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Summniary. No glycolate oxidase activity could be detected by manometric, isotopic,
otr spectrophotometric techniques in cell extracts from 5: strains of algae grown in
the light with CO. However, NADH:glyoxylate reductase, phosphoglycolate phos-
phatase and isocitrate dehvdrogenase were detected in the cell extracts. The serine
formed by Chlorella or Chlamydontonas after 12 seconds of photosynthetic 14CO,
fixation contained 70 to 80 % of its 14C in the carboxyl carbon. This distribbution of
label in serine was similar to that in phosphoglycerate from the same experiment.
Thuis, in algae serine is probably formed directly from phosphoglycerate. These
resuilts differ from those of higher plants which form uniformly labeled serine from
glycolate in short time periods when phosphoglycerate is still carboxyl labeled.

In glycolate formed by algae in 5 and 10 seconds of 1400, fixation, Co was at
least twice as radioactive as C1. A similar skewed labeling in C, and C, of 3-phos-
phoglycerate and serine suggests a common precuirsor for glycolate and 3-phospho-
glycerate. Glycine formed by the algae, however. from the same experiments was
iuniformly labeled.

Manganese deficient Chiorella incorporated only 2 % of the total 14CO., fixed in
10 minutes into glycolate, while in normal Chlorella 30 % of the total 14C was found
in glycolate. Manganese deficient Chlorella also accumulated more '4C in glycine
and serine.

Glycolate excretion by Chlorella was maximal in 10 mm bicarbonate and occuirred
only in the light, and( was not influienced by the addition of glycolate. No time
dependent uiptake of significant amoutnts of either glycolate or phosphoglycolate was
observed. When small amounts of glycolate-2-14C were fed to Chlorella or Scenedes-
inus, only 2 to 3 % was metabolized after 30 to 60 minutes. The algae were not
capable of significant glycolate metabolism as is the higher plant.

The failuire to detect glycolate oxidase, the low level glycolate-14C metabolism,
and the formation of serine from phosphoglycerate rather than from glycolate are
conisistenit with the concept of ail incomplete glycolate pathway inl algae.

Duiring '*CO., photosynithesis by leaves of higher
plants, glycolate, glycine, anid( serine are rapidlly
labeled with 14C. From manxv investigations in-
volving the rate of labeling, the percent distribution
of 14C produicts which are forme(d from added
glycolate-14C, and( the isolation of specific enzymes,
a glycolate pathway has been proposed as a( meta-
bolic route for part of the newly fixedl carbon
(iirilig photosynthesis (30). In this pathway, phos-
phoglycolate is hydrolyzed to free glycolate, which
is oxi(lize(l to glyoxylate via glycolate oxi(lase.
The stubsequient amination of glyoxylate to glvcinie
and its conversion to serine allow for the formation

l This investigation was supported by National Sci-
ence Foundation Grant GB 4154 and approved for pub-
lication as Journal Article No. 3864 of the Michigan
Agricultural Experiment Station.

of glycerate and the uiltimate formation of suigars
in the light or malate in the dark.

For several reasonis it has been assuimed that
algae also containe(d a glycolate pathway similar
to that in the higher plant. Algae rapi(dly labeled
glycolate, glycine, andl serinie (duiring ' 4C().0 photo-
synthesis (3, 5, 21). Fuirther, it has beeni reporte(d
that glycolate-'4C was converted by .Scnedes)m(s
to glycinie ainl(d serinie (24 ). It was kniowni that
higher planits, rapidly, conlvert glycolate-1-'4C to
hoth glycinie-1-14C and( serine-I-14C ani(l conivert
glycolate-2- 'C to glycine-2-14C andl serine-2, 3-
'I4C (22, 31, 34, 35).

Ouir results are not consistent with the assump-
tions noted above, and we have conclulded that the
glycolate pathway is not complete in certain algae
if they are grown in the light with CO,. Thuls
glycolate metabolism represents a metabolic dif-
ference between higher plants and algae. A gly-
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colate oxidase typical of the higher plant has not
been detected in any algae, although other enzymes
of the glycolate pathway are present. Chlorella
and Chlamydomonas do not accumulate glycolate in
the presence of the hydroxymethanesulfonate in-
hiabitors of glvcolate oxidase (32). The initial
1C-labeling pattern in serine formed during algal
"CO, photosynthesis indicate that serine is formed
from 3-P-glycerate rather than glycolate. These
findings are consistent with the excretion of gly-
colate by algae rather than its metabolism (33).

