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II. Photoassimilation of C*0; into Carbohydrate Fractions®
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In the previous paper (Su ef al., 1965), we have reported the resulis of
‘fractionation and analyses of Porphyra polysaccharides which are in accord
with the hypothesis that etherification of galactosyl residues in the Porphyra
galactan (porphyran) to form 3,6-anhydro-L-galactose and 6-0-methyl-D.
.galactose units takes place at the polysaccharide level and galactan sulfate
serves as the intermediate (Su and Hassid, 1962b). - :

Rees (1961 a, 1961 b) prepared an enzyme from Poiphym umbilicalis which
was. capable of liberating sulfate from porphyran to form 3,6-anhydro-L-
galactose units within the polymer. From the available data, we believe that
methylation of D-galactose to form 6-0-methyl-D-galactose also takes place at
the polymer level, however, evidence pertaining to the reaction is still lacking.

If the synthesis of 6~0—methy1-D-ga1actose takes place as postulated, then
the porphyran isolated from the alga exposed to C"O, for a longer period of
time will show a lower ratio of radioactivities residing in galactose and 6-0-
methylgalactose units. In the following are reported the résults of an experi-
ment designed to prove this point, and also the pattern of C“0, assimilation
into various metabolite and saccharide fractions of the red alga P. crispata.

Materials and Methods

The red alga P. crispata used in this experiment was collected by hand-
picking at the beach near Keelung. Immediately after collection, sands and
shells- were removed . by washing in sea water. The alga was kept in ice
chilled sea water and brought to the laboratory as soon as possible. In the
~case that the sample was not used immediately, it was kept in a cold room
at 4° and aerated to keep the alga alive. ‘
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An apparatus snmlar to that descrlbed by Bean and Hassid: (1955) was
used for carrymg out the photosyn’chetm eXperlment Externally generated ’
C“Oz (the BaCO; used in this experiment had a spemﬁc activity of 9 ,ac/mg) v
was ‘introduced by vdcuum transfer into the photosynthesis chamber, ‘which
contamed weighed amount of algal Ieaves and a couple of drops of water.
After photosynthe31z1ng for a deﬁmte period, the res1dual CH0; was swept off
Wlth CO;-free alr- and the algal specunen decanted: into borhng 9525 ethanol.
After adjusting the concentration of ethanol to 702 the heatlng was con-
tinued for 5 minutes to extract low molecular weight substances. Extraction
with boili‘ng 702 ethanol was repeated until the extract showed no chlorophyll
color. The 709 ‘ethanol extracts were combined, the volume measured and aﬁ' =
aliquot was drawn for radioactivity assay. The combinedks,olution‘was evapo-
rated first ‘in a vacuuro evaporator at 40° and then in a vacuum desiccator
over: sulfuric acid and KOH pellets to obtain an immobile sirup. '

‘The residue from the ethanol extraction was heated with 2% acetlc ac1d,
to exfract porphyran “The extract was: concentrated, if mnecessary, -and 5
- volume of ethanol was added to prec1p1tate the polysaccharlde. Radioactivity
' ‘assays were made on ‘the extract and the supernatant hquld after separation,
‘of the polysaccharide; and the radroactwlty of the polysaccharlde was obtamed .
by the d1fference
A The resniues from 295 acetic acid extraction Were extracted successwely

W1th 4/ and 10% NaOH, and the alkali soluble polysacchar1des were precipi- '

tated with ethanol as above. The polysaccharide precipitates were washed
with 952 ethanol several times and dried. The supernatant 11qu1d was dei-
onized by passing through a column of Dowex-50 resin in hydrogen form and

evaporated under reduced pressure to: obtain a hard mass For the est1mat1on -

of the total radioactivity in the alkali extract, an ahquot was drawn before;
5prec1p1tat1on of the polysaccharrde, deionized W1th the cation exchange resm,;
and plated for countmg

‘Amino acids in the ethanohc extracts were separated by adsorbing on aj

column of Dowex-50(H+*) resin and desorbing from the column with drlute :

;ammomum hydrox1de. The amino acid mixture was ﬁrst fractlonated by -

paper electrophore31s in 0.1M ammonium  acetate pH 5.7, and the separatedt -

acid and neutral fractrons were -then paper chromatographed “in - the solvent"j' .

