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Abstract - -The inhibition of greening of illuminated etiolated maize seedlings by isonicotinvl hvdrazide can be alle-
viated by scrine or pyruvate. The similar inhibition in barley can be reversed only by pyruvate. In both plants
earlier intermediates in the glycollate pathway and other related compounds were ineffective in overcoming the
inhibition of greening produced by isonicotinyl hydrazide. In maize seedlings radioactivity from L-serine-[3-14C]
is poorly incorporated into ff-carotene, a typical chloroplast terpenoid, unless glycine and formate or, more effec-
tively, glycine together with isonicotinyl hydrazide are supplied. These supplementations may minimize intercon-
version of serine and glycine, and hence dilution of radioactivity at C-3 of L-serine by unlabelled C-1 units, before
incorporation into terpenoids. The results support the view that in young greening tissue the C2-3 fragment of
L-serine can give rise to acetyl-CoA. an obligatory precursor of chloroplast terpenoids.

INTRODUCTION

IsoNICOTINYL hydrazide (isoniazid, INH) probably acts as an inhibitor of pyridoxal phos-
phate-requiring enzymes by combining with the coenzyme, the reaction in vitro being stow
and progressive'? and leading to formation of the pyridoxal phosphate isonicotinyl hydra-
zone (Fig. 1). In particular in photosynthetic organisms INH has been reported to inhibit
the conversion of glycine to serine.®> ® Thus it has been shown that in photosynthesizing
Chlorella INH blocks the metabolism of glycollate via glycine and serine to hexoses®:¢-’
and this results in an accumulation of glycollate and glycine. In Pisum sativum, after
vacuum infiltration with INH, the levels of glycollate and glycine increased whilst that of
serine decreased.® However, being a general inhibitor of pyridoxal phosphate-requiring
enzymes we might expect INH to have a variety of effects on amino acid metabolism and

* Present addresses: Department of Genetics. University of Leeds. Leeds LS2 9JT.
+ Department of Pharmacology, The Middlesex Hospital Medical School, University of London W1P 7PN,
1 Preston Lodge High School, East Lothian, Scotland.

! Davison, A. N. (1956) Biochim. Biophys. Acta 19, 131,

2 Hoare, D. S. (1956) Biochim. Biophys. Acta 19, 141.

3 PrITCHARD, G. G.. WHITTINGHAM, C. P. and GRIFFIN, W_ J. (1963) J. Exp. Botany 14, 281.

4 PriTcHARD, G. G., GrIFEIN, W, J. and WHITTINGHAM, C. P. (1962) J. Exp. Botany 13, 176.

5 Asapa, K., Sarto. K., KitoH. S. and Kasal, Z. (1965) Plant Cell Physiol. 6, 47.

® MARKER, A. F. H. and WHITTINGHAM, C. P. (1966) Proc. R. Soc. (Lond.) 165, 473.

7 Coomss. J. and WHITTINGHAM, C. P. (1966) Phytochemistry 5, 643.

8 Muax. B. J.. MArkER. A, F. H. and WHITTINGHAM, C. P. (1966} Biochim. Biophys. Acta 120, 266.
1657



1658 M. G. Gorr. H. M. Hit. R. B. Evans and L. J. ROGIRS

biosynthesis, including formation of J-amino laevulinic acid. in addition to the glycine-ser-
ine interconversion. Ultimately protein synthesis will be affected. and it is known that
chloroplast pigment formation is inhibited if protein synthesis is blocked.” "
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F1G. 1. THE REACTION RETWEEN (SONICOTINYL HYDRAZIDE AND PYRIDOXAL PHOSPHATLL
Absorption spectra were obtained immediately and 3, 10, 15 and 30 min after addiuon of isenicotinyl
hydrazide to pyridoxal phosphate. The final concn of both in the cuvetle was ca 16 x 1077 M. The
lower traces are those for isonicotinyl hydrazide and pyridoxal phosphate. respectively. at ca 8 x 107 °
M. The reagents were in 107 M phosphate buffer. pH 72, at 23", Also shown. in the insct. is the reac-

tion thought to occur between isonicotinyl hydrazide and pyeidoxal phosphate.

