107> 1 concen-
tration had no inhibiting effect on the photosynthetic
activity of partially washed algae.

In another exveriment (Table XVII), arsenate was






TA8L8 XVI, GEffect of sodium arsenate® on the photosyntaetic
activity of partially washed algae.

——rm - e

Treatment Potal ol¥ Fixea Final i

(¢/s/ml/10 win. Ps)

Control 1,808 6.9

- - -4 ..

6.5 x 10 - arsenate 2,140 8.2
VA

1.7 x 1072 Il arseaate 1,776 -

5.3 % 1077 Il arsenate 1,562 _——

# Thne pid was S.2. Arsenate was added to Chlanvdomonas
euzanetos cells waich were centrifuged oance and tnen
resuspended with distilled water.
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TARLS XVII, =ffect of sodium arsenate of the photosynthetic
activity of completely washed algae,

Treatnent Total C Pixed Final »nHd

(c/s/ml/10 min. Po)

Control 215 6.9
5.6 x 10=* il arsenate 340 8.2
1.7 x lO'3 : arsenate 350 8.2
3.3 x 1072 i arsenate (pi 71) 140 7.2

# The alga Chlamvdomonas reinhardti was used in tails experiment.
The preparation of the cells was as usual. ZIZxcept in the last
treatment, the pil of the arsenate solution was 8.2.
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added as above to 3-tlme washed Chlamvdomonas reinhardti,

Arsenate had no inhibiting or stimulating effect on completely
wasned cells. The results from these experiments suggest
that arsenate lons were not taken up during the duration of
the experimental conditions. If arsenate had been absorbed
to any appreclable extent, it should have inhibited photo-

synthesls in Chlanmnvdononas, since at least two steps in the

photosynthetlc carbon cycle are known to be susceptible to
arsenate polsoning. One 1is the reduction of >-phospho-
Glycerate to J-vhosphozlyceraldenyde, which is catalyzed by
trioscphosphate deaydrozenase and requires botn ATP and
TPiH, The other step 1s the phosphorylation of ribulose-
S5=phosphate to ribulose-l, 5-diphosphate, which 1s catalyzed
by phosvnopentokinase (70).

Arsenate inhibition was also studied with 3-time

washed Chlamrdomonas reinhardti, in the presence of phosphate

or phosphoslycolate (Table XVIII). Incubating the algae

for 10 ninutes in 3.3 x 10'3 i arsenate prevented phosphate
or pvhosphoglycolate from stimulating the rate of photosyn=
thesis when added later. However, when the algae were first
incubated for 10 minutes in a pnosvhate or vhospiroszlycolate
solution, the subsequent inhlibition by arsenate did not
occur. Tne sirultaneous addition of phosvhate or pnospno-
clycolate and arsenate Just prior to the addition of NaHC14o3
was nearly as effective as incubating the algze with

phrospnate and then adding arsenate. These results may be

indicative of a type of competitive inhibition between the



i
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TABLS XVIII. ©wffect of incubation# with arsenate or some
stimulator;, substance on the capacity of
washed Chlanvdonmonas reinhardti to utilize

bicarbonate ions.

Treatnent

Control
3.3 x 10~ i arsenate (pd 8.2)
3.3 x 10=3 Ii phospnate (pd T)

10 min. incubzation with arsenate
followed by phosphate

10 min. incubation with phosphate
followed by arsenate

Simultaneous addition of arsenate
and phosphate

3.3 x 1077 1 phosphozlycolate (pH 7)

10 min. incubation with arsenate
followed by p-zlycolate

10 min. incubation with p-glycolate
followed by arsenate

Simultaneous addition of arsenate
and p-glycolate

Potal G1% Pixed

(¢/s/m1/10 min. P3)
262
190
2,360

470

1,575

1,395

1,347
124

1,357

950

# Incubation consisted of adding the substance under study
during the 10 minute veriod of 1light and temperature adapta-
tion prior to the photosyntheslis experiment. In all cases,
arsenate, phosphate or phosphoglycolate were added in the
proportion of 10 umoles per 3 ml of alzal suspension, or

3.3 x 1077 il
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two anions for the same site, although more detailed research

needs to be done before thiis 1dea can be developed.