: systems butanol. acetic acid-water, 4:1: 1, and m- cresol.phenol—O 064M Sodium
borate buffer pH 9.3, 25: 25: 7 tw/w/v), respectively (Levy and Chung," 1953) .

h No ba31c ‘amino acid was found. Polysaccharlde hydrolysates were also :

: separated in the butanol acetic ac1d water system.‘ For the separation of

- galactosylglycerol from: hexoses, the solvent system ethyl acetate- pyrldme-f

water, 8: 2 1, Was used Electrophore31s was: conducted with an apparatus
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similar’ to that described by Crestfield and Allen (1955) at a field strength of
28 v/cm. The buffer used for-fractionating ethanol solubles was 0.1 M potas-
sium phosphate, pH 7.5, and that for analyzing neutral saccharides and hexitols
was 0.05 M sodium tetraborate, pH 9.2.

The radioactive spots on paper were Iocated by radioautographic technique
using Kodak no-screen X-ray film, Silver nitrate -0.05N-NaOH dipping reagent
and ninhydrin in ethanol were used to reveal sugar and amino acid spots, res-
- pectively. For the. radioactivity assay, samples were plated on aluminium
planchets and counted with an ultrathin-window gas-flow counter at the
proportional region.

Seventy 25 ethanol extract was used directly for paper chromatographic
and electrophoretic analyses. The 225 acetic‘,aéid and alkali soluble ffactions
were hydrolyzed in a sealed tube with 50 volume of 1 N sulfuric acid at 110°
for 4 hours. .The hydrolysate was neutralized with barium carbonate and the
precipitate removed by centrifugation. ~After concentrating in a vacuum
desiccator over KOH pellets; the thin sirup was analyzed by paper chromato-
graphy. . , '

The final residue was hydrolyzed with 50 volume of 2 N sulfuric acid at
110° for 5 hours and then treated as above. ‘

Results and Discussion

The distributions of the tracer carbon in various solvent soluble fractions
: of the alga exposed to CMQ; for various length of time are presented in Table
1, and some of the data are represented in a graphical form in Figure 1.
From these data, it is seen that in the ethanol soluble fraction is accumulated
the largest portion of the radioactivity no matter how long is the period of
bhotosynthesis. Since the 702 ethanol soluble fraction is consisted of low -
- molecular weight compounds such as monosaccharides, oligosaccharides, sugar
phosphates, sugar nucleotides, amino acids; organic acids, etc., the rapid de.
crease in the relative amount of the tracer carbon in this fraction during the
ﬁrst hour-of photosynthesis is considered to indicate that, some active meta- '
bblites, ‘such as phosphate esters, amino acids, etc., are rapidly turned over
and some stable compounds, such as galactosylglycerols, are accumulated, and
finally a steady state is established.

It is interesting to note that the kinetic ‘curves of the two alkali soluble
fractions follow- the pattern of initial rise and a subsequent decline, while that
of the dilute acetic acid soluble fraction is in the reversed fashion. This is

considered to indicate that porphyran, the main constituent of the dilute acetic
acid ‘soluble fraction, bears the metabolic behavior of starches of higher plants;
since it is one of the ‘early photosynthetic products as evidenced by the initial
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Table 1. Distribution of radioactivity in various fractions of Porphyra
crispata after: photosynthesis in CHO,.

Extracting] ) —
‘ Solvent| 700, Alcohol | 224 Acetic acid | 4% NaOH 1026 NaOH
Time
Super- - Preci- Super-  Preci- Super- . Preci-
‘ c.p.m. 759%108 . | natant . pitate natant pitate natant - pitate
T ' ,, 1.11x10° 3.5%10% | 1.56 % 10° 7.88 % 10° | 5.56 x 10¢ 4.43 x 10°
minutes y o 1182 3722 | 1667 835% | 059% 4.70%
’ i 4,909 10012 5.2925
cpm.  977x10% |2.79x10°3.77x10°|8.6%10* 2.25x 10°|3.52 % 10* 1.12% 10
30 :
minutes | v 2029 2782 | 0629 1729 | 025% 8.08%
; g 4.8% 17.8% 8.3322
cpm| - 7.75x 108 1.89 % 10° 1.40 x 10° | 1.97 x 10° 2.86 % 10° | 6.24 x 10* 1.24 % 10°
1
hour o 6235 15296 11225 | 1.58% = 23% 05225 109
‘ wee 2.6495 24,5824 10.5225
cpml  7.49x10° 4.74%10° 249 % 10° | 1.06 x 10° 3.11 x 108 | 3.52 x 10# 1.12  10°
2 -
hotrs ” Snan 377%  1.97% | 0842  247% | 0289 8.86%
° e 5.749% 25.5424 0.18%2
cpmf  456x107  |5.82x10°547%10°(6.44%10° 9.78 X 10°[2.51 X 10° 3.9x 10°
5 : '
hours o Soi 7.539 7.08% .| 83525 12.689 | 0.3295 5.05%
7 . 461% | 21032 5.37%

decline of the progress. curve and since it is accumulated on prolonged photb-
synthesis-as indicated by the increase of the slope of the curve following the
initial decline. ' - '

