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Figure &, Comparison of ciu-bicurbomtc and cl¥_gcetate Incorporation
into Isclated Chloroplasts in the Light, Based on Data in
Table 12.
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to the galactose portion from bicarbonate and from acetate was 111, ex-

cept for the third galactelipid fraction (C) and the first polar lipid
fraction (E) where the ratio was 112, bicarbonateiacetats,

Two preliminary trials with C''~glucose (Table 13) showed that
vhole lipid frections had activities at the same levels as the corres-
ponding fractions from acetate(Table 12), Only the unhydrolysed lipid
fractions were counted. Incorporation into pigment and galactolipid was
low compared to incorporation into these fractions from acetate. The
last polar lipid fraction showed the highest level of incorporation of
cl¥_glucose, mich higher than any of the other fractions.

4, Experiment IIIs Incorporatien of Cw by Isolated
Chlo sts in t and the Dark

Part 11 Incubation with cﬂ"-gluooso

Preliminary tests with glucose-Ci¥in Experiments I and II (Tables
9,13) showed that C1¥ from glucose is sncorporeted into lamellar lipid
both by seedlings and by isolated chloroplasts. There was more incor-
poration of Cl¥-glucose into lamellar 1ipid in the dark than in the light
(Table 9),

In Experiment III, Part 1, isolated chloroplasts were incubated
with 10 po of C}¥_glucose, uniformly labelled, im the Iight and dark for
1 hour., The lipid frections were consolidated and anslysed a&s three frac-
tions rather than as six separate fractions, The thres fractions are(1)
pigment; neutral lipid (formerly A); (2) galactolipid (formerly B and C);
and (3) polar lipid (formerly E and F).

Isolated chloroplasts incorporate more Cl¥_glucose into the whole
1ipdd fraction in the dark than in the light (Table 14)., This is also

tho! case with the polar 1lipid., Incorporation of glucose into the pigment
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Table 131 Isolated Chloroplasts, C!
Activity lsvels of C""’-glmso incorporation into the lameliar lipid of isolated Hicotispe chloroplasts.
The chloroplasts were incubated with 10 pe Cﬂ‘"-glncou for 1 hour under light conditions., The activity

for the unhydrolysed lipid fractions from two trials are reported, Average activity is given.

Trial i Trial 2 Average
Praction
whols lipid frection 3,79 2,266 3,030
b m&w Heldy 21k 65 1%
B. galactolipid; pigment 176 66 121
C. galactolipid 36 113 75
D, unknown 1ipid 37 43 ko
E. polar lipid 179 565 372

F. polar lipid 1,435 470 953
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and galactolipid fractions i1s such less than into the polar lipid in both
the light and dark,

h'-glncou into galac-

The greatest amount of incorporation of cl
tose 1s in the galactose portion of the dark polar lipdd fraction. The
lowest level 61' activity in galactose was in the galactolipid fraction of
light incubated chloroplasts (Table i4), The highest concentrstion of
gghctoso is 1n this fraction (2) according to paper chromatograms, It
was indicated in previcus experiments, but is guite striking in Experi-
ment III, that high levels of incorporation in the galactose portion do
not coincide with the highest amounts of galactose. These data are sum-

marised and compared in Tables 16 and 17 and in Figure 5,

Part 2t Incubstion with Sodium-acetate-2-Cl%

The differences between light and dark incorporation of acetate
were not great in Experiment I. There were indlcations that chloroplasts
could synthesise compounds from acetate in the dark as well as in the
light,

For Experiment III, Part 2, isolated chloroplasts were incubated

u—acouto. Incorporation of ace-

in the 1light and dark with 50 pe of cl
tate iu greater in the dark than in the light with all fractions (Table
15). The differences in activity among the fractions are not as great
with acetate as with glucose, although, again, the polar lipid fraction
shows the highest level of incorporation,

There were relatively high levels of activity in galactose from
pigment and from galactolipids with highest incorporation found in galac-
tose from polar lipids in the dark,

The lnrl.ge level or ci# incorporation from acetate was less than

from glucose in the whole lipid fractiom (Table 16). This lower level
may be due primarily to higher labelling of polar lipids by glucose.