Influence of vni on the Utilization of EZicarbonate Ions

It was found in previous experiments that the stinu-

lation of bicarbonate utllization by completely washed alcae

ct

occurred at pId volues near ncutrality. Hlence, 1t appeared
losical to examine the iInfluence that the pd of the nmedium
nuay have on the effectiveness of the so-called stimulatory
compounds., Several factors determined the final pd of the
2lzal suspension after a 10 nminute photosynthetic experiment.
Cne factor was & slow and snall increase in pd during photo-
syntnesls as 1f dissolved CO, as carbonlc acid were bveing
removed from the mediun. Another factor was the 20 pl of
0.1 Il KaHC1403 solution which was added to the alza2l culture.

A 0.1 11 LanC03 solution has a pd of about 8.2. Generally

14 .
the C -blcarbonate mixture was prepared in a small excess

of free base in order to insure against loss of 01402. The
solutionvwas therefore a mixture of lIaHCO3 and XNac¢C 3 and as
a result even a snall amnount of the bicarbonate solution when
added to the alzal suspension raised the pH to above 8. To
counteract the alkalinity of the blcarbonate potassium hydro-
genphosphate and trishydroxymethylaminomethane (tris) buffers
were chosen. The pHd of 0.1 I buffer solutions was adjusted

with HC1l to predetermined values and 10 pmoles of each were

added to 3 ml of completely washed Chlorella pvrenoldosa

(Table XIX). Both phosphate and tris buffers were effective



TABLE XIX. Influence of pid of the medium on the stimulation
of photosynthesis by two buffer solutions.

Treatment Total C1* Fixed Final o3
(¢/s/ml/10 min. P3)
Control 203 8.3
Potassiuu pnosphate, pd 7.0 1,953 Tod
7.5 938 Te9
8.0 375 8.3
.8 300 8.5
Tris, pd T.7 816 7.8
8.0 524 7.9
8.5 210 8.6
9.0 96 9.1

# The buffers were adjusted to the desired pd with 0.1 N HCl.
Ten umoles of each buffer were added to 3-ml a2liquots of
Chlorella pyrenoldosa cells which were prepared as usual.
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stimulators of CO, fixation when the final pd was maintained
around 7 to 7.8. Above pH 8 there was no stimulation of
paotosynthesis by these buffers. The lack of stimulation
at nigher pi values cannot be explained solely on the basis

Fal

of an adverse pid effect on normal photosynthesis by unwashed
or partially washed algae since these pi values fell within
the accepted physiological range of 4 to 9 (16, 22).

Wwhen the effectiveness of the phosphate buffer was
investigated at pi values less than 7 (Table XX), it was
found that the rate of photosynthesis was equally stimulated
betireen the range 4 to 6. In this lower pHd range the
predoninant ionic form of the buffer was Hgkuz (11), which
vas necessary to neutralize the alkalinity of the blcarbonate.

The abvove results indicate that a pH effect could
partially exvlain the stimulatory action from the buffer,

To investizate this possibility without buffer, it was nece-
ssary to add experimental amounts of 0.01 II HCl to a washed

alsal suspension (Chlorella oyrenoidosa), so that when the

14
JaHC O3 was added, the final pi was in the range of 4 to 7

(Table XL). Tne results of this experiment indicated that

there was a stimulation of C14 fixation when the finzl pH

was 7 or less, even though no phosnhate buffer was added.

