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Suniiiway. The products of C140., fixation by Chlaiiydomioiias and Chior-ellt wecre
stu(died unider conditions miiost favorable for glycolate synithesis. 'Fhe highest percenitage
of the C'4 was incorporated into glycolate in the pH range of 8 to 9. After 1 to 2 mili-
utes as miiuch as 40 % of the C14 was founid in glycolate products and only a trace of C'4
wxas p)resent as phosphoglycerate. Below pH 8 the rate of photosynthesis was miuch faster,
but only a small percent of the C w4was inicorporated into glycolate in 1 or 2 minutes.
while a high percent of the C14 accumiiulated in phosphoglycerate. C14 labeling of glycolate
eveni at pH 8 or above did not occur at times shorter thani 10 seconds. During the first
seconlds of photosynthesis, nearly all of the C14 was found in phosphoglycerate and sugar
phosphates. Thus glycolate appears to be formiied after the phosphate esters of tlle photo-
synthetic carbon cycle.

WAashing Chlamydouioiwas with Nvater 2 or 3 timiies resulted in the loss of miost of tlheir-
free phosphate. Whllen a smiiall aliquot of NaHC'I03 was added to washed algae in the
absence of this buffering capacity, the pH of the algal medium becamiie 8 or above an(l
miiuch of the fixed C14 accumiiulated in glvcolate.

Tlhe formiiatioln of glycolate-C4 1by algac (luring-
C"02 fixation is promoted by nmany factors( 1,3,8-13).
LoXv CO, high 02 partial pressure, anid high light in-
tensitv all favor glycolate accumulationi. Ili additioni.
as indicated in this report, algae suspended in mie(diumii
at pI-f 8 or hlighler inicorporate a higlh percentage of
the neNwly fixed C'402. inlto glycolate. Th'lie results
are consistenit with the rapid excretioni of glycolate at
pH values of 5 or above (9).

Sinice the biosynthetic route of glycolate fornia-
tion has not been elucidated (8). it is possible that
glycolate synthesis is indicative of a p)athlway of CO..
fixation other than phosphoglycerate formationi from
ribulose diphosphate. An alterniate pathw\aylihas beell
implicated from data on CO., fixationl by algae under
stress conditions of low miianganiese (7) or low CO.,
concentration (12). However, there is no inidication
of a separate CO., fixation pathNvay for glycolate
synthesis in any of the steady state photosynthetic
experiments from Calvin's group (1. 3, 6). Never-
theless, most of the latter experiments were run under
conditions which did not favor glycolate formiiation.
Consequently, we have repeated time rate studies
with algae on glycolate-C'4 formation un(ler condi
tions most favorable for rapid glvcolate labeling.
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Methods

Algae, as obtainied fromii the In(lialla University
collection, were Chlia iydomnonas reinthardtii Dangeard

strain (No. 89), Chlamydomiionas reinhardtii Dan-
geard-strain (No. 90), and Chlorella pyrenoidosa
Chlick ( No. 395). The Chilamnydomonias cultures
w ere growin in a l)hoslhate rich medium adju-sted to
plI 6.8 which conitained on1 a per liter basis 2 g
NNH,NU3 0.2 g Mgt1SO, * 7H. .O 25 mg CaCl.,, 5 mig/
liter Fe as sequestrene NaFe. 1.53 g K2HPO,, 0.87 g
KH.,PO, and 2 nil Hoagland Trace nutrients.
Chlorella ctultures were growvn in media V, of Norris
et al. (5). T'emiiperature was maintained at about 20°
aind light intenisity at 1000 ft-c fromii daylight fltuores-
cenlt bulbs. Since low CO., promotes glycolate for-
mation. the cultures were aerated wvith air enriclhedl
with 0.2 to 0.5 % rather tlhaniwith 4 % CO., as previ-
ously used.