We have previously used INH as an inhibitor of the glycollate to serine pathway in an
attempt to define a possible role for this metabolic route in chloroplast pigment synthesis
in higher plants.!'*!* The route proposed involved the sequence, CO, —— glycollate —
glyoxylate — glycine — serine - -— pyruvate — acetyl-CoA. Although in the simplest case
all these conversions would take place in the chloroplast it would only be necessary. to
explain our earlier isotope incorporation and isotope dilution studies.''-'* that the initial
formation of glycollate and a step(s) in the conversion of serine to pyruvate be chloroplasti-
dic. These earlier studies showed that INH inhibited the formation of chlorophyvil and caro-
tenoids in illuminated etiolated maize scedlings and that the incorporation of radioacti-
vity into B-carotene from '*CO,, glyoxylate-[ 2-'*C7, glycine-[2-'*C] and formate-{'*C]
was inhibited, whereas radioactive label from r-serine-[ U-**C7 was readily incorporated
into the pigments formed upon illumination. In contrast there was no marked etfect of
INH on sterol formation. which takes place outside the chloroplasts. in any of these exper-
iments. The studies supported an hypothesis of compartmentation of terpenoid biosyn-
thesis in higher plants!® and were thought to be a possible route for the synthesis of the
large amounts of acetyl-CoA which are formed from fixed CO, during greening. The evi-
dence in support of this and alternative proposals has been reviewed clsewhere. '
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We now report further studies which demonstrate that under some conditions it is poss-
ible to overcome the observed inhibition of pigment synthesis by INH by supplementation
with metabolites from the biosynthetic sequence postulated for acetyl-CoA formation.

RESULTS AND DISCUSSION

The mechanism of action of INH appears to be through combination with pyridoxal
phosphate to form the isonicotinyl hydrazone,! a reaction that can be readily followed in
a spectrophotometer (Fig. 1). We found that the rate of formation of the hydrazone was
maximal at pH 6-1, rather less at pH 7-2, and fell off markedly at higher pHs; pH 7 was
selected for incubation of plant material with the inhibitor. As shown by changes in
absorption spectra INH did not react with pyruvate, the other metabolites used in the
present studies, or with pyridoxol phosphate. Nicotinamide, which bears considerable
structural resemblance to INH, did not affect greening of etiolated plants upon illumina-
tion, nor did it appear, in spectrophotometric studies, to react with pyridoxal phosphate.

Two methods of exposing tissue to INH were employed. In initial studies inhibitor was
supplied to excised etiolated seedlings;'? however, for most studies it was found both more
convenient and effective to incubate lengths of etiolated shoot firstly in the dark for 60
min 1n the presence of inhibitor, and subsequently under illumination for 23 hr in Petri
dishes containing inhibitor and the metabolites under test. In the latter case INH pene-
trates the tissue by diffusion processes and in many cases a narrow central portion of the
shoot segment remained free of inhibitor, as evidenced by greening of this region of tissue
on illumination.

Preliminary studies were aimed at determining the optimal age of seedlings for use in
greening experiments. Samples of etiolated maize and barley shoots were taken at daily
intervals after unrolling of the leaves in maize seedlings; and after barley seedlings, where
leaf unrolling was less clearly defined, had reached a height of some 7-5 cm. The results
of this study are presented in Fig. 2. In the case of barley leaf tissue the greening process,
as shown by chlorophyll synthesis over a 24 hr period, was maximal when seedlings were
10-0-12-5 cm tall. Carotenoid formation appeared to be maximal with the youngest tissue
tested but only slowly diminished over a period of several days during which time seed-
lings doubled in height. In experiments with barley ca 12-5 ¢cm tall seedlings were there-
fore routinely used. With maize the formation of both chlorophylls and carotenoids de-
creased with age of tissue after leaf unrolling, and in this case experiments were carried
out as soon as possible after this was observed.