Table 143 Light and Dark Incorporstion of Cl¥-Glucose
Activity in counts per win per mg of whole lamellar lipid., Isolated Nicotiana chloroplasts were incubated
in the 1ight and in the dark with 10 po of Cll¥-glycose for 1 hour,

Trial i Trial 2 Trial 3
Frections Unhyd, __ Gal, _Unhyd, Gal, Unhyd, Gal,

LIGHT '
whole 1ipid fraction 2,272 3,436 3,733
1. pigeent; neutrsl lipid;

galactolipdd - 64 835 532 16 211 352
2. galactolipid; pigment 90 99 435 43 243 (44
3. polar lipid 627 507 2,329 1,958 487 503
DARK s
whole 1lipid fraction 6,205 8,011 7,160
. Mmel ey 291 236 410 96 244 158
2, galactolipid; pigment ' 209 155 438 28 399 70
3. polar lipid 3,000 2,932 4,597 3,298 b, 754 2,608

‘gt



Table 151 Light and Dark Incorporstion of Sodims-Acetate-2-Cl%
Activity in counts per min per mg whole lamellar lipid, Isolated Nicotiana chloroplasts were incubated with
50 po of sodium acetate-2-C1% in the light and in the dark for 1 hour,

Teial1 Trial 2 Trial 3
Fractions Unhyd, Gal, Unhyd, Gal, . Gal

LIGHT:
whole 1lipid fraction 859 " 1,563 3,107
1, pigwents neutrel lipid .

galactolipid 154 118 263 67 663 297
2, galactolipid; pigment 187 220 302 205 st 277
3+ polar lipid 250 5 606 376 1,021 650
DARK:
vwhole lipid fraction 1,398 2,566 5,747
1. pigments neutral lipid

galactolipid 207 176 365 202 e U 987
2. galactolipid; pigment 268 168 507 216 1,094 Iy
3, polar lipid 255 187 1,511 447 1,983 1,200

‘6¢



Table 163 Aversge Incorporation from Glucose and Acetate
Average incerporation of c“ into lamellar lipid and galactose of isolated chloroplasts from c“’-gluoou
and C1¥_acetate. Date derived from Tables 14 and 15,

Glucose Acetate
Fractions Unhyd, Gal, _Unhyd, Gal,

LIGHT: |
whole 1lipid fraction 3,147 1,843
1 m&w Hed 269 b14 360 161
2. galaotolipid; pigment 256 % 310 234
3. polar lipid 1,147 989 626 453
DARK1
whole lipid frectimn 7.125 3,237
1. pigeent; neutrel lipdd; ,

gilactolipid - 35 163 429 hs55
2, galactolipid; pigment 349 84 623 245
3. polar 1ipid 4,120 2,913 1,250 611

‘ot



Table 173 Light:Dark Ratios

Lightidark ratios for cl# tncorporsation into lamellar lipid of isolated chloroplasts, Chloroplasts were

incubated with C1%-glucose and C'%-acetate, Dats derived from Table 16,

_Unhydrolysed __Galactose
Glucose Acetate Glucose Acetate
Fractions 1ight sdark light idark 13ght sdark light ydark
whole lipid fraction ' 112 112
* thl L 11 131 | 311 113
2. galactolipid; pigment 1 112 151 131
3. polar lipid 14 112 | 113 i1

o“,
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Figure 5. Comparison of ct“-acotato and Cih-glucou Incorporation into
Isolated Chloroplasts in the Light and Dark, Data from
Tables 16 and 17,
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Average incerporation from acetate was higher than from glucose in pig-
ment and galactolipid fractions in both the light and dark, Average inco-
rporation into galactose from Cm-acotlto was aleso higher than frem glu~
céso with the first two fractions,

Light:Dark Ratios, Twice as mmch Cl% is incorporated into whole
lipid in the dark as in the light from both substrates (Table 17). There
was a 111 ratio of incorpqration for plgmenti Iractions from the two subs-
trates and for the galactolipid :rra_.ction from glucose, Galactolipid from
acetate wvas labelled in a 112 ratio, lightidark, Polar lipids incorporated
glucose in a 114 ratio and acetate in a 112, lightidark, ratio,