Experimental Procedure

Algae. Stock cultures were obtained from the
University of Indiana collection. Three algae
strains, Chlorella pyrenoidosa Chick, number 393;
Chlanmydomonas reinhardtii, Dangeard (-), num-
ber 90; and Ankistrodesmus braunii (Naeg.) Col-
lins, number 245 were routinely used in all of the
work. In some experiments Scenedesmus obliquus
(Gaffron D-3), number 393 and Chlorella pyren-
oidos(a (Warburg) (from Mary Stiller, Purdue
University) were also used. Chlorella, Ankistro-
desmus, and Scenedesmus were grown in medium
V of Norris et al. (18) at 200, Chlamydomonas in
a phosphate rich medium (21]) at 200, and Chlorella
(Warburg) in Warburg medium K as modified by
Stiller (26). All the algae were cultured con-
tinuously in 3 liter Fernbach flasks on a recipro-
cating 1berbach shaker in plant growth chambers
which provided about 1000 ft-c of light to the
surface of the algal medium. The cultures were
continuouisly aerated with a m xture of 0.3 to 0.5 %
CO2 in air. Algae were harvested when they were
in a stage of logarithmic growth which was achieved
by innoculating 1400 ml of fresh sterile nutrient
with 100 ml of algal culture. Algae were centri-
fuged from the medium at 1000 X g at 50, and
washed once with water. Finally, the cells were
resuspended in water or in 1 mm phosphate buffer
at a designated pH.

Manganese deficient cultures of Chlorella pyren-
oidosa Chick were maintained on the inorganic salt
medium of Norris et al. (18) without MnC1, added
to the micro-nutrients. The Mn-deficient medium
was prepared with double-distilled deionized water,
and the chemicals were recrystallized in similar
water and analyzed for Mn++.

Sonication of Algae. After harvesting the algae
from the cultutre medium, the packed cell volume
was diluted to a 30 % (v/v) suspension in a

designated medium. The cells were ruptured by a

125 watt Branson Sonifier (Heat Systems, Melville,
N.Y.). A 15 ml suspension of algae at pH 7.5 to
8.5 in a 25 ml rosette cell (supplied by Heat
Systems) was cooled in an ethanol-water-ice bath
at -5°. The regular tip of the sonicator was

positioned as close to the bottom of the cell as

possible, and the instrument operated at maximum
ouitpult. The Sonifier ruptured 90 % of the Chlanmy-
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dontonas cells after 5 minutes, but only 60 to 70 %
of the ChloreUa or Ankistrodesmiulfs cells after 10
to 15 minutes. The apparent turbidity of the stus-pension decreased as the cells were broken and
particle size decreased. The pH of the broken
suspension decreased during sonication in water
from 6.5 to 5.8, in 50 mm phosphate from pH 8.3
to 7.5, and in 200 mm: cacodylate buffer at pH 6.3
there was no pH change. At a pH of less than
5.5 the ruptured suspension would coagulate and
greatly reduce the efficiency of the sonication.
After sonication, the suspensions were centrifuged
at 3.5 X 104 X g for 10 minutes. The clear, dark-
green supernatant was used as a cell extract for
enzyme assays or isolation.

Enzyme Assays. Glycolate oxidase was meas-
tired by 3 procedures. The standard manometric
assay was run in a final concentration o,f 20 mm
phosphate at pH 8.3, 0.1 mm FMAN and 3.3 mM
glycolate. In a spectrophotometric assay the in-
creased absorbance due to the formation of gly-
oxylate phenylhydrazone was measured at 324 m,u
(10). This reaction mixture contained in a total
volume of 3 ml, 2 ml of 0.1 M phosphate pH 8.3,
0.1 ml of 0.1 M phenylhydrazine hydrochloride ad-
justed to pH 6.8, 0.1 ml of 0.1 M cysteine, 0.3 ml of
0.1 M glycolate and 0.5 ml enzyme (cell extract).
In the very sensitive isotopic assay, a knowni amount
of glycolate-2-14C was added to the crude cell soni-
cate either before or after centrifugation. The
mixture was incubated with shaking and aliquots
were removed and mixed with hot methanol at time
intervals. Glycolate metabolism was measured by
disappearance of '4C and by 2 dimensional chroma-
tography of the reaction mixture for the identifi-
cation of products.

Glyoxylate reductase was measured by the oxi-
dation of reduced pyridine nucleotide at 340 m,u
after the addition of glyoxylate (40). The assay
mixture contained 1 ml 0.1 m. phosphate at pH
6.5, 0.5 ml of 0.1 M glyoxylate, 0.05 ml of 0.02 M
NADH, 0.1 ml cell extract, and water to 3 ml.

Phosphoglycolate phosphatase assay has been
described (1, 23). The reaction mixture contained
0.1 ml of 10 mm cacodylate buffer at pH 6.3 and
20 mm' MgSO4, 1.0 ml of 10 mm P-glycolate at pH6.3 and 1.0 ml enzyme adjusted to pH 6.3. The
mixture was incubated at 300 after the addition of
the enzyme and the reaction stopped with 1.0 ml
of 10 % trichloracetic acid. After centrifugation,
1 ml of the supernatant fluid was assayed for
phosphate.