In order to look more closely into the changes of the. propérties of ‘ethano-
lic extract during the course . of photosynthesis, they were eIectrophoresed in
0.1 M phosphate, pH 7.5, and the electrophoretograms cut into strips of 1 ¢m
width, eluted with water and the eluates plated for radioactivity assay. Thé

distributions of the ‘tracer compounds on the eléctrophoretograms are shown in
Table 2. In the diagrams, the peaks with corresponding positions are disig-

nated as A, B, C, D, E and F. Peak A consisted of neutral compounds, and
paper chromatographic andelectrophoretic ~analyses revealed that, in addition
to very small amounts of glucose and fructose, a galactosylglycerol constituted :
the bulk of ..radioacti‘vity. " The  galactosylglycerol -was further characterized
by chromatographing the acid hydrolysis  products and reducing the isolated -~
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A 70/o Alcohol extract

B 2% Acetlc acid extract
C 4% NaOH extract

D 10% NaOH extract

, 3
hour

Flg 1. Kinetic analy31s of relatlve amounts_iof CY in Varlous extracted
fractlons from P crzspapa

’Table 2 Dzstrzbutzon of raa’zoacz‘zmty in the electrophoretogmms.

Peak | o | g c | b B ~p | Total
B o : : c.p.m.

cpm| 9380 | 586 | 143 | 7ss1 |  — | 2382 | a3s

. minutes | o | 25012 | 154% | 3352 | 200% | — | 637%

5 |epm 14113 423 | a2 | 266 | — 2,181

 minutes | o | s565% | 1669 | 2038% | 104% 8.60%

12120 | 835 | 5440 | 548 | 5463 | 2369 | 28688

422405 | 2562 | 1896% | 191% | 19042 | 8.25%

98440 | 5751 | 12033 | — | 6081 | 5700 | 131,127

 hours | 75.07% 438 | 0172 |  — | 463% | 4sam

i

galactose to du1c1tol Whlch cou]d be 1dent1ﬁed by electrophores1s in tetraborate, i
pH 9.2,

From the electrophoretxc mob111t1es, Peak B was cons1dered to contam
’; organlc ac1ds and Peaks Cand D phosphate esters, such as hexose monophos- o

¥
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phates, sugar nucIeoticies, phosphoglyceric acid, glycerol phosphate, etc. Peak
E has the mobility identical with . that of fructose 1,6-diphosphate, but so far
we have not been able to match peak F with a known compound.
) In Figure 2 are presented the progress curves: showing the “changes of
percent radioactivity of electrophoretically separated peaks' as the function of
time. From these curves, it is seen that components in Peaks C and D are the
»early products of algal photosynthesis, while those in A dre the primary stable
products, such as the ones represented by sucrose in higher plants. From the
facts that Peak A consists almost exclusively of - galactosylglycerol, and that