It appears, therefore, that the LQPLZ lons acted as a weak

acld wnich in the presence of HC14

cl4

Og tons would release

05 according to the equation

- A4 - = . 14
x{2PO4 + 1C 03 # LIPO4 + I12O + C 02
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TABLE XiI. IEffect of pd on the utllization of bicarbonate
ions by washed alzcae.

b 14
Adjustments* Total C Filxed I'inal piI
(¢/s/ml/10 min. Ps3)
Control 570 Te5
Potassium phosphate, pH 4 2,565 6.0
5 2,540 6.2
6 2,620 6.6
7 2,120 7.6
-2 _ -
1l x 10 ¥ HC1, pE > 2,020 3.7
3.8 1,350 7.0
4.8 540 8.2

* A 0.1 i solution of KHyPO, was adjusted to the desired pH
values with XOH. Then each buffer was added to completely
wasned Calorclla nyrenoidosa cell, prgvared as customary,
at a finzal concentration of 3.3 x 1077 Ii. hen HC1l was used,
the pH of about 10-ml aliquots of the same algal suspension
was adjusted before the perlod of adaptation.
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Thus, at pI values below or near neutrality, the
stimulatory activity of vhosphiate, paos»noglycolate and the
anino acids can be best explained in terms of avallability
of 01402. The data suzcest that at the low COp, concentra-
tions norwally encountered in protosyntnesis, the CO, is the
actlve specles which enters the cell. If bicarbonate ion
enters the cell 1t does so at a slower rate. This concept,
however, does not account for the arsenate inhibition during
bicarbonate utilization (Table AVIII). The stimulation due
to excess carrier bicarbonate (Table XII) would nave to be
accounted for by mass diffusion or active transport of
bicarbonate lons. Additional data are given in Table XXI
concerning pnotosynthesis rates in the presence of higher
concentrations of carvonate buffers which were added just
prior to the 10 minute test period. The rate of 014
fixation was hizshest at about pH 8.5, when both phosphate

and carrier bicarbonate were added at a final concentration
of 3.7 x 10-3 M. These results seem to be in disagreement
with the 1idca that only CO, which can exist below pI 8 was
effective in photosynthesis. It 1s necessary to assune

that blcarbonate ions can also diffuse or be transported into
the cell. The decline of the rate of C'# fixation which was

observed at pH values above 8.5 might be due to the adverse

effect of the higher pH values.

feedinc Radioactive Compounds which Stimulate Photosynthesls

In order to determine whether phosphate or serine






TAZLS ZIX{I. Influence of hisn pH values on the stimulatory
effect of phosphate.

Treatoentit Total CX* Fized finzl pll

(c/s/ml/10 min. E£s3)

6.7 x 10=% I Haugl40s and 140 8.6
rlacl %04
3.3 x 10~ ii phosphate (pd 7) 1,750 7.9
3.3 X lO'4 ¥ 1ladC0s + phosphate 1,815 8.2
1.7 x 10=2 & ¥aiC05 + phosphate 2,770 8.4
3.3 x 1072 Il aXCl0s and 1ac0s + 3,470 8.5
phosphate
3.3 x 102 I FaHCO; and 1'aCOy + 1,740 8.7
phosphate
3.3 x 10=2 Il NadC03 and 1aCO3 + 995 9.0
‘ pnosvphate
3.3 x 1070 i a0 and 1aCOy + 432 9.6
pnosphate
3.3 x 10=2 i NaC03 + phosphate 100 10.3

# The same amount of 6.7 X 10-% M NaHCl4O3 was present in all

treatuments. The values were corrected for isotopic dilution

as needed. The same amount of 3.3 x 1072 ¥ phosphate buffer
was present in all treatments except the first one.
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wvere absorbed by the washed alsae during the 10 minute
photosynthesis exveriments, P32-labeled phosphate (1 mc/ml)
and serine-B-C14 (100 pc/ml) were added to washed Chlorella

pyrenoidosa cells. The experiments were run in the presence

of the corresponding carriers, so that the final concentra-
tions were 3.3 x 10'3 e The P32 exveriments were done
with algae grown either in the standard low-P medium, or in

the hich-P medium used for Chlamydomonas. RBoth medla were

used to investigate whether the phosphorus content of the
original culture solution could affect to any apprecigble
extent the uptake of phosphorus by washed algae (Table XXII).
Even thougnAthe pnotosynthetic activity of the washed algae
was markedly stimulated by adding either phosphate or serine
p32 14