Isocitrate dehydrogenase was measuired bv the
procedure described by Syrett et al. (27). The
assay followed the rate of NADP reduction and
the reaction mixture contained 1.0 ml of 0.1 M
phosphate at pH 7.5, 1.0 ml 50 mm MgCI2, 0.1 ml
of 60 mM cysteine, 0.05 ml of 10 mm NADP, 0.05
ml cell extract; the reaction was initiated with 0.1
ml of 0.1 M isocitrate.
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IsotoPic Proceduire. Glycolate-2-14C and phos-
phoglycolate-2-14C were purchased from Nuclear
Research Chemicals, Orlando, Florida, and were
determined by tus on 2 dimensional paper chroma-
tograms (4) to be chromatographically pure. The
photosynthetic experiments with '4CO., the isolation
of the '"C produicts, and the degradation procedtures
for 3-P-glycerate, glycine glycolate and serine have
been described elsewhere (8, 12, 42). Each time
period listed in table I represent a separate experi-
ment, and at least 2 degradations were performed
on each compound. At least 3000 cpm of glycerate
or serine were tised with unlabeled carrier for each
degradation: 500 to 1000 cpm of glycolate or glycine
w\ere uised.

Metabolism studies of glycolate-14C or P-gly-
colate-I4C by whole algae were ruin in a 15 ml
lollipop similar to that used for 1"CO., fixation
experiments (32). Aliqtuots were removed and
filtered with vacuum in abotut 10 seconds on either a
25 mm Millipore filter with 0.8 ,u pores or on a 5
to 10 mm thick pad of celite over a sintered glass
filter. A small amount of celite was sometimes
necessary to avoid clogging of the 'Millipore filters.
After filtration the Millipore filter was not washed,
btut the thicker celite filter pad with cells was
washed with 1 volume of mediuim. Then the algal
cells were extracted consecuttively with excess hot
methanol, hot water, and then hot ethanol again
until no greein color remained onl the filter. Ali-
quiots of both the meditum anld( the cell extracts
w-ere couinted for total 14C recovery and percent
distribtution of 14C between the meditum and cells;
other aliquots were chromatographed (4) for prod-
ntCt analysis.

Results

Glvcolcite Oxidase. There are no literatture
citations to this enzyme from algae except for 3
preliminary reports (14, 19, 39) wrhich suiggest that
if the uxidase were present, it is likely different
from that of higher plants. Also, Okiuda anid
Shoji (20) have reported that glycolate stimuilates
the respiration of nitrogen starved Clilorclloi. They
suiggested that incorporation of glycolate into amino
acids via the glycolate pathway was related to this
respiratorv stimuilation. WNe have attempted to
isolate and characterize glycolate oxidase from
sonicated preparations of each of the 5 algae cited
in the methods section. No glycolate oxidase
activity was observed from any of the algal strains
b- any of the assay proceduires described below.
Cells of 2 or 3 day old ctultulres in random, logar-
ithamic groN-th were generally uised. Before soni-
cation the algae were suispended either in 0.1 M
phosphate buiffer at pH 8.3 or 6.3, in 0.1 M phos-
phate at pH 8.3 containing 20 mm Na-glycolate
wvith or without 0.1 mm FMN, or in 0.1 M phosphate
at pH 8.3 containing 20 mar cysteine with or with-
otit20 m \r Na-glycolate. After sonication part of

each suspension was centrifuged. The original
crude extract, the supernatant fluid after centrifu-
gation and the residule were each assayed mano-
metrically at 250. No glycolate oxidase activity
was observed after 60 minutes of assay. When
glycolate-2-l4C was added to extracts from Chlo-
rella pyrenoidosa (Chick), and Chlarnydomnonas, it
was recovered as glycolate-14C and less than I %
or none of the label after incuibation at 250 for
30 mintutes was lost or converted to glycine, serine,
or any compound which couild be detected by paper
chromatography. Since one of the predicted prod-
ticts, glyoxylate, can not be detected qulantitatively
by the paper chromatography procedures employed,
the formation of glyoxylate phenylhydrazone (10)
was followed to confirm the other assays. This
assay also did not indicate any glycolate conversion
to glyoxylate by any of the algal extracts prepared
from cells in random cutltures grown in contintuous
light.