Activity from C1¥-glucose was found in galactose in & 311, lights
dark, ratio in the pigment fraction; 1:1 in the galactolipid fraction and
113 in the polar lipid fraction, Gelactose from the pigment fraction

4

labelled with Cl%-acetate showed a 113, lightidark, ratio and 111 in both

the galactolipid and polar lipid fractions.
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IV. DISCUSSION
Review of Results

Experiment I: Intact Seedlings
The results in Experiment I, in which Nicotiana tabacyp seedlings

_acetate in the light and dark,

were incubated with ClY-bicarbonate and cl
show that these substraies can be incorporated into both lamellar lipids
and the galactose associated with these 1lipids,

When Ciu-bi_oarbomto was used, most of the incorporation was in
pigment and galactolipid fractions, Aetivity in polar lipid fractions
wvas relatively high, but was about one half that in pigment and galacto-
1ipid,

Acstate-Cl¥ was incorporated into the same fractions, but acti-
vity was highest in polar 1ipid, Higher activity levels in polar lipid
were also apparent when Oiu-glucose was used, although overall activity
levels were lower with glucose than with the other two substrates,

The highest level of activity in galactose from C''-bicarbonate
was found in the pigment-galactolipid fraction. ~There was considereble

radicactivity in the galactose from polar lipid, Acetate~Cl"

was also
used by the plant to make galactose, with the greatest amount of incor-
poration found in galactose from the polar lipid,

Incorporation of bicarbonate into lipid fractions was largely de-
pendent upon incubstien of the seedlings in the light, Pigment and galac-
tolipid showed a wuch greater light to dark difference than did pelar

u—aaotﬂa. this light to dark difference is not as evidmt,

lipad, with ct
although the activity is twice as high in pigment and galactolipid in the

light, Incorporetion of acetate into polar lipid was twice as high in



the dark,

From the ons test with ciu-glucoao. it appeared that more glucose
is incorporeted in the dark than in the light, The greatest difference
was apparent in the polar lipid fraction, where activity was four times
as high in the dark,

The light to dark difference was most striking when galactose

from seedlings inoubated with bicarbonate was measured for activity.
The incorporation of Cl¥-ticarbonate into galactose from pigment and
galactolipid was enhanced by light incubation from 14 to 20 times as much
as in the dark, Galactose fropolar lipid had 56 to 86 times as much acti~
vity in the light as in the dark when bicarbonate was the substrate,

large light to dark differences were not as apperent in galactose
built from Cw-acetlto. Twice as much incorporation into galactose
occurred in the light with pigisnt and gslactolipid, There was twice as

much activity in galactose from the poiar lipid in the dark,

Experiment II: Isolsted Chloroplasts in the Light
cw-hicarbomte and ciu-aeotau were both effective substrates
for lamellar synthesis by isolated chloroplasts incubated in the light.
Acetate was a better substrate than bicarbonats for whole lipid, pigment
(A) and polar lipid (F), In two fractions, galactolipid (C) and polar
lipid (E), there was more activity from bicarbonate,

Acetate was an effective substrate for synthesls of galactose by
chloroplasts, Except for galactose associated with the pigment fraction
(A), vhere there was slightly more activity from bicarbonate, activity
was higher from acetate than from bicarbonate. Two tests with isolated
chloroplasts labelled with C*%.glucose show that glucose is also a good

substrate for synthesis of lamsllar lipids,.
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Experiment III: Isolated Chloroplasts in the Light and Dark

Isolated chloroplasts were incubated with cib-acouu and ci¥,
glucoseé in the light and dark. Results from acetate Incubation show
that isolated chloroplasts use acetate to synthesize lamellar lipids and
galactose in the dark, levels of activity were higher in all fractions -
from dark incubated chloroplasts, Again, incorporation from acetate in-
to polar lipid was especially high,