to the medium, only a very small amount of or serine-C

was found with the cell fraction (extract plus residue)
after the short experimental period. In the case of PBQ,
similar results were obtalned whether the alzae were grown
in a2 low=P or a high-P medium, thus suggesting that in both
kinds of Chlorella cells, the internal reservoilrs of phos-
pnorus did not influence the amount of phosphorus uptake
during the experiment. Tne amount of P32 found in the
supernatant and the washing fractions together, represented
about 97 percent of the total added radioactivity. Iess
than 1 percent was detected in the cell extract, and the
renaining 2 percent was associated with the algal residue

and the millipore filter. This fractionation procedure was

described in the lethods section. To what extent the amount
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TABLE XXII. Absorption of labeled phosphate or serine by
washed Chlorella vpyrenoidosa during stimulation
of bicarbonate uptake.

Treatpent Total 014 Pixed
(¢/s/ml1/10 min. Ps3)

controls
Distilled water 188
Low-P cells + 3.3 x 10-3 I 2,486
phosphate (pd 7)
Hizh-P cells + phosvhate 2,444
Low-P cells + 3.3 x 1072 K 897
serine (pHd 7)
Iabeled Comvounds
Activity/ml
c/s/m1/10 min. of whole
Super- wasi= oDX- Re= sample
nat, in~ tract sidue
. s J2
Low-P cells + }Q uc P 975 98 9 24 1,027
+ 3.3x1077 i
carrier vhosvyhate
9]
Hizh-P cells + 10 uc po° 967 91 8 37 1,045
+ carrier phosphate
345 35 7 23 -

Low=P cells + 10 %c of
serine-3-01%4 4
3.3x10"”? M carrier
serine

The treatments recelving P32 or serine-B-Gl4 also received 10
unoles of 012 sodium bicarbonate in order to stimulate photo-
synthesis.
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of radiocactivity left on the filter represents actual meta-
bolism of the added P?°-phosphate was not determined.  Eut
even 1f all this residual radiocactlvity was attributed to
the cells, the total amount of P32 that was taken un wvas
very small compared to the strong stimulation of photosyn-
thesls caused by phospnate. In considering this finding,
one nust remember that ratner larse concentrations of phos-
phate lons were used to restore pnotosynthesis to the washed
alzae, and that just catalytic amounts were not suificient.
/men serine-3-C'# was used, the pattern of distri-
bution of radioactivity amonz the various cell fractions
was essentially the same as for the P32-1abeled pnospnate

experlnents, Tnere was, hovever, a slizhtly hizher per-

14 sssociated with the cell extract and the

centaze of C
residue left on the filter.

The very low absorntion of phosphate by washed
Chlorella may reflect the fact that the alzae were mostly
mature cells, since the youngest ones were prooably lost
durinz the process of washing. Another limiting factor
for phosphorus uptake may have been the absence of any
nitrogenous compound in the medium. Corroborating data for
these two assumptions has been reported by Schmidt (66), who

studled the uptake of phosphate by syncaronized cultures of

Chlorella pyrenoidosa. He observed that the time and

anount of phospvhate absorbed by the cells were related to
the nitrozen source and age of the culture. Thus, amnoniun

ions were more effective than nitrate ions, and the rate of
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absorption decreaced during the last stages of cellular
srowtn (nuclear and cell division). Therefore, 1t 1s not
surprising that washed Chlorella cells did not absorb
appreciable amounts of phospnate durinz the 10 minute

xzverinents. Tne inportant fact is that a significant
absorption of phosphate or serine apparently was not an
oblicatory step in the process of bicarbonate utilization

by tne washed algzae.