The effect of INH on the greening of etiolated leaves selected in this way was studied
by exposure of leaf segments to various concentrations of inhibitor (Fig. 3) and shows that
chlorophyll formation in maize was inhibited some 60%, by 10 mM INH, and in barley
was almost entirely inhibited by this concentration. This concentration of INH, selected
for routine use, abolished carotenoid formation in the case of both maize and barley. In-
deed, final carotenoid levels following illumination in the presence of inhibitor were often
lower than originally present in the etiolated tissue. In these circumstances, the tissue de-
veloped a whitish pallor in place of the original yellow colouration. This situation is re-
flected in a negative change in AS¥3™°¥ compared to the 85%, acetone extract from etio-
lated shoots. No estimate could be made of the amount of INH which penetrated the tissue
but access was restricted, because a narrow central region of leaf commonly turned green
upon illumination even in the presence of inhibitor.
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The effect of glycine, serine and related metabolites on the INH-produced inhibition of
greening of etiolated maize is shown in Table 1. The controls in cach serics of experiments
included estimation of chlorophylls and carotenoids in ctiolated tissue. and in tissue after
the period of illumination in presence or absence of INH. The difference in chlorophyll
level in the first and last of these incubations was taken as the reference for expression
of greening as a percentage for incubations under other conditions. The values of these
controls in Table I are the mean values of scveral experiments; however. the per cent
greening of tissue in the presence of metabolites in cach casc is given by comparison with
the chlorophyll levels in etiolated and green tissuc in the appropriate experiment.
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FI1G. 2. PIGMENT SYNTHESIS IN SEGMENTS OF ETIOLATED MAIZE AND BARELY AS A FUNCTION OF AGE OF
TISSUE.
Etiolated plants were sampled at daily intervals after maize leaves had unrolled and barley had reached
a growth height of ca 75 ¢m. Segments of shoot {-3 cm length) were incubated in H-0 in open Petri
dishes and the chlorophyll and carotenoid levels after 24 hr itlumination {ca 30000 Ix) were determined.
Maize, —O—0O—, chlorophyll: —@—@—. carotenoid: barley, —i . - chlorophyll: —B—B-.
carotenoid.
F1G. 3. INHIBITION OF PIGMENT SYNTHESIS BY ISONICOTINYL HYDRAZIDL .
Segments of etiolated maize and barley shoots were incubuted in 40 mi H,O containing isonicotinyl
hydrazide over the range 0--15 mM. Following 1 hr in the dark the samples were iltuminated for 23
hr and then analysed for chlorophyll and carotenoid. Samples of leaf (ca 1 g) were selected 3 days after
leal unrolling in the case of maize. and when scedlings were 125 em high in the case of barley.
Muaize, O -0O :barley, @ @

In maize, supplementation of the incubation medium with glycollate or glycine did not
restore chlorophyll or carotenoid formation in tissue treated with inhibitor. Indeed. in
these incubations, as in that of tissue incubated with inhibitor alone. carotenoid levels were
substantially less than those of ctiolated tissue. In contrast. supplementation of the

TABLF |, EFFECT OF METABOLITE SUPPTEMENTA TION ON THE (SONICOTINYE

ET* G.T* GTLs Glyeollate
Metabolite concentration (mM) o3 325 &5
Isonicotiny! hydrazide (mM) 10 [0 10
Chlorophyll {a + b) (ug/g tissue) ISen 2687 65(6) 1 280 121 93
¢ Greening [IN 100§ RTINS 22 23
AATY, 0t 4:9(7) - (-3(6) \ 08 30 =21

* ET., etiolated tissue; G.T.. greened tissue: G.T.L. tissue greened in the presence of inhibitor.
+ Formate (11-0 mM) also present.
T Figures in brackets indicate the values quoted are the means of the indicated number of experiments.
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medium with L-serine markedly restored greening; in the best experiment carotenoid level
was the same as, and chlorophyll level 80% that of, tissue illuminated for the same period
in the absence of inhibitor. At comparable concentration pyruvate was almost as effective
in restoring greening. In the absence of inhibitor both glycollate and glycine enhanced
greening as reflected in both formation of chlorophyil and carotenoid.