Cw-glucoso wis incorporated into all frlctiona. both light and
dark., The highest level of activity was found in polar lipid, The lowest
activity level was found in galactose from galactolipid, Galactose from
the pigment fraction showed higher activity in the light than in the dark,
but except for this one fraction, incorporation was higher in the dark
than in the light, This is especially noticeable with polar 1lipid and

the galactose associated with it,

Conclusions from Results

Of the three snﬁstrntos used, carbon dioxide appears to be the
only one for which the chloroplast requires light generated energy to
build lipid and carbohydrats. In an earlier paper (5), we detected an
indication of dark incorporation of 002 into lamellar lipid, For that
work, seedlings which were to be used for dark tests were placed in the
dark for only one hour before labelling, With the present experimsnts,
seedlings were placed in the dark for one hour or for thres hours, Re-
sults from tests with & three hour dark period showed extremely low lsvels
of dark incorporstion or none at all in some frections., Seedlings which
had been placed in the dark for one hour before incubation incorporated
c1%_picarbonsts into all lamellar lipid fractions to a slight degree.
Apparently, ensrgy from photosynthesis can remain for & long enough time



after light is removed to be used for some CO, reduction,

When lamellar lipids and galactoss are built from acetate and
glucose, apparently light energy is not a necessity. When these substrates
were used, seedlings were placed in the dark for 24 hours before incube-
tion, Incorporation of c1* into lamellar compounds from these substrates
was a&s high if not higher in the dark than in the light,

Acetate and glucose appear to be better substrates than carbon
dioxide for synthesis of polar lipids, Acetate seems to be a more effec-
tive substrate for pigment and, in most instances, for galactose than does
CO,., These results contrast with a report (16) that CO, is a ten fold
better subatrate than acetate for chloroformimethanol soluble compounds
in isohtod'SEinlcu olsraces chloroplasts. In those experiments, how-
ever, incorporation was only 0.6 of the total uptake of the isotope. No
attempt was made to separate these compounds into fractlons, nor was there
any separation of lamsllar coripcments from other chloroplast components.
(16). Since substrates othsr than carbon dioxide can be built into lamel-
lar lipid and galactose and because there is an obvious difference in the
requirement for light energy, more than one route for synthesis of struc-
tural components in the chloroplast 1s indicated.

Possible theses
Incorporation of CO, into galactose seems to be directly tied to

photosynthesis, Ferrari and Benson (17), report that galactose is label-
led before the rest of the galactolipid under photosynthetic conditioms.
Galactosylglycerol, digalactosylglycerol and diglycerophosphbate were
among the most rapidly labelled compounds from 0“'02 (17). Triglycerides
ware hbl;nd more slowly than surfactant lipids and the fatty aeid por-
tions of surfactant lipids were labelled more rapidly than other esteri-
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fied fatty acids, There was apparently an exchange of galactose with in-
termediates of hexose synthesis (17).

One way that galactose can be synthesized from COp is through the
carbon reduction cycle where ATP and NADFH are derived directly from the
light cycles of photosynthesis, Here, carboxylation of ribulose 1,5-
diphosphate proceeds through phosphorylated three carbon intermediates
from which six carbon sugars are built, Once a glucose moleculs is
formsd, UDP transferases and an eplemrase can aid in forming galactose 1=~
phosphate., Neufeld (33) reports that,when UDP-galactose—Cl* was fed to
isolated Spinacia oleracea chloroplasts, three chloroformimethanol solu-
ble galactosides showed .radioactivity. UDP-glucose and UDP-galactose were
the only donors of galactose in isolated chloroplasts in uﬁsfemm re-
actions (%), The equilibrium of glucose i-phosphate to galactose 1-
phosphate is 1313 (22),