In.oculation conisisted of dilutinig 100 nlil of cutlture
with 900 ml of fresh nutrienit anld the algale were har-
vested after 1 or 2 days wlhenl they were iil a rapid
phase of growth, which is another conditioni favoring
glycolate productioni. The algae were remiioved from
the medium by centrifuging at 1000 X g for 3 min-
utes. A I % v/v suspension of algae wvas prepared
in water or in 0.001 Mr potassitum p)hosphate and ad-
jutsted to the (lesigniated pH. If the algae were to be
washed they were resuspendleld in water and held for
3) to 5 miiinuites wvith aeration and then recentrifuged.
Trhe latter procedure was dlesignated as the first
Wa.shin-g anid it was sometimiies rel)eated to obtain
algae wsashed 2 or 3 timiies.
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C'(), fixation experimentsvwere perforlne( on
aliquots in a lollipop or flattenied test tulbes imimersed
in a 20( xvater bath. Photoflood lamps l)roi(le(l all
illumination of about 3000 ft-c to eacli ,side of the
algae culture. An equilibration period of 10 mninutes
in the light an(d with aerationl \xas used prior to the
additioin of NaHC1403 (16 % C14). For every 10
ml of I % algal suspenisioni. 0.015. ml of 0.05 .4
NaHC'Ol-NaC'403 (pH about 9) xxas added.
This amiiouint of NaHC103 provided a constanit rate
of photosynthesis for 2 minuites at 6.5 to 7 or for 10
minutes at pH 8.5. At desiginate(d times aliqutiots
were draine(l off through a stopcock into hot meth-
anol which was then boiled and unused C140 wvas re-
moved by flushing with C120.. Aliquots were
counted for fixed C14 in a liquid scintillationi counter.

Samples were reduced to a smiiall volume at about
300 un(ler vacuum in a Gyrorotary shaker. Txvo-di-
mensionial paper chromatograms and radioautographs
(2) were made of aliquots in order to (letermine the
percentage distribution of the C14 amonig the prod-
ucts. After the second solvent developmeint of the
chromatogrami xvith butanol-propionic acid-wxater, the
paper was air dried for 18 hours and then sprayed
with 1 AI Na2C0,, to convert the acids on the paper
to their sodiumii salt. Glvcolic acid is somxewhat
volatile, however less thanl 10 % of added tracer
amounts of glycolic-C'4 acid was loss in the total
chromatograplhic procedure. A miajor loss of gly-
colic acid from the chromatogramls during radio-
autography (9) xvas prevented by converting it to
the nonvolatile sodium salt.

Experiments of 2 to 4 seconds duration xvere run
by rapidly injecting wvith a large syringe 5 ml of
diluted NaHC'40, (100 4c) inito 20 ml of algae in
a large lollipop. Aniother operator forced in 50 ml
of hot methanol fromii a second syrinige xhich l)rovided
inistant mixing anid killing.

Experiments of about 1-second dturation in 3000
ft-c of light xvere run by mixing a NaHC14On solu_
tionl- with an algal suspenisioln as the suspension flowed
down a glass tube before reaching a beaker of hot
miiethaniol. The algae xvere bein'g drained fromn a lolli-
pop where steady state photosynthesis had been mn0aimi-
taimied. Bx means, of dyes it was ascertained that the
NaHC'40 and algal suIspension were mixetl to
gether for only I secoIi(l before reachinig mzethaniol.

Results

EJffect of WVashinig t/c Algae andI Addition of
Phosphatc Buffer. A reproducable amount of C14
fixation from the NaHC140, by either Chlarnvdo-
nonas or Chlorella vas obtained if unxashed algae
vere resusp)ended in water or if the algae xvere
washed 1 to 3 times and then resuispended in 3.3 >'
10-3 ,i phosphate at pH 7 (table I) W\hen either
strain of Chlamydomonas were xvashed 3 times with
water and resuspended in water. the rate of C140.,
fixatfion was abouit 12 to 15 / of tht rate which wva,

ob)taine(l b- utinwashe(l cells resuspendedi in water or
w-ashed cells resuspended in phosphate butiffer.