In the above experiments several controls were
run. A) \Vhen glycolate oxidase, prepared from
tobacco leaves by (NH4)9SO4 fractionation (9),
was added to extracts from Chlorella, no inhibition
of its activity was observed. B) Addition of the
glycolate oxidase preparation from tobacco leaves
to Chlorellai cell suspensions before sonication re-
stilted in a maximum of only 10 % redtuction of the
oxidase activity duiring the sonication proceduire.
C) Baker and To'bert (2) have isolated a labile
form of glycolate oxidase by grinding leaves with
20 m\i sutbstrate, buit this procedure did not yield
a glycolate oxidase in algae. D) Increasing the
partial pressulre of oxygen in the assays did not
promote any activity. E) Dialysis to remove an
inhibitor did not activate a glycolate oxidase. F)
(NH4)2SO4 fractionation of Chlorella extracts,
according to the procedure for preparing glvcolate
oxidase from leaves (9), did not produice an en-
riched protein fraction with activity. G) The
detection of isocitrate dehydrogenase and other
enzymes demonstrated that active enzymes were
present in the sonicated cell-free algal extracts.

Isocitra te Dehydrogenase. Outr sonicated ex-
tracts from Chlorella pyrenoidosa (Chick) catalvzed
NADP reduiction at a rate of 30 jumoles per 10
minuites per 0.1 ml of extract which was comparable
to that reported by Syrett et al. for Chlorella vul-
g(ris (27). This activity depended on isocitrate
and was specific for NADP.

Glyoxylate Redutctase. This enzyme in algal
extracts was dependent uipon NADH but not
NADPH. A 0.5 ml aliqtiot of Chlorella extract
oxidized 6 MAmoles NADH per minute with the
glyoxylate substrate. The extracts were also capa-
ble of reduicing hydroxypyrtivate with NADH.
The glyoxylate reduictase from spinach leaves and
D-glycerate dehydrogenase from tobacco leaves have
approx:mately the same Km valuies for hydroxy-
pyruivate and glyoxylate (15, 40). Thuis, glyoxylate
and hydroxypyruivate reduictase and D-glycerate
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Table I. 1P'crcent Distribiutiotn (If 14C in Phosphoglyceratc, G/veolatc, Gl/cinc, and Serine Formied bx' Algac
Dutring Photosynthesis

Fifty ml of 1 % susp)ension of algaie in 2 nmMr phosphalte l)uffer at p)H 6.5 Nvere exposed in a lollpol) at 20° to
3000 ft-c of light. Each time period rel)resented a different experimenit. At zero time 100 ,uc of NaH14CO, was
a(lded to gix-e a final conicenitrationi of a-hout 0.2 mm. Products were isolate(d by paper chromatography and (legraded
(see Methods).

Percenit (listriblitioni of 14C in l)rodlicts
P-GI \ceratte Serine

C C., C., C' C', C

Chloe/tlapvrc17nod"(osa (cllick)
QJ1 1 1 2 7R 6 1610t -t I_L /}O 1 ..

... ... ... .. ... ... )5t
82 3 15 80 4 1(, ...

.. ..... ... ... ... 43

... ... ... ... ... .../47
C/li!T/i o lo!pyrotoidos (W\ rbl rg)

02, )I )
-11 ? "I

(Chlainvdozonas rcinl,hardlii

Gl colate
(1 C.,

27 ,.6
3') 6>1

7)9 4 17 69 7 24 30
... ...... ... ... ...A42
..T l...... . ave ... 48

Tobacco leaves*
65 16 19 40 39 21 52 48

Vr<Fnrc,' Hess and(I Tolbert (12).

Icehydrogenase were 1)oth preselit or ole enizyiiie

was acting on 1)0th substrates.

Ph osphioglycolotc Phosphl(t(osc. Extracts froni all

the algae containie(d active P-gIlvcolate phosphatase.
Tin soniicate(l extracts from Chiorclla a ratio of 20:1
was obtaine(l with respect to the rate of hydrolysis
of P-glycolate to P-glycerate. This 20:1 ratio in-
(licate(I that algal extracts ha(l a greater specificit-
for P'-glycolate thani (di(l the partiall- puirifie(l
P'-glvcolate phosphatase froni tobacco ol-wheat
leav-es which gave a P-glycolate :P-glycerate ratio
of :1 after ani acetonle fractiolaitionl of the crid(le
sap (23,38). P-glycolate-'4C was rapi(lly andcoI-
pletely hydrolyzed to glycolate-i-C by algal extracts.

Formatytion, of Ct,9bo.xvl Labeled P-Glv!cer-ote andi

SerCit1(. The absence of glycolate oxi(lase in algae
(see previouis sectioni) raise(l speciilationi aliolt '-C

distribution in glycine and( serinle which, in higher-
plalnts, are primarily forme(d from unifornil- labele(l
glycolate. Therefore, the 14C (listril)lition was (le-
terminied in 3-P-glycerate, glycile and(1 serilic wvhich
had been forme(d 1w C/i/o(nmdo ioitos and C/hlore/ll(
duirinig short perio(ls of "'Cl )., fixationl. Both

P-glycerate anidl serine we similarl- carbox\-l

labele(d (table I) aind both ha(l similar ske-wed
labeling for carbonis 2 aln(d 3 in which C.; was at

least 2 times more active thani C.. In ear!lier
exp)erinients (7, 11) skewed labelilg patterns in

C., aid C. of 3-P-glycerate were not pronlolulicedl.
The reasoni for this is nlOt kliowi ( )lC experi-

meniital differenice may- le in the lower levels of
CO., uised in ouir experiments anid the amouniit of
glycolate formed.