in Peaks C and D are present phosphoric esters, we may be able to say that
‘the present experiment confirmed the view of Bean and Hassid (1955) that in
red algae galactosylglycerols take part of sucrose in higher plarts but other: -
wise the pathway -of photosynthetic carbon dssimilation in the "algal is in
accord with that of green plants. This view is further substantiated by the
results of amino acid analyses. We obtained serine, glycine, alanine, glutamic
-acid and aspartic acid as the early products of photosynthesis and these results
are in conformity ‘with those obtained for green plants. ,
The porphyran and alkali soluble fractions were hydrolyzed, the hydrolysis
products chromatographed on paper and the radioactive spots corresponding
to. galactose, 6-0-methylgalactose, mannose and xylose were cut, eluted, and
assayed for radioactivity. The radioactivity ratios of the separated saccharides
were calculated by taking’ the activify of methylgalactose as unity. = The
results are summarized in Table 3. It ig interesting to note that, although no
mannose and xylose could be detected in porphyran by chemical means {Su
et al., 1965), radioactive spots migrating as these two saccharides were found
when the porphyran fraction obtained in the present experiment was hydrolyzed :
and chromatographed. , e
When the -activity ratios galactose/}nethylgalactose are. plotted against
time; F'igu,re 3 is obtained. As we have pointed out, porphyran acquires tracer’
carbon earlier than the alkali soluble cell wall polysaccharides. The very
steep slope of curve A of Figure 3 indicates that, at the 'early stage of C*O;.
assimilation, the tracer gets into the polysaccharide in the form of. galactose
units. - This may imply either: a) as we have stated in introduction, methy-
lation of galactose takes place at the polymer level, or, b) the methylation
reaction takes place at the precursor level, but the pool size of the méthylga-
lactose donor is so large that, even after five hours of photosynthesis (at
which time a considerable amount of radioactivity is accumulated in  the
polysaccharide), the galactose/methylgalactose ratio still remains at a high
value of 115. The latter view seems to be very unlikely, however, from the
facts that, in known porphyran preparations, galactose (almost one half of ‘
which is in L-conﬁguratioh) and 6-0-methyl-D-galactose units are present in
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15 minutes

30 minutes

5 hours

4000
3000}
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~Cathode Cafféine . Picric* acid : - Anode’

Fxg. 2 Dxfference of dlstrlbutlon of radloactlwty in:the electrophoretograms of
- 70% alcohehc extracts w1th respect to time,
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Tabl

e 3. Radioactivity ratio of comstituent monosaccharides
of Polysaccharide fractions.

. Extracted

fraction
Time e

I I I

Gal',Man- .Xyl_.Methyl Gal'_Man- Xyl- Methyl| Gal- Man. :Xyl_.MethyI

15 minutes 35; ‘nose ‘ose "tgc?slgc' xg ‘nose ‘ose :ﬁ?slgc' igg ‘nose ‘ose .goasl:c-
42 5 325 11 345:388 : 2 ;1 18 051 1 3¢ 1
30 minutes 212 ;6 1 2 1 38 :51:28: 1 \ 18 ¢47 21 0 1
1 hour 1725075715 ¢ 1 157: 14 :1.08: 1 4 1 6 11 01
2 hours 11.3 2 0.86:085¢ 1 59 2086 :1.05: 1 106 ¢ 96 ¢ 1 01
5 hours 115 :1.15:063: 1 82 :081 :09: 1 i 6 ¢+ 3 1131
T. Alcoholic precipitate from 224 acetic acid extract
TI. Alcoholic precipitate from 424 NaOH extract
T. Alcoholic precipitate from 1026 NaOH extract
__gal
me-gal
50 ..
A alcohol precipitate from
2% acetic acid extract
A B alcohol precipitate from
40 4% NaOH extract
C alcohol precipitate from
B 10% NaOH extract
1 2 3 4 b

hour

Fig. 3. Change of galactose/methylgalactose with respect to time.
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nearly equimolar proportions (Nunn and von Holdt, 1958; Su and Hassid, 1962),
and that, in the alga, the D-galactose donor pool is backed up by a very large
pool of active D.galactosyl .compound, viz. ~D-galactosylglycerol, which may
occupy as high as 252 of the algal body on dry matter basis (Su, 1956).

Tt is concluded therefore that methylation of D.galactose to form. 6-0-
methyl-D.galactose takes place most probably at the polymer level as we have
postulated previously. '

& % i Porphyra 2 & & @
O o #&k—% /f’c,éﬁéiﬂ'%f’ﬁﬁlz% #F

P POV

i
B

BB BRI Porphyra crispata SeRAGHORH: — LS BRI ARG o

B Bh S R RS T R R R B SR AR I B R > 3 B H AR,
¥ (galactosyl glycerol) XA ISERME RAEHE (Sucrose) IR EEEY RS
YR IRRFRE AR ) TI4PPLRAEE (galactan) HURERESEAMNEE (starch) o

REBOE AR EE NI R R B REH R o ODE AR ER X FERE
PIHEREE (glycine) s $AEER (serine) » & (alanine) ’ 3{?34}1@% (aspartic acid)
FIEEE (glutamic acid) o

PR TR Bl R R A% Porphyra Efé‘ﬁZ@%#’?L%ﬁ%ﬁéEé@&%%/‘)ﬁ
Bt DL-galactan S8R 1 1§ galactosyl FREBEERITAY)
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