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Ahtract-When etiolated b~ley (Hordeum utdgare L. var. Larker) shoots are incubated with [4-‘*C&ulink acid, 
‘*CO1 is evolved, and amino sod organic acids are labelled. Respiratory inhibitors and shortchain fatty acids, similar in 
size to kvulinic acid, reduce the production of ‘*CO, from [4-I l C]kvulink acid, while &aminokvulink acid treatment 
or illuminating the tissue increase ‘*CO2 evolution. The contribution of kvulink acid metabolism to &aminolevulinic 
acid biosynthesis is no greater than that of a general cellular metabolite. The data suggest that fatty acid oxidation and 
the citric acid cycle are involved in kvulinic acid metabolism. 

lNTRODUCTlON 

&Aminolcvulinic acid (ALA) is an important precursor of 
metalloporphyrins such as heme and chlorophyll (Chl) 
[l]. The conversion of two molecules of ALA to one 
molecule of porphobilinogen, a reaction catalysed by the 
enzyme ALAdehydratase (EC 4.2.1.24), is inhibited by 
levulinic acid (LA) (241. When etiolated plant tissues are 
illuminated in the presence of LA, they wulate ALA 
at the expense of Chl [5-73. This property has led to the 
use of LA in acquiring information in two areas: (a) the 
biochemistry of ALA formation, and (b) the role of light in 
the regulation of ALA and Chl biosynthesis [8]. 

A 1: 1 relationship between the ALA accumulated and 
the Chl deficit is observed in some LA-treated plants [8], 
suggesting that LA has no significant effect on metabolism 
other than to inhibit ALAdehydratase activity. However, 
there is evidence which indicates otherwise. For example, 
some greening organisms accumulate less ALA than can 
be accounted for by the Chl deficit, indicating that LA 
inhibits ALA biosynthesis [S, 9-1 l]. Inclusion of LA in 
the growth media of the blucgreen alga Agmenellum 
quadruplicatwn [ 123 or the diatom Skeletonema costutum 
[13] results in an inhibition of cell growth. Structural 
differences in the mitochondria of greening bean leaves 
and the chloroplasts of greening bean and maize leaves 
have been attributed to LA treatment 171. Application of 
LA leads to a reduction in photosystem II activity in 
greening maize leaves [14]. In etiolated barley leaves. 
treatment with LA inhibits amino and organic acid 
metabolism to CO1 and amino acid uptake and incorpor- 
ation into protein [9]. In addition, the incorporation of 
amino acids into thylakoid proteins of greening maize 
leaves is inhibited [IS]. 

Several types of organisms have been shown to mctab- 
olize LA. Bacteria and yeast can utilize LA as a carbon 
source [ 161. Recently, Duggan et al. [ 171 have shown that 
etiolated and greening barley leaves can metabolize the C- 
l of LA to CO2 and a variety of cellular constituents. The 
present study examines the metabolism of the C4 of LA 

to CO1 in barley leaves in an attempt to learn (a) how LA 
is metabolized in this organism, and (b) whether this 
metabolism can make a signi6cant contribution to the 
pool of ALA precursors. Preliminary reports on this work 
have appeared [ 18,191. 

RESULlS 

Kinetics of [4-‘*Cl LA metubolism 

Etiolated barley shoots evolve ‘*CO1 when incubated 
with [4-‘*C&A (Fig. 1). The kinetica of ‘*CO, evolution 
exhibit a lag period of more than 1 hr (Fig. 1); this lag was 
found to be independent of pH and substrate concen- 
tration (data not shown). However, unlike the kinetica of 
‘*CO1 evolution, no lag period is observed in [‘*C]LA 
uptake (Fig. 1). These data suggest that the uptake of 
[‘*C]LA does not limit its metabolism to ‘*C02. 

Sequestering of LA within barley shoots 

Barley tissue was incubated with [14C]LA for either 2 
or 4 hr and then washed with excess [“qLA for up to 
3 hr. The kinetics of radiolabel loss from the tissue were 
similar in each case (data not shown). 