Coml)lete restoration of the l)hotosynthetic capac-
ity by phosphate suggeste(l that 1o(s.i of phosphate
during washing xx as critical either for pH control or
for metabolic processes. TI'he loss of orthophosphate
an(d of total phosphorus fromii the Chlainydotonzas
after successive w-ashings was (luantitatively deter-
mineld. The algae were removedl from their growth
mediumii by centrifugationi and( resus)pendedl in xWater

1 volume algale to 100 volumes of wvater). After
trichloracetic acicl disruption ani(l precipitationi of the
algae. the mlediuim containie(d about 400 jug orthophos-
phoric acid per 100 ml. Tlhe total phosphorus after
sulfuric acid digestioln of the cells was at least 3 times
-reater. When the algae wvere wxashed once, the or-
thophosphate reservoir dropped to a losv level of les.>
thani 10 % that foundcl in the unwvashed cells. 'rhe
decrease in total phos)horus upon wxashing the
algae xvas mainly cauised by loss of orthophosphate.
although somle loss of organiic phosphorus xv-as indi-
catedl. Upon repeated washing, the total phosphorus
graduallv decreased. Thus Chllauivdoimonas, wheni
removed froml their growth mle(liuim ani(I resuspenided
(1 % vv/) in xvater. had a buffering capacity of 40
,mll phosphate, wxhile washed cells (lid nlot l)ossess this
buffering capacity to nieutralize the added NaHJC1tO.

Although the orthophosphate of the algae was re-
duced drastically by 3 xw ashino-s, the r-ate of C14().
fixationi cotld b)e fully restored by, niumlilerous suib-
stances other tlhani phosphate so long as the coill-
poutlds added possessedl buffering ca)acity betxveen
pH 5 and 8. Serine xas nearly as effective as phos-
phate in restoring the rate of CO., fixation (table I)
and other amino acids, phosphate esters, and Tris
buffer xvere also effective. Thus the loss of phos-
phate from washing the algae 3 times was not so
severe as to restrict the participationl of phosphate
in metabolic reactions involved in the fixation of
CO,.

The photosynthetic rate for C/ilorella in bicarbon-
ate (pH 8.-8.5) is m1uch less thanxwheni sufficient
CO, is present at loxxer pH Xvalues (4). Likewvise
wvhen the pH of our Chlarnydoiziocias suspensions in
0.001 Ni phosphate was greater than 8, the rate of C'4

l1 able 1. Effect of 3 UVas/iings wit/i Wate- on C140).
I i.rationz by Chlamydomonas

ThI 1 '%/ algal suspension in a designiated medium
fixed NaHC' 40; for 10 minutes. Unwashed cells were
removed by centrifugation from the groxvth medium and
resuspended in the photosynthetic medium. See methods
for preparation of washed cells.

Photosynthetic
medium

Water
3.3 X 10-3 M

phosphate (pH 7)
'3.3 X 10 3M

&ernlm (pB 7)

Total c /s C' I fixed per ml algae
Unwashed cells Washed cells

2700

2960

546

3100

2100
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Table II. Effect of pH on Rate of N'aHC' '0. Fixation
by Chlamydomonas

A 1 fi. algal suspension in 0.001 Am phosphate was use(d.

Initial pH

7.0
7.5
8.0
8.9

Total C14 fixed:
Final pH c/s per ml algae/10 min

7.4
7.9
8.3
8.5

1953
938
375
300

fixation decreased to a low but significant value of

about 12 to 15 % of that obtained at pH ranges be-
tween 6 and 7.5 (table II). When a small amount of
XaHC140,-NaC'40, was injected into an algal sus-

pensioni which had been washed 3 times, the final pH
of the algal medium was that of the added bicarbon-
ate-carbonate. Algae centrifuged from their growth
medium and resuspended in water (1 % suspension)
lost some phosphate but retained an amount sufficient
to maintain the pH of the mledium below /7.5 in the
i)resence of the small aliquot of added NaHC140,
and NaC'40,. Thus, a good rate of photosynthesis
persisted. Eveni algae washed once and resuspended
in water retained enough phosphate to automnatically
maiintain lpH in a physiological range.

Effect of pH of Medium«l on Glycolate Lwabeling.
\Vhen photosynthesis experimenits were run at pH 9.
Chl(inydomttonias fixed about 15 % as much C14 as at
p)H 6 to 7 (table TII). The distribution of the C14
among the products was also affected by pl'I. At pH
values above 8.0 a high percentage of the C14 was

found in glycolate. glycine, malate and aspartate.
Correspondingly the presence of C14 in phosphate
esters decreased and particularly little C14 wvas found
in phosphoglycerate or ribulose diphosphate. Similar
distribution of C14 was obtained with 3 times washed
algae which had been resuspended in 0.001 M phos-
phate and adjtusted to pH 8.5.