The results of similar studies with barley differ in one important respect (Table 2). As
with maize, glycine did not restore greening in INH-inhibited tissues. However, in barley,
unlike maize, supplementation with L-serine was relatively ineffective. Although it restored
carotenoid levels to some 60%; those of tissues allowed to green in the absence of inhibitor,
it did not restore chiorophyll formation. Indeed, at 9:5 mM L-serine proved less effective
in restoring chlorophyll formation than at lower (2-5-5 mM) concentrations. The inhibition
of greening by INH was overcome, however, by supplementation of incubations with pyr-
uvate. Both chlorophyll and carotenoid formation was restored by some 80% by 85 mM
pyruvate.

The observation that serine restored greening in maize tissue treated with INH is in
agreement with an earlier study’? which showed that INH inhibited the incorporation of
radioactivity from glyoxylate-[2-'*C], glycine-[2-'*C] and formate-['#C] into B-carotene
of illuminated excised etiolated maize seedlings, but did not affect incorporation from L-
serine-[ U-14C].

In an unrelated investigation it was shown that when L-serine-[3-'#C] was supplied to
illuminated etiolated maize seedlings little radioactivity appeared in the f-carotene subse-
quently isolated. Serine supplied to plants may be subject to considerable interconversion
into glycine, resulting in dilution of the radioactivity at C-3 of serine, before incorporation
of the serine into pigments. An attempt was therefore made to enhance the incorporation
of radioactivity from L-serine-[3-'*C] into B-carotene by supplying seedlings at the same
time with glycine and formate, or with glycine together with INH, to inhibit conversion
of L-serine to glycine. In the latter case glycine was also supplied to meet demands of cell
metabolism since its formation in vivo from glyoxylate, a pyridoxal phosphate-dependent
transamination, might be inhibited by INH. The results of these studies are summarized
in Table 3 where for convenience some previous data!? for L-serine-[U-'*C] is also in-
cluded.

Incorporation of radioactivity from L-serine-[3-1#C] into f-carotene of illuminated etio-
lated maize seedlings was extremely low, but could be enhanced by supplying the plants
at the same time with glycine and formate, or more effectively with glycine in the presence
of INH. As suggested earlier, the interconversion of serine and glycine may result in the
radioactivity at C-3 of serine being diluted by unlabelled C-1 units present in situ. Inhibi-

HYDRAZIDE INHIBITION OF GREENING OF ETIOLATED MAIZE

Glycine L-Serine Pyruvate
6-5t 325 65 65 325 25 25 30 35 55 55
— 10 10 10 - 10 10 10 10 — 10
260 82 48 57 250 134 161 193 224 277 151
127 10 3 8 121 26 52 63 79 136 46
74 -03 -02 -4-2 73 43 34 58 45 60 33

§ These values form the basis for calculation of greening in each experiment. Greening in cases of metabolite
addition are based on comparison with the actual values obtained in the appropriate experiment.
€ The A ,q, for etiolated tissue is taken as the reference from which AA 44, is calculated.
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TABLE 2. EFtECT OF METABOLITE SUPPLEMENTATION ON THE {SONICOTINYL HYDRAZIDE INHIBITION OF GREENING OF
ETIOLATED BARLEY