The for-mationi of carboxvl labeled serine

algae cliffers m.larkedlv from the formationi of

uliformiily labeled serine by tobacco leaves (table
I) or b)y several other plants (22) in equially short
perio(ds of time when 3-P-glycerate was still carboxv]
labeled. Inl the algal experimenits serinie became

uniformily labeled at about the samile rate as did
3-P-glvcerate.

7'/ic, 1'ori)a(tion of Asnivininctric Gl/colatc. In

higieCr plalats glvcolate lhas been fouInd(I to be til-

fornlxk labeled (Itirinig iniitial "CO., fixation times
(7, 12, 22). It was assumnie(d that glycolate forme(d
by algae wouild also be uniformly labeled, altilotigi
these (lata have nlot been reported. \V e fotilu(n
nearly tni formly labeledI glycolate to be prescnit
after 20 seconldIs of photosyinthesis. How\vever, at

and 10 second(ls the hvdroxvl carbon or C., of
lv colate w\as at least twice as labeled as the

carboxyl carbon (table I). This skewed labeling
in glvcolate was forimledI by algae at low bicarbonate
c -centration and was somewvhat similar to the
distribution of '4C in the seconl(d aln(d thir(d carbons

of P-glycerate and serinie. These (lata in(licate that
glvcolate and carbons 2 and(I 3 of P-glycerate aln(d
serine may have a commililonI precilrsor. This fact
suipports the hy pothesis that lvcolate is probably
prodiuce(d from carbon atoms 1 anid 2 of pentose

phosphates of the photosynthetic carbon redtictive
cycle. The labelilng in glycolate in(licate that it
couldl also arise from C., aln(d C3 of 3-P-glycerate
via hvdroxvpyriivate. These hypothetical roiites
for glycolate formation (Idiring photosynthesis vary

only in the precuirsor of the C.-thiamine pvrophos-
phate. However if glycolate were produce(d from
3-P-glycerate, its synthesis would occur with no net
C(-., fixationi, while if the C2-precuirsor were a

siugar phosphate of the photosyinthetic carbon cycleI

'I' iie(
sec

7
10
12
20
60

5
10(

12
20
60

11

Glycine
C, C.,

65

.1_1.
..

5)0

70
;8
52

49

..

51

..

49 51
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suistainied niet CO2., fixation wouild be possible during
glycolate b-osynthesis.

Formai(itioni of UnJiformtly Lfabeled Glycine During
'4CO2 Fixattiont. The glycine formed by the algae
was uniformly labeled (table I), and this result
muist be compared with the formation of carboxyl
labeled serine an(l a-labeled glycolate in the same
experiment. Chang anid Tolbert also observed that
glycine formed hy chloroplasts wras uiniformly
labeled (8). Zak reported that glycine formed by
Chiorcilaz after 13 seconds photosynthesis had 49 %
of its 1lC in the C, while for the same length of
tilile scrinie conltainie(l 82 % of its 14C in the carboxyl
grotup (37). Thesc labelinig patternis eliminiate the
possibility that uiniformly labele(d glycinie was
formted( from carboxyl labeled serine via the trans-
hydroxyniliethylase reactioni. The skewed labelinig
pattern of glycolate, the absence of glycolate oxi-
(lase, anid the absenice of glycolate-14C metabolism
hy the algae are inconsistenit with glycine formation
from glycolate. Thuis the pathway for rapid label-
ing of glycine by algae is uincertaini.

Man(tganese Deficienit Chlorella. After 20 days,
with nutrient changes every third day, a highly
signiificant reduction of the growth rate of Chlo-
rcll(l py'renoidosa (Chick) was observed with the
AMn-deficient mediuim (fig 1). The slower growth
rate with the deficient cultulre couild be restored to
the normal rate in 24 houirs by adding anl appro-
priate aimouint of MnCIL to the (leficielnt mediuim.
Since1 the growth rates were measuired on cultuires
with similar iniitial cell population, the Mn-deficielnt
rate inidicates a slower log phase of growth.