Rate of C14 Labelinig of Glvcolate. The rate of
C14 labeling of a comiipounid was used by Calvin et
al. (3) to show that phosphoglycerate was the first
labeled product of C140, fixation. XVe have re-

peated this type of experiment w-ith Chlamydomnonas
and Chlorella usin1g all the knowni conditions for
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Rate of gI-xcolatte oriiatioii by C'hlain,do-

mliaximumu ' incorporatioin inito glycolate. 'rhe re-

sults of anl experinlenit with Chilautmydomona(is which
show miiuch C'4 label in glycolate products are pre-
sented in figure 1. The best results with Chloriella
indicated mluch less glycolate labeling after short
periods of tinme. No C14 labeled glycolate products
(glycolate. glycine. and serine) were detected in ex-

perinients run for 1. 2, or 4 seconds. Olnly after 10
seconds of photosynthesis did C14 label first appear in
glycolate products. The proportion of C'4 in glycol-
ate products increased in this experiment to 40 % of
the total after 2 minutes. At pH 8 to 8.5 we gener-
ally obtain 20 to 40 % of the total C14 in glvcolate
products after 2 to 5 minutes of photosynthesis.
After 10 minutes of photosynthesis with Chlamydo-
inionzas as much as 70 % of the C14 in glvcolate prod-
ucts have been observed., provided the culture was

Table III. Effect of pH on Distributioni of C14 anwong Products of Photosynthesis bY Chlamydomonas
The Chlamydomnonas were washed 3 times and then a 1 % algal suspension was prepared in either 0.001 M phos-

phate or in water at pH 8.8.

Total c/s fixed per ml algae

Chromatographic area

P-glycerate
Sugar phosphates
Glycolate
Serine + glycine
Malate
.\spartate
Others

Algae in 0.001 phosphate at pH 7
30 sec 60 sec

15,780 30,880

24.2
65.3
Trace

1.4
5.1
3.1
(o.9

18.1
67.1
Trace

3.0
5.2
2.7
3.9

Algae in water at pH 8.8
30 sec 60 sec
2430 4930

tc %

Trace
54.5
13.0
9.6
13.9
5.3
3.8

Trace
39.7
15.2
12.2
17.7
8.5
6.9

C140 Fixation by Chiomydomonas
at pH 9

0

Phosphate esters

0 0

/°-~0 °
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Table JV. Products tromwb 1 Seco)id of NaHC'403
lixation 1 hv Chlanxdomonas r. ( 4 )

-\ 1 % algal suspension in 0.001 M.i phosphate at pH
8.0 wast1sed.

Pr-oducts Explt I

P-glycerate
Malate
Others
TIotal fixatio-ii as

c/s per ml algae

814
1(,
0

4738

miaintaine(l betxecui p1l 8.5 to 'n. experiiiieiit.s runi

for less thaii 10 seconds iimost of the C''1 xvas plreseit
ill P-gly-cerate and sugar phosphates. For 1 secondl
ex.plerimiienits ox er 80 % of the total C'" xvas present
in I'-glvcerate (table IV). The phosphate ester spots
frI these short experimitents xxere lh-drolyzed by
phosphatase amid nO -lycolate-C 4vas tound whicl
indicated that I' gl-vcolate also xx-as not labeled.

Discussion

1K) the co umicept that time-rate sttu(lies cani estab-
lish a se(iluence A L, C D --* etc.. the data

in fig-ure 1 imidicate that gly colate is foriied after the
llho>h)liate este is of the l)liotosynthetic carboni cycle.
1'ven tlhotigh as mutclh as 40 , of the NaHC'C40 was

iMC(Wpl)ormitedl inlto glvcolatc amfter 2 iminiutes of photo-
syithesis at 1)11 9 at shorter lperiods of time C'4

imciiorporation inito glv colate dropped to zero xvhile
the components of the pihotosyinthetic carbon cycle
\ ere still sbtbstantially labeled xvith nearly all of the
C'14 fixed. 'T'he possibility remiiaiiis. however, that
conil)omlemnts A. K,, C of a Secon"Id CO., fixation patlh-
xax are not stable, anid that ani ilitial slow rate of
glvcolate labeling reflects onllx that it is lnot the first
conllmonent of all alterniate pathwxav.