BT GT* GTA Gilycine L-Serine Pyruvate

Metabolite concentration (mM) &5 o5 500 062 1325 23 0 95 RN ¥5
Esonjcotiny hyvdraside imMy 1) 1 10 o 0 10 W 10
Chlorophyll fi = biipg g tissue) X1 480 b 501 82 | 493 Yoo 23 a2 162 124 [ 4500 37
¢, Greening 1432 100+ 1] 107 0 103 3 10 20 20 1 93 73
M [Vid 97 IR 41 I“/'J 49 -] 26 b 47 45 T 83

* E.T., etiolated tissue; G.T.. greened tissue: G.T.L. tissue greened in the presence of inhibitor.
T These values form the basis for calculation of greening.
1 The A g, for ctiolated tissuc is taken as the refercnce from which AA g, 15 calculated.

tion of this conversion by the presence of INH results in a 40-fold enhancement of incor-
poration of C-3 of added serine into carotenoids. In the metabolic route for conversion
of glycollate or glyoxylate to acetyl-CoA. INH would be expected to inhibit the conver-
sions of glyoxylate to glycine (glyoxylate aminotransferase), glycine to L-serine (serine hyd-
roxymethyltransferase), and any direct conversion of L-serine to pyruvate (L-serine dehyd-
ratase). Under the conditions used all the metabolites would be able to penetrate the chlor-
oplast membranes freefy.'® *°

TapLe 3. EFFECT OF iSONICOTINYL HYDRAZIDE IN INCREASING INCORPORATION FROM L-seriNg-|[3-'*C7 INTO
) e
B-CAROTENE

L-Serine-[3-1*C T 1-Serine-[3-74(C]

L-Serine-[U-*(] glycine glycine
Additions L-Serine-[U-"*C} 15 mM inhibitor r-Serine-[3-"*C]  HCOOH {5 mM inhibitor
Radioactivity sup-
plied (pC1 10 10 67 67 67
Weight of seedlings (g) 36 20 20 20 2()
Unsaponifiable  lipid
(mg) 76 66 48 47 44
f-Carotene  (dis;/min/
mg) 81700 88000 960 17500 36400

Specific activity of ff-carotene given is after a single recrystallization.
Fxcised seedlings were exposed during 24 hr illumination 1o [U-'*CJ- or [3-'#C)-serine with supplementation
with approx. 10-fold excess of unlabelled compounds or 15 mM isonicotinyl hvdrazide as indicated.

The intracellular location of the enzymes catalysing the formation of L-serine is a matter
of controversy. Tolbert and his coworkers®' believe that though glycollate formation
occurs in the chloroplast its subsequent conversion to glyoxylate. and hence glycine. is
located in the peroxisomes. Whilst the further formation of L-scrine from glycine is primar-
ily located in the mitochondria some 1.-serine hydroxymethyltransferase activity may be
associated with chloroplasts.? Other workers?? claim that glycine and serine can be syn-
thesized in the chloroplast from CO,, and isolated chloroplasts have been shown (o pos-
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20 SanNTARIUS, K. AL and STOCKING. C. R, (1969) Z. Naturforsch. 24b, 1170.
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sess the enzymic capacity to carry out individual steps in the sequence from glycollate to
L-serine.?* 2° 1t is likely, therefore, that synthesis of serine can occur in more than one
cellular compartment and that different sites of synthesis may assume different degrees of
importance as the leaf ages. Evidence has been presented elsewhere that this may be so
in the postulated sequence for the formation of acetyl-CoA from glycollate.?”

However, the proposals regarding the synthesis of the serine used in pigment synthesis
in vivo are compatible with a collaborative cellular function involving chloroplast enzyme
systems together with other cellular membranes or soluble enzyme systems. Although the
previous radioisotope incorporation and radioisotope dilution studies'? are most easily
explained on the basis that the route occurs in chloroplasts the data are also consistent
with the exclusive occurrence in the chloroplast of the formation of glycollate from CO,
and also of later stage(s) of the conversion of serine to pyruvate. This latter view would
be in accord with another report?® which suggests that chloroplasts may not possess the
entire capacity to form acetyl-CoA from CO,.