The percelnt distril)ution of 14C amonig the prod-
uicts of photosynthetic l4CO.. fixation were exam-
imie(d for norimial anld 'Mn-deficient Chlorellai (table
II). The nearly linear rate of total fixation for
either cuiltuire over the 10 minutte period indicated
that the 14CO, concentration did not become a
limiting factor. Glycolate-14C accumutlation in the
M\n-deficient cultuire was marke(dly reduLced butt not
eliminiate(l. Formation of 14C labeled glycine aind
serinie by the ALn-deficient algae increased. These
results coqlfirm an earlier report onl the manganlese
requirement for glycolate formationi dutiring photo-
synithesis by Chlt-orcllai (28). Tanniier, et al. (28)
also reported ani increased amouint of 14C labeling
for glycine and(I serinie by Mni-deficient Chlorella.

E
o 0.40OD.

w'z0.20 2
z

cD
0
(I)
<0.10
008

2 24 36

HOURS

FIG. 1. Growth rates for cultures of Chioreila P3v-
rcnoidosa (Chick). Curve 1: Normal Chlorcila culture.
Curve 2: Mn-deficient culture. Cuir-e 3: MIn-deficient
culture with 'MnCl, added.

Glycola tc Excretion a iid Rcoabsor/ptio ii. The ex-
cretion of glycolate by algae has been well (do-u-
melnte(I (17, 33, 36, 37), ad(I we have observed
glycolate loss from chloroplasts (12, 29). No meta-
bolic fuinction has yet been establislhed for thlis
phenomeinoni. Maximum glycolate excretioln occurs
at low CO., concentrations (0.1-0.3 %), high light
intenisity, anid high oxygen partial pressulre (for
review see ref. 30). The excretion of glycolate
has beeni measuired in algal suipernatanit media as
14C-glycolate or by the colorimetric proce(duire of
Calkinis for glycolate (6). Sinice the cells were
washed once with water alnd restuspenided in diluite
buiffer, the colorimetric assay for glycolate in the
supernatant fluiid was quantitat;ve for added gly-
colate and controls withouit glycolate gave nearl)
zero readings. All measuiremenits with variable

Tiable II. Porceni I)istributnic oIf 14C Fi.rcd by Clilorella pyrenoidosa (Cliick)

Time (mins)
Totall fixation (W/rn X 10 4/ml algae)
Pr-c(ldlcts
Sugar phosphates
Gl'-colate
Gl6 cine

Serine
Otlher

1
4.6

76.5
7.0
2.6
4.3
9.6

Normal conitrol
3 10 1

20.1 35.6 4.5
% Distributioni

63.1 37.3 61.9
14.5 30.9 4.0
5.2 5.2 7.1
9.5 10.1 13.5
7.7 16.5 13.6

Mn-def icient
3

17.9

59.0
3.3
6.9

15.8
148

10
46.2

42.8
2.4
5.7

20.4
28.6
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Table III. Glvcolatc Excretion by Clhlorella pyrenoidosa
(Chick)

Gl-colate excreted by 2 % Chlorella suspensioni in
bicarbotnate during photosynthesis in 3000 ft-c.

HCO.,- Conc

moles/l
0

0.0001
0.001
0.01
0.1

Gl-colate in supernate

Ag/hr/ml
9
9

25
78
10

C'O., conceiitratioin were doine in butffers at pH
raniges of 4.5 to 6.5. Recently we reported that
glycolate formation and excretion was less inhibited
at high pH than the formation of other prodticts
of CO., fixation (21). Fturther investigation on
g-l-colate excretion by algae in bicarbonate (pH
8.3) has revealed that at this pH maximtum gly-
colate excretion occturs when the algae are in 10
Tnim NaHCO. (table III). In 10 mmvNaHCO,
glycolate excretion was linear dtiring the first hotir.
ANWhen bicarbonate was tised in the presence of 10
m-m gly-colate, a time-dependent excretio,n of gly-
colate occurredl for at least 1 hotir (column 1,
table IRV). The latter experiment was rtun with
Clilorella gro-wn in 5 % CO. and air, and the results
-were inearly similar to those with C1liorella grown
in 0.2 % CO., and(I air. Thuis, neither the presenice
of glycolate or NaHCO, in the stiperlnatant fluid
nior high CO. coincenitration clduring growth of the
algae preventedl glyco,late excretion.

\Vrith randomize(d ctultuires of Chllorella, Chlanmy-
dominonas, A nkistrodesnuss, and( Sccncedesmtits in the
log phase of growth we have observed Ino signifi-
cant uiptake of '4C labeled glycolate or P-glycolate
(luIriing time periods of 10 to 120 mintutes. Algal
suispensionis wvere inctibated with 10'2 to 10 M
solutionis of labeled suibstrates in 3000 ft-c of light
ior in (lark, at pH 3.5 to 8.5 in air, oxygen or
ilitrogeni, aid( withotut buffer or with phosphate or
bicarbonate b)1iffer. Typical resuilts are presenitedl

Table IV. Excretion and Uptake of Glivcolate by,
Chlorella

A 2 % Chliorella (grown in 5 % CO.,) suspension
-as Iprepared in 10 Illm sodium glvcolate with either 10
mir NaHCO. or w ater. The initial glycolate concentra-
tion Nx-as 25 mg/ml as determinied bv the colorimetric
a sa!a.