Products of Photosvntnesls

The alconolic extracts of washed Chlamydononas
eusametos and Ch. reinhardti were obtainea from experiments
in which the algae were treated with phosphnate or phospho-
slycolate, botih at pi 7 and then elposed to 23301403. The
insoluble cell residues were renoved by centrifucation at
full speed for about 5 minutes in 2 clinical centrifuce.
The superaatant fractlons were then evaporated and subjected
to the standard procedures of chromatosraphy and autoradio-
cravay (5). The 014-1abe1ed products of 10 minute photo-
syathesls were ldentiried according to thelr relative Re
values fron insvection of the charonatograms and autoradio-
grans. In addition, glutamate, aspartate and serine were
also 1dentified by cochromatosraniy. Poor sevaration of
glycine and serine made imposslble the separate determination
of radioactivity in these two compounds (Table X{III).

In general, both specles of Chlamydomonas nroduced

about the same compounds regardless of treatment, Perhavs
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TABLS X{III. Percentase distribution of Cl4 among products
of vhotosynthesis as affected by different

stirmlatory comvpoundsi#*,

Ch. eusametos Ch. reinhardti
rh1os- P=-zly- Phos- F=-cly-
Comvnound woter phate colate .ater phate gcolate

Pnosphate esters 25.3 21.7 18.5 17.3 29.4 16.0

Glycolate 17.3 16.8 2.2 2.2 0.5 1.4
Glutamate 3.9 3.2  14.9 4.7 2.5 21.2
Glycerate 3.1 1.8 10.9 20.9 1l4.5 7.5
Aspartate area 6.6 3.9 15.4 Te2 4,7 13.0
scrine + slycine 1.8 4.5 5.4 0 4.0 0

Lipids 11.6 17.2 2.9 15.0 16.0 8.5
Others 23.4 12.9 17.6 15.9 10.2 20.4
Origin 6.8 18.0 12.2 18.8 16.2 12.0

* Fhosphate and phosphoglycolate were added to 3-washed algae
at a final concentration of 3.3 x 1077 1I. The duration of
the photosynthesls experiments was 10 minutes.
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when the alzae were stimulated witih phospnoglycolate, they
had a tendency to produce different amounts of glycolate,
glutamate, glycerate and aspartate, but the significance of
this observation is doubtfull on account of the small number

14 into phosphate esters

of repetitions. Incorporation of C
was not stimulated by addition of ortnophosphate or phospho-
glycolate, If the water washed alzae had had a phosphorus
deficiency, one would expect to find a much less percentage
of the 014 in the vhosvnate esters and an increase in the
percent of radioactivity incorporated into this fraction
upon addition of phosphate lons. These cnanges did not
occur, suczesting that the washiny procedure had not caused
any phosphorus deficiency which mey have reduced the

reservoirs of the sugar vhosphates encountered in the path

of carbon in vnotosynthesis.



DISCUSSION

fnuch of the »nnotosyntnesis research in recent years
has been done with washed algae cultures to which was added
a tracer anount of HaHC1403. The cultufes were generally
wasined one or more tinmes by centrifuzation 1n order to
remove most of the nutrient salts which otherwise would
“overload subsequent »naper chromatogsrans. In addition, un-
washed cultures often gave poor pnotosynthetic rates which
may be explalined by such toxic substances as Cnlorellin
(51, 54), which tiralzeze excrete into the medium. During

subsequent vhotosynthetic tests some investigators have at

Ui

tines added baclk to the washed alcae a small anount of
phosvhate buffer, generally around pi 7. The effect of the
wasning treatment on photosynthesis has not been thoroughly
Investizated. I have found that algae wasned three tines
with water lost 80 to 90 percent of thelr vhotosynthetic
ability as measured by the fixation of 13301403 at pH 8.2.
At first this phenomenon was not attributed to a pH'effect,
because of numerous reports that photosynthesis by algae was
unaltered between »H 4 to 9. However, exaoination of those
compounds which were most effective in restoring photosynthesis
to the washed alzae indicated that they all were potential
buffers below »d 8. Phosphate, phosphoglycolate, scrine
and trils buffer were used the most often to restore photo-
synthesis for the washed algzae. The addition of sucn

compounds at »nd 7 to the alzal cultures did indeed lower the

75
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final pH of the suspension after addition of the IiadC 03
to values between 7 and 8. In this pd range part of the
blcarbonate would be converted to CO,. Consequently, the
data can be explained best by the working hypothesis that