Another way, directly tied to photosynthesis, for COz to be assi-
milated in isolated chloroplasts is through glycolic acid., Under con-
ditions of high light intensity, high oxygen pressure and low partial pres-
sure of carbon dioxide, formation of glycolic a.cid_hu been reported by
Bradbeer and Anderson (9), who suggest & path of synthesis for hexose from
glycolic acid Eelitch (66) proposes that hexoses may be formed from gly-
colie acid under conditions of low carbon dioxide pressure which is the
situation in the normal environment. Intermediate steps in glycolic ascid
formation have not been as well worked out as those in the carbon reduc-
tion cycle, but, acoording to Zelitch, carboxylation through glycolic acid
right be as important a means of hexose synthesis as the carbon reduction
cycle, The path ecould go from glycolic acid to 3-phosphoglyceric acid to
triose phozphate to hexoses or from glicolic acid through serine to hexose
_(66),
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An attractive feature of the latter path is that steps from 3-
phosphoglycerats to hydroxypyruvate to serine are reversible and bypass
the phosphosnolpyruvate to pyruvate step which is irreversible (22),
Trioses, synthesiszed in the Calvin cycle may lsad directly to the syn-
thesis of glycerol, fatty acids and pigments, Glycerol may be formed
from either glyceraldshyde oFf from 3-glyserophosphate,

Fatty acids can be formed by the conversion of triose phosphates
to pyruvate and hence to acetyl CoA, The combination of 3-glycerophos-
phate and fatty acids could form the phospholipids (22), Thess steps in
fatty acid synthesis imply soms type of glycolysis in the chloroplast,

Free acetate has been shown to be the best precursor for the long
chain fatty acids in isolated chloroplasts (53); it is, therefore, not
surprising that our data show high activity in fatty acid and pigment.
The source of endogenous acetate in the chloroplast is unknown, Infor-
mation about the organic acids present in isolated chloroplasts is frag-
mentary., Presumably, one mtjor source of compounds for fatty acid syn-
thesis in chloroplasts is the sugars, If this is the case, phosphoenol-
pyruvate, arising from sugar metabolism, could go to acetyl CoA,

Nicotiapns tabacum loaﬁs are Jmown to contain malic acid in con-
siderable guantity and citric, cxalic and sueccinic acids in lesser amounts.
Malate synthetase (65) has been isolated from tobscco leaves and phos-
phoenolpyruvate carboxylase (43) has been found in isolated chloroplasts.
Stumpf proposes soms possible reactions for fatty acid synthesis in l1so-
lated chleroplasts (53):

“pyruvic seid -—-- acetyl-CoA + CO, + Hy0

phosphoenolpyruvate + H,0 + (:'1)2 -=== oxaloscetic + H,0
NADFE + oxaloacetic —=--= malic + NADP
malic + NADP pyruvic + CO, + NADPH




mlate + ATP 4 CoA «=«~- malyl-CoA + ADP + P

malyl-CodA ~==== acetyl-CoA + glyoxalate

oxaloacetic acid —ww-- malonyl-CoA + co,

mlonyl-Coh =~e== scetyl Cod + Ct)2

Xyulose 5-phosphate =«--=- triose phosphate + acetyl-CoA

glyoxalate -=--- acetic acid ~=-=~ acetyl CoA”

Although the reactions suggested by Stumpf are speculative, they offer
somo alternate routes for fatty acid synthesis in the chloroplast,

Information about sugar synthesis from acetate in the chloroplast
is more meager than information concerning fatty acid synthesis. For
cl4 activity from acetate to occur in galactose, & path from fatty acid
metaboliam t.hrough acetyl CoA mst exist, If lipid is formed first from
acetate, sugars could be built from metabolised lipid through a reversal
of glycolysis, Acetyl CoA, processed through several steps to glyoxalate,
malate and oxaloacetate, could be & source of phosphoenolpyruvats for
hexose synthesis, This system has been found in germinating seeds (7).
If soms of the reactions propossd by Stumpf exist, especially those in-
velving glyoxylate, malate, and oxaloacetate, then & similar system my
exist in chloroplasts,

Many of the same questions can bs asked about a glucose substrate
as are asked about acetate, In all instances except one, glucose incor-
poration into both 1lipid and galactose was greater in the dark than in
the light.