Tii11e

0

15
30
60

Net clhanige from Net chanige
10 mr NaCO. andI from 0.33 IilM
0.33 nism glycolate glycolate

,ug glx-colate/ml
0

4
9
16
39

0

2
-2
-5

2

in table V. PretreatmeInt of the algae for 1 hour
in light or darkness and air or nitrogen did not
result in subsequent glycolate metabolism. The
small amount of activity remaining with the cells
did not increase with time, and could have been
cauised by surface absorption of the labeled acids
by the algae or filter. 'IC did not disappear from
the ctilture mediuim and chromatography of the
medium indicated neither metabolism of glycolate
nor h-drolysis of P-glycolate. Glycolate uiptakefrom 10-4 and 10-5 M solutions were also determined
by the qtuanititative colorimetric measuirement (6)
of the remaining glycolate in the algal meditim, but
no significant indication of glycolate disappearance
was ob)tained (colutmn1 2, table IV).
Table V. Uptake of Glycolatc-2-14C or PIhosphoglyco-

late-2-l4C by Chlamvdornoiias
A 2? % Chlanzvdomnonas suspension in 40 nmi phos-

phate (initial pH 4.0) in 3000 ft-c sxvbite light.
' 4C in Algal cells

Tilie lvcolate-2-_4C P-glycolate-2-14C

1
3
10
30

1.1
1.3
2.6
0.5

4.1
1.9
2.0
1.0

O)ur failuire to find( significaf t uptake and meta-
bolism of glycolate or phosphoglycolate by randlom-ized cuiltuires of Cllorellai or SceteedcsniuIis is con-
trary to several earlier reports. MNiller et al. (16)
observed glycolate dlisappearanice over a p-riod of
several houirs from C(lh-orelaf suispenisionis in the
dark and nitrogein atmosphere. Nalew-ajko, et al.
(17) recently reported a small uiptake of '4C-labeled
glycolate by a straini of Chiloriell( isolated from the
Arctic Ocean. Schoti et al. (24) claime(d that at
pH 2.8 in the lighit, SceIieedcsuiiis converted glycolate
in a period of 10 minuites into niuin(o aci(ls anId(
suigar phosphates. In particullar, glycolate-2-'4C
forme(d P-glycerate which was labeled in carbonls
and(I 3. OII the basis of that report and the fact
that glycolate was formed rapidlly- by algae (lurinigphotosynthesis, the assuimptioni wvas madle that the
glvcolate pathway was present in algae. WNXe have
repeatedl the experimenits of Schoui et al. anid chro-
matographically alnalyze(d the small amotiint 14C
prodIliets in the cells from the glycolate-2-4fC which
was absorbed. Typical restults with Chlorcilla pV-renoidosa Chick are shown in table VI andl similar
resuilts were obtained with Chlorella pvrenoidosa
(\Varburg) andcl Scen1edesiiuZs obliquus (GaffronD-3) which are the same Scenedesmut s used by
Schoni et al. (24). The cells were inot filtered
from the mediuim as Schoui et al. described, so that
the percent of glycolate conversioin cotuld be esti-
mated. Very little glycolate_14C metabolism was
observed during the 10 mintute photosynthesis ex-
periment. Metabolism at pH 6.0 w-as equial to or
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Table V'I. Percent Distribution of 14C
Chlorella Glycolate-2-14C

Approximately 1 Ac glycolate-2-14C w
pensions of 2 % Chlorella pyrenoidosa a
6.0 in 1 mm phosphate. After 10 min it
the suspension ws.ks killed with methat
distribution of 14C among the products

Chick strain Vi
Comipotunid pH 2.8 pH 6.0 pE

Gly-colate
Glcine
Serine

Other

97.7
0.4

98.7
0.1

5

0.6 0.3
1.3 1.2

greater than that at pH 2.3 for both

Scenedesimius. No estimation of tl
glycolate metabolized by the Scee
givren by- Schoui, et al., but rather

14C distributed among glycine, seri
labeled products was based on the sr

gl-colate-14C absorbed. On the basis

of glycolate-'4C used by Schou, et

tensity of their radioautographs, it is

have both observed a limited meta

colate-' C by algal suspensions. S

reasons might account for the lir
conversion of glycolate-2-14C to o
An impurity in the glycolate-14C, Su,Ci
might have been present and not d
chromatographic procedures employ
cultures were not free of bacteri;
possibly account for some glycola
The colorimetric determination of

appearance might also be criticized,
disappearance need not reflect an
acid by algae. There is, however,
tha,t the random cultures in log phc
as used here, have a very limited a
bolize glycolate. Current investigat
chronized ctultuires indicate that, at d
of the life cycle, glycolate may