01402 enters the algae much faster than HC14O3 lons. From

the action of the buffers a constaat amount of 014

0o would
be released and disolved in the water. As the algae
absorbed tne COp, more would be released from the blicarbonate
without a sisnificant change in pHd because of the action of
the buffer. The results emphasize the need for buffer and
pi control durinz tracer pnotosynthesis experiments with
algcae. A pd ranze between 5 and 7 but not over 7.5 1s
reconnended. Too low a pid would cause the loss of much of
the 01402 as gas to the atmosphere, or would necessitate
working in closed and aerated apparatus. 0f course, one
could gas the algae cultures with 01402, but this procedure
would involve 2 much more elaborate apparatus.

The above hypothesls was substantiated by several
additional types of experiments. (a) Buffers were not
necessary for restoring activity to the washed algal cultures
providing the final pd was lowered to about 7 by addition of
HC1. (b) Radioactive labeled buffers, phosphate and serine
were not abosorbed by the cells in significant amounts during
the course of the experiments. Thus, there was not evidence
that these buffers entered the cell or participated in the
photosyntnctlic process. (c) Even though the rate of

photosynthesls was reduced 90 percent at pd 8.2 and above,
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the C labeled products of vhotosynthesis did not seem to
be sisnificantly altered. Tnis suggests that availability
of 01402 wvas the limiting factor rather than alteration of
the fixation products.

In the course of thils work several deviations arose
from the postulate. (2) At high bicarbonate concentrations,

a and 10~ X, normal rates of photosynthesils

around 10~
occurred even at pdI 8.2 or above. This may be explained
by mass diffusion of blcarbonate into the cells which occurs
too slow at IO'Z‘L and 1072 1 bilcarbonate concentrations
Wwnich are encountered with the tracer researcn method.
(b) Uranyl (U0,**) at concentrations equal to that of the
buffers completely negated the stimulatory effect from the
buffers even thoush the pH remained far below 8. Cranyl
ions have been reported to be without effect upon photo-
synthesis by partially washed alzae. (¢) Arsenate ilons if
added to the algzae 10 nminutes before addition of the phos-
phate or phosphozlycolate buffers also blocked photosynthesis.
This innhibitlon by arsenate did not occur if the buffers
were added first. As mentioned in the result section, the
arsenate was probably not absorbed by the cells. There 1is
no ready explanation for these latter two observations.

The three algae used in this work were selected
because of thelr ability to synthesize and secrete large
amounts of glycolate. Tolbert and Zill (76) showed that

Chlorella pvrenoldosa converted 3 to 12 percent of the total
014

fixed durinz 10 minutes of photosynthesis into glycolate
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and excreted it into the supernatant fluid. The two

Chlanmydomonas cultures synthesized 50 percent of the C14

fixed during 1 to 10 minutes of pnotosynthesis into glycolate
and excreted most of iti. One nyvothesis about the
slycolate excretion was that 1t 1nvolved an active glycolate-
bilcarbonate shift or transport mechanism across the cell
nembrane (76).

A major difference between the photosynthesis
experinments on glycolate excretion mentloned in the preceed-
ing paragraph and all the experiments in Part II of this
dissertation vas in the preparation of the algae for
experimentation. The glycolate excretion studies were done
witn either uawashed or once washed algae from which
treatments no reduction in photosynthesis rate was inposed.
4ll of ny experiments were done with algae which had been
washed tharee times and which had a severely inhibited
photosynthetic rate at pd 8.2 when bicarbonate was added.

The washed algzae, however, would photosynthesize normally

at pHd values (7 or below) where COp could exist in the medium.
These consliderations senerate speculation that the unwashed
or once washed cells could produce and excrete thelr own

acid or buffer for releasing CO, from bicarbonate. This
acid would be the excreted glycolic acid. This release of
clycolic a2cid would occur near tihe cell surface and be

titrated by the ZaHCOB to give sodiun glycolate and COo.