Although in terms of cell economics a direct conversion of L-serine to pyruvate is
appealing we do not yet have conclusive evidence that chloroplasts possess this capacity.
An alternative sequence is the route L-serine — hydroxypyruvate — glycerate — 2-phos-
phoglycerate — phosphoenol pyruvate — pyruvate; a route we indicated earlier,'? and
which has also been proposed?® for acetyl-CoA formation from glycollate in Chlorella. The
first conversion in this sequence, catalysed by L-serine-pyruvate aminotransferase, is pyri-
doxal phosphate dependent, and therefore liable to inhibition by INH. However, in iso-
tope dilution studies (Evans and Rogers, unpublished data) with illuminated etiolated
maize, glycerate did not suppress incorporation of radioactivity from '#CO, into B-caro-
tene. Moreover, previous radioisotope experiments'? indicate that the formation of pyru-
vate from its immediate precursor must be located in the chioroplast, whereas pyruvate
kinase, which catalyses the terminal step in the above sequence, does not appear to be a
chloroplast enzyme.*°

This reservation would also apply to a suggestion'* that pigment formation may ori-
ginate from 2-phosphoglycerate, formed as a result of photosynthetic CO, fixation. This
may be the case for mature green plants, in particular monocotyledonous plants where
there is only limited turnover of chloroplast terpenoids, but the proposal would appear
to be in conflict with our data obtained with young etiolated monocotyledonous plants.

Reservations concerning involvement of a glycollate pathway in synthesis of acetyl-CoA
have been detailed elsewhere.'* They include the suggestion that incorporation into -
carotene of radioactivity from glyoxylate-[2-'*C], and presumably of glycine-[2-'*C] and
L-serine-[U-'*C] via appropriately labelled glyoxylate, arises not from a true incorpor-
ation into acetyl-CoA but by an exchange of radioactivity between C-2 labelled glyoxylate
and acetyl-CoA. This explanation is not in accord with the present work since a net syn-
thesis of acetyl-CoA from added serine, but not from glyoxylate or glycine, is clearly
demonstrated in maize by restored chlorophyll and carotenoid formation in INH-inhi-
bited tissues.

24 JENSEN, R. G. and BassHAM, J. A. (1966) Proc. Nat. Acad. Sci. 56, 1095.

25 CHAN, H. W.-S. and BassHam, J. A. (1967) Biochim. Biophys. Acta 141, 426.
26 SHAH, S. P. J. and Cossins, E. A. (1970) Phytochemistry 9, 1545.

27 HiLL, H. M., SHAH, S. P. J. and RoGERs, L. 1. (1970) Phytochemistry 9, 749.
28 SHERRATT, D. and Givan, C. V. (1973) Planta 113, 47.

29 1 orp, J. M. and MERRETT, M. J. (1970) Biochem. J. 117, 929.

3% Hiser, U. (1960) Z. Naturforsch. 15b, 100.
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The present experiments show that in maize the inhibition of greening by INH can
be reversed by L-serine. Apart from glycollate and glycine, other metabolites ineffective
in restoring pigment formation under the same conditions were acetate. acetylphosphate,
malonate, lactate and succinate, all intermediates in alternative routes of acctyl-CoA syn-
thesis.!?*'* Supplying phosphoenolpyruvate only partly restored greening . though glucose
was almost as effective as serine. Glucose was less effective in the case of barley. None of
the compounds inhibited grecning in the absence of INH. The inability of acetate. acetyl-
phosphate or malonate to restore greening may be evidence against the possible role of
acetate as the immediate precursor of acetyl-CoA in preference to pyruvate.'-'*

The simplest conclusion to be drawn from our observations is that L-serine may be used
m the formation of chloroplast pigments as a precursor of acetyl-CoA. Possible effects of
INH through inhibition of d-amino laevulinic acid biosynthesis or protein synthesis arc
unlikely since in this event L-serine would be unlikely to restore chlorophyll and caro-
tenoid formation.