One unlikely possibility is that some of the glucose becomes
phoaphorylated as saon as it enters th- chloroplast, then epimerase and
transferase reactions could change it to galactose i-phosphate, An in-~
stance where this might occur is in the galactose (Fraction 1) attached
to the pigment-galactolipid complex where activit? in galactose was
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greater in the light than in the dark, There appsars to be preferential
synthesis of polar lipid and the galactose attached to it with both ace-
tate and glucose, The lipid and galactose are labelled from both subs-
trates, A pathway by which part of the glucose remains intast for phos-
phorylation and epimsrization, and part is broken dc_mn to acetyl-CoA for
1ipid synthesis, is less likely than a pathway in whidh glucose is de-
graded to smalier fragemnts when it enters the chloroplast., It should

be pointed out, again, that the highest levels of radioactivity do not
coincide with the greatest concentration of galactose, What is indicated
i3 that some compounds are synthesiged ‘more rapidly from an exogenous sub-
strate than are others, According to Walker (59), two types of carbomy-
lation processes exist in chloroplasts. One type includes those pro-
cesses directly tled to photosynthesls such as the carboaxylation of ri-
bulose 1,5 diphosphate, The other type includes non-photosynthetic pro-
cesses in which ATP and reductants such as EADH are formed from respira-
tory pathwvays. Several non-photosynthetic carboxylations could proceed
simmltanecusly, Phosphoenolpyruvate could be the dark acceptor of CO,,
Synthesis of galactose, lipids and pigments could proceed from phosphoencol-
pyruvate, That glycolysis, or an analogous system, is present in the
chloroplast is strongly indicated by these data,

Much remains to be investigated about synthetic pathways in the
chloroplast. More work with chloroplast ensymes and ensyme inhibitors,
investigations concerning reaction sequences and more experiments with
isolated chloroplasts in the dark could clarify much of what is now specu-
lative about synthesis in the chloroplast,

Other problems which deserve more investigation are concerned
with the structure of the chloroplast msmbrane system, The close pig-
ment-galactolipid association noted by Rosenberg was observed throughbut
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the present experiments, but no attempc was made to defime it in any more
detall, The greatest concentration of galactose was always associated
with pigwent fractions, Pigments associated with fraction B were yellow-
green, those with fraction C were blne-green, Do ehloroplvli b and chloro-
phyll & bind preferentially to monogalactosyl and digalactosyl digly-
cerides respectively?! What is the polar lipid involved and how is it
built into the lipoprotein complex eof the lamellae?

Are the inner and ocuter membranes of the chloroplast plasma mem-
branes the same in structure and function? Recent work with mitochondria
suggests that the two membranes of cell organolle plasma membranes are
different (8). What entyme systems are located in these membranes? How
is the passage of glucose and acetate facilitated scross the membranes?

In the intact leaf, much of the carbon substrate for lipid and
sugar synthesis in the chloroplast comss from other parts of the cell
through respiratory processes., The efficiency of the eukaryotic cell
is in a large part based on many reactions being coapartmented in organ-
elles and proceeding simultaneously. This raises the question of whether
or not isolating an organells from its cellular enviromment induces many
synthetic and metabolic processes which would ordinarily be carried out
by soms other part of the cell, The question of induction also has bean
raised in connection with investigations concerning the genetics and auto-
nowy of mitochondria (58). To claim that what happens with organelles in
i1solation is exactly the same as what ocours in the intact organism is to
make an assumption about completely different emvironmental systems, If
sufficient potential for biochemical reactions exists in isolated chloro-
plasts, then the orgsnells conld very well have been autonomous at one
time,



V. SUMMARY

Both isolated Nicotians tabacum chloroplasts and Nicotiana
tabacum seedlings were incubated with Cl*-acetate, Cl¥_bicarbonate and
C“'-glneoso under light and dark conditienms, VRosnlta showed C% incor-
poration patterns into the galactose associated with chloroplast lamellar
1ipids,

The incorporation of three substrates into a stable lamellar
compound, galactose, by isolated chloroplasts indicates that a glycolytic
cycle or an analogous system is present in chloroplasts. This potential
for an oxidative pathway is further evidence that chloroplasts were once

autonomons organisas,
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