(E.B. Nelsoni, N.E. Tolbert, J.L. Hess

Discussion

The wide distribution of glycob
higher plants has been well demc

absence of glycolate oxidase from

the light on CO, is in marked contra

represents a biochemical differenc

algae and higher plants which shoi

investigated in all types of plants.
The assumption that the typical

way of higher plant is operating in

modified. The absence of glycolat
failure to metabolize much added gly

formationi of serine from P-gl
than from glycolate are all consis

After Feeding concept of an incomplete glycolate pathway in algae.
Recently other reports have suggested that glycolate

'as added to sus- oxidase if present in algae may be different from
Lt pH 2.8 or pH that in higher plants (12,14,19). However we
n 3000 ft-c light wish to emphasize that all the algae tested by us
nol and the % have had an extremely active P-glycolate phospha-
determined. tase which, like the higher plant enzyme (23), is
Varburg strain specific for P-glycolate (K. Swanson, N.E. Tolbert,
1 2.8 pH 6.0 and J. L. Hess, tunpublished). Further the algae

synthesize and excrete glycolate during optimum
% % conditions for photosvnthesis. Thus the excretion

07.7 90 of glycolate by the algae may occtur as an end
0.7 10 prodtuct of carbon metabolism duiring photosynthesis,
0.4761 because 1 enzyme for fuLrther glycolate metabolism1.4 4.6

is missing.

The absence of glycolate oxidase in algae par-

Chilorello1 and tially explains our failuire to observe any effect of
ihe percent of the hydroxymethanesulfonates on glycolate forma-tion by Chlorell(o or Chlarnydownonas during 14CO,iteds}Ittls was
the percent of fixation (32). Addition of the hydroxymethane-
the perdoenht sutlfonates, as inhibitors of glycolate oxidase, to

mnall amotint of higher plants resutlts in the accumuilation of a large

of the amount percent of the 14C in glycolate (12,41). Thefailutre of the sutlfonate inhibitors to effect gly-
alikand thet in colate formation in CIainvdomtonas is consisteint
,likely that we with the present report about the absence of gly-
bolism pofsigly colate oxidase in algae.
everal possible The formation of carboxyl labeledI serine and
nited (2-3 %) either a-labeled or utniformly labeled glycolate
)ther produicts. duiring initial periods of 14C0., fixation is consistent
1 as glyoxylate, with the preceding discutssion concerning the ab-
etetedTh by'al sctlce of glycolate ox:dase in algae. The labeling
ed-. The algal pattern in glycolate indicates that it is not the
a which could precutrsor of serine. An alternate pathway, how-
te metabolism, ever, for serine formation from 3-P-glycerate,
glycolatedIi- glvcerate and hvdroxypyrutvate could explain the
,since sulch a formation of carboxvl labeled serine. OUtr detec-
ulptake of the tion of ani active D-glvcerate dehydrogenase or
the possibility glyoxylate reductase in algal extracts woul(d be

ase of growth, consistent with this latter pathway. These resutlts
bility to meta- are in agreemenit with a report by Zak that alanine
ions with svn- and serine formed bv Ch1orcll(o were carboxyl
lifferent stages labeled (39), and the stuggestion b)y Smith et al.
be reabsorbed (25) that in algae both alanine and serine are
utnputblished). formed from P-glycerate. Also, Chang and Tolbert

(8) have reported that serine formed by isolatecl
chloroplasts was carboxyl labeled. This pathway
for serine formation also explains why serine pro-

ate oxidase in dutction in M\n-deficient Chlorell does not decrease
)nstrated. The as glycolate formation (lecreases.
dlgae grown in Dluring glycolate metabolism in higher platnts,
Lst, and as suich it is oxidized to glyoxylate and then 2 glyoxylate
e between the molecules are converted throuigh glycine to serine
uld be fuLrther and then to glycerate and stugars. The general

flow of carbon dturing photosynthesis may be from
glycolate path- glycolate to serine and glycerate in higher plants,
algae muist be but from glycerate to serine in algae. The reasons

:e oxidase, the for the extensive and rapid labeling of glycine and
colate-14C, and serine by both plants and algae dturing 14CO., fixa-
lycerate rather tion is not clear. The rate and amount of 14C
stent with the labeling of serine in brief periods far exceeds that
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inito other aIminio acids except carboxyl lalbeledi
alaniine, aspartate, and gluttamate \which are forme(d
from the corresponding keto aci(l.
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