'I'le large increase at pH 9 in the percent of the
t(i)tal C'' xwhichl x-as ilncorp)orate(d into glycolate-C' 4

(lics nlot mllean that tlle total amotint of glycolate-C'4
lha(d increased greatlI at the higher pH. The rate of
C' -). fixation wvas mllucli loxver at the higher pH
(table II. TII). Preliminary estimiates indicated that
enearl- the saiale total aniioutnit of C1x-vas incorpor-

ate(d inlto glycolate )r(odulcts after 10 iininute experi-
ct.s at either p)l 6.5 or at pfl 8.5.

WN carbntrg amld Kriplpahl (lO) reported a 92 C%
vield of glvcolate fromii Co. fixation by Chlorella at

pH -1.3 after 1 or 2 hours. In contrast we have been
studying the rate of C'4-labelimig of glycolate duringc
ounIv the first 1 or 2 miinutes. In these short tiivue
periods little or n1o glvcolate wvas labeled at p.-I 4 to 5.

Fxperminients wxith (Ihlautvdom,o,as lasting 1 to 2
houtrs in(licated the pro(dtuction of large antiounts of

glcol ate (unpublished). Further if Chlamydo-
u111mias were piroxided witlh C'40, at p-I 4 to 6. the.
hegami to prodluce C'4-labeled glycolate, gly Cimie. amlld
.serinl oMlIx. after 5 to 10 minuttes. Thtis. xe haVe

not stuilied extenisi-ely the rate of glycolate-Cl4 for-
mation at lower pH vallies, because it xvas sloxver, al-
though ultimately C' was incorporated ilnto these re

servoirs. Tlhe reason for a faster rate of glycolate
production at pl] 9 is niot knowni. Il-colate produc-
tioIi may be favore(d by an obligate anionic exclhanige
at the high pl- (9). Also uninhibited glycolate pro-
(ltictioni at pH Q) niav occtir 1b a route of CO., fix
aition (lifferenit fromil P-glycerate forimlation fromli ri-

bulose diphospliate plis Ct ). xvhich nay not (otcl

above pH 8. Hloweveri our experimeuts of shortet

timiie periods than 1 0 seconds (lid imt suggest ;IlI\

rotite of CO2 fixation even at pH 9 other than P-
glycerate formatioil. \boxe p1H 8 labeled P'-glycer-
aite alll suigar lhosl)lates ere still Vrme(d. but thex

did niot accumiiulate. Instead -lx 'colate. olxcine and

selrii'e accumulated in a timiie seqllule xx hich iute
-este(l that the glycolate l)rodcltcts arose froiii th(e

phosphate esters of the photosynthetic carboii cv 1c.
The catise for deterioration of the pihotosyntlhetic
pcity oif xwashe(l algae has been attribute(l to

lactors. incltl(lillg physical anillage ali(llond of m1ii

erals. In NaIIC'40O experiiiieintationi the need for
Some buffer conitrol also seen>i to be a very iiiiportant
factor, for activitvx as readilv restored xxwhen the
xv-x.shed algae were buffered at AIl vxalties beloxx 8.

'I'lic tinxwashed or- oice xvasled (1Chan,, domo xheniausxhe

reusluslpeded ili \xater conitrol tlheir o\\n1 envirolmiiental

p i to somiie exteiit by excretiiig i)hosphate. 'i'hi.s
lobs of initerial p)hosphate xv-as t (vcrc elloughl to
liiiilit the pihotosviitihetic raite. 'T'lhe claiiii that a

iigher percenitaige of thie C' 4 xx i-icorporated inito
-Jvcolate l)V Wxtshed Chlanydomoouu's in the absence
of l)liosl)liate bulffer is tnjustified ( 8 ) Int the ab

Sence of the phosphate the p1&I of the miiediumi hllad
beele increased bx the addedI NallC11 0... aiid thle
higher 1)1 anid not the absenice of phosphate will ex-

plila the imicrease in percenit of C14 in glycolate.
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