In barley L-serine was comparatively ineffective and only pyruvate would restore green-
ing in the presence of INH. This difference may reflect the degree of inhibition of L-serine
hydroxymethyltransferase and possibly L-serine dehydratase. or the alternative L-serine
pyruvate aminotransferase. by INH in the two plants. Thus. in maize INH certainly affects
the glycine to serine conversion. though previous pyridoxal phosphate dependent enzymes
involved in glycine formation may also be inhibited. In Chlorella, however. INH does not
inhibit incorporation of '*CQO, into glycine.* whilc in some higher plants glycine accumu-
lates as well as glyeollate.® In barley, the conversion of serine to pyruvate is inhibited and
only the latter metabolite will restore pigment formation. This distinction in maize and
barley may be explained by differences in binding of pyridoxal phosphate to the respective
enzymes in the two plants,

The potential quantitative importance of the serine route for pigment formation is indi-
cated by the almost complete restoration of pigment formation in INH-treated maize and
barley scedlings by serinc and pyruvate respectively. However, the route may be of primary
importance in voung greening tissue where the chloroplasts are not fully functional. and
its significance in mature green plants was not determined by the present studies.

EXPERIMENTAL

Trearment withisonicotingl hvdrazide. Etiolated maize (Zea mays. cv. Rhodesian White Tooth Double Hybrid)
and ctiolated barley (Hordeum vulgare, cv. Proctor) were grown from sced in vermiculite on trays in the dark
at 25 For exposure to inhibitor and;or metabolites. ctiolated shoots were taken at appropriate maturity (see
Results und Discussion). and cut into segments ca S em in length. A known weight of lcaf was incubated with
INH in the dark for 60 min in a boiling tube containing an appropriate concn of inhibitor at pH 7. The leaf
segments were then transferred to Petri dishes containing 40 ml soln of the same inhibitor conen supplemented
as necessary with the metabolites under test and the lidded Petri dishes were illuminated (ca 20000 Ix) for the
succeeding 23 hr. Appropriate controls lacking INH and/or illumination period were also included. The pH of
the suspending soln (originally pH 7) was measured after illumination and incubations in which the pH had
changed markedly were discarded. In experiments with radioisotopes ctiotated secdlings were excised at the node
and the excised ends immersed in H, O, containing the compounds to be supplied. in a shallow beaker to a depth
of 2 em. The shoots were allowed to take up unlabelled compounds, and. when appropriate. inhibitor. for 60
min before presentation of radioactive t-serine. The shoots. after excision and feeding. were illuminated for 24
hr. To encourage transpiration and increase uptake, the shoots were placed in an air stream.*?

Pigment extraction and assay. An extraction procedure based on Appelqvist ef «f.*" was used. Leal tissue was
homogenised in 857, Me.CO until the tissue was colourless. The cell debris was then removed by filtration

CAPPTTOVIST. L-AL BOYNTON. 1L S1o e, PR and vos WErrsTriN. DL (19683 . Lipid. Res. 9. 423,
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through a sintered glass funnel and the A of the soln measured at 480. 645 and 663 nm. Thc _values of total chloro-
phyll. and of chlorophyll ¢ and chlorophyll h separately. were taken from a nomogram.’ To obtain a measure
of carotenoid synthesis. that part of the absorbance of the Me,CO extract at 480 nm due to carotenoids (A§5)
was determined by correcting the observed A 480 for the contribution of the chiorophylls at this wavelength,
using the cquation derived by Kirk and Allen.® The increase in A 480 which is due to carotenoid synthesis is referred
to as AASY,.

Extraction of lipid and separation of terpenoids. The extraction of lipid. saponification. extraction of unsaponifi-
able lipid, and separation and crystallization of f-carotene were as described previously. The S-carotene was
recrystallized once before assay of radioactivity.'?
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