O

A}

e, c. Xearney, =. Jimenez and II. Z. Tolbert, unpublisied.
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Mis sveculation i1s supported by the fact that the glycolate
excrelilon »anenomenon occurred only above pdi 5.0 to 5.5 and
in the presence of low CO0p and bicarbonate concentrations

(767 The present hyvothesls about glycolate excretion

differs from that vroposed by Tolbert and Zill, in that 1t
does not involve a zlycolate-bicarbonate anioniec shift, but
retiier tne release of acld by tne cells and the generation

~

of COE in the medilunm which diffuses into the cells.






SULZZARY ATD COIICLULIONS

Pax? I

A Glycolate Pataway has been proposed from the meta-
bolic conversion of zlycolate to suzars. This scheme first
involves the synthesis of serine from two glycolate molecules
taroush the intermediates glyoxylate and zlycine. e serine
was further converted to glycerate, which in turn was in-
corporated into hexoses by reversal of the Embden-Meyerhof
Patnway. Thils route was substantiated by feeding leaves for
short periods of tinme 014-labe1ed clycolate and serine-B-C14,
and then 1isolatinz and desrading the Cla-labeled sucrose wnican

14

was formed. Glycolate-2-C produced hexoses labeled in car-

bon atoms 1, 2, 5 and 6. Serine-3-014 was converted into 3,
4~labeled nexoses. These data corroborate otheriinvestiga-

tions whican purvort to show taat glycolate is a major photo-
synthetic product which enters the cytoplasm from the cloroplast.
The enzymes of the Glycolate Pathway are cytopnlaszmic. Since

the gzlycolate vproduced by 01402 pihrotosynthesis is uniformly
labeled, 1ts subsequent metabolism would produce uniformly la-
beled hexoses in the cytoplasm. This is in contrast to the
predoninately 3, 4-labeled hexoses of the photosynthetic carbon
cycle inside thae chloroplaéts. The rate of randomization of

label in the hexoses of the whole cell is therefore accelerated

ty the contribution of the Glycolate Pathway.



PART II

4

Tne effect of washing alzae with water vefore subse-
quent pnotosyntheslis experiments with Hacl403 was investlzated.
An explanation was sousht for the reason why better pnoto-
syntnetlc rates were obtained when the wasned alsae vere re-
suspended in paosphate buffer. Upon wasning a2lzae three times
with distilled water, the photosynthetic rate of fixation of
Ha331403 at »il £.2 or above was inhibited 30 to 90 vpercent.
Zovever, the rate of photosynthesis could be restored to normal
wnen the pi was lowered to 7 or below by buffers such as phos-
paate, vnospnozlycolate, or anino acids. This phenomenon was
best exvlained by the assuaption that 01402 could enter tne
cells noeny times Ilaster than tihe bicarbonate lons. Thus tae
buiffers served the purpose of holding the pd in a range waere
the NaHCl4O3 was converted to Gl402. The buflfers when labpeled
witih tracers were shown not to enter thwe cells. The products

of ol filxation by the wasned alzae were not altered by the

resence or absence of tae buffers. 4Lt blcarbonate concentra-

3

tions 100 fold nigner than generclly used wita 014 tracer re-
scarch, & normnal rate of pnotvosynthesis occurred even at pid
values of 8.2 or ni-her. Presunably bicarboanate ions could
enter the alzae at a slow rate whicih was cowpensated for by
nizher concentrations. The restvoration of active photosynthetic
r=tes by phosphate or serine buffers was preventcd by uranyl

ions or arsenate even thoush the pid was lowered well velow 7.

€l
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If the alzae whicn were wasned tnree times produced
less slycolate duringy photosyntihesis than alzae washed only
once, tiese results could then be interpreted to indicate
that normal production and excretion of zlycolic acid by alzae
may be a uecnanisa for convertinsg the bicarbonate of the

mediun to CO,, wanlch iIn turn can be absorbed by the cells.
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