Replicate washes taken after 20min were pooled, 
concentrated and subjected to chromatography. 
Radiochromatographic analysis revealed that only one 
labelled compound was present in solution (Fig 2a). This 
compound co-migrated with “C LA 
labelled compounds other than i 3 

(Fig. 2c). Two 
14C LA were found in a 

combined mixture of tbe 60-to-18Gmin washings 
(Fig. 2b). Assuming that label capable of being leached out 
ofthe~uewithinthefirst20minhapoplasticpndthet 
after 20min predominately symplastic label is being 
removed (inferred from the presem~ of Welled materials 
in addition to [‘*C]LA in the wash solution, Fig. 2b), a 
rough estimate of the amount of apoplastic \“C]LA can 
be made. The proportion of apoplastic [ l C]LA was 
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Fig. 1. Evolution of “CO, and uptake of label by ctiolatcd 
buky shoot scgmmta incubated with [4-‘*CjU in darknm 
Evolved ‘*C& and the mount of label taken up were dc- 
tetminad at tbc daignatcd points. Volua rcpracnt the man of 

thrae d&rminations; s.e. arc i&ted with ban. 
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determined by dividing the total amount of radioactivity 
in the 20-min wash solution by the amount of [‘*C&A 
absorbed by the tissue. Using this approach, apoplastic 
[‘*C]LA was cstimatal to comprise 14% of the label 
taLenupafter2hrand8.6%aRer4hr:the4hrestimateis 
lower than the 2-hr estimate because more [‘*C]LA is 
taken up by the tissue during a 4-hr incubation. 

Chemical and environmental egkcts on [4-‘*C]LA 
catabolism 

Treatments which block respiration, c.& malonic acid, 
sodium arscnitc, sodium tide and anacrobiosis, pro- 
foundly rbduccd “CO, production from [4-l*C]LA 
(Table 1). Citric acid cycle intermediates also diminished 
‘*CO2 evolution but to a lesser extent than the respiratory 
antagonists (Table 1). 

The catabolism of isokucinc, leucinc and valine to CO1 
is inhibited by LA [9]. For this reason, and since LA is 
itself an aliphatic acid, it seemed plausible that these 
compounds might have catabolic steps in common with 
LA. However, of these three amino acids, only isokucine 
diminished %ZO1 production from [4-**C]LA (Table 1). 
Catabolic intermediates derival from these amino acids 
inhibited to varying degrees (Table 1). Those inter- 
mediates more metabolically rcmovaJ showed the 
greatest effizct. viz propionatc, methyl malonate and 
tiglatc, except for j?-aminoisobutyric acid, which showed 
little effect 

These results suggested that reactions similar to those 
found in fatty acid oxidation may be involved in LA 
catabolism. Therefore, various shortchain fatty acid& C4 
to C-6 in length (i.e. those which approximate the size and 
structure of LAX were added to tissue along with 
[“Cl LA. All of the compounds tested effectively reduced 
*CO1 production from [C%]LA (Table 1). Of par- 

ticular interest was the observation that 4,6dioxo- 
hcptanoic acid (DA), which is a structural analogue of LA 
and ALA, and, like LA, an inhibitor of the enzyme ALA- 
dehydratase [9], greatly raiuced %O, production from 
[4-‘*CJLA (Table 1). 

b 

I lXlo2 CPM 

Since ALA accumulates in etiolatad leaves subjected to 
LA treatment under illumination, it was of particular 
interest to determine the effect which ALA treatment and 
illumination have on LA metabolism in barley leaves. 
Each of these treatments-ALA at 10 or 15mM and 
incubation in the light--leads to substantially increased 
levels of ‘*CO1 production from [4-‘*C&4 (Table 1). 

I I 

Two amino acids, threonine and mthionine. were 
found to slightly stimulate ‘*CO1 production from 
[4-‘*C]LA (Table 1). 

c, 1 
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77~ fractionation of tissue incubated with [‘*Cl LA 

To determine the metabolic fate of LA, etiolated barley 
shoot segments were incubated with [**C]LA for up to 
4 hr under various conditions and then fractionated. The 
results are shown in Tabks 24. 

Fig. 2. Thin-layer radiochromatogram~ of material lachd 
from ctiohtal bartcy shoot segments by [“C]LA tralment. 
(a)lllin-layer radiochnXlutogrMl of the tirst 20.Dlin wash. 
(b) Thin-layer ra&oduomatogram of the pookd wash rolutiona 
tiulbctwcen60to160nlill.frhclwul~0bmilKdwithctioktcd 
barley rhootr incubated with [“C&A for 2 hr were CcrcnWy 
the mmc u for the 4hr inm~tioll.) (c)Thin-layer radio- 

chromatogtam of authentic [“C&4. _ _ 

LA membolisn during and aji’a the lag period. The hg 
period observed in the catabolism of [4-‘*C]LA to ‘*COI 
is between 1 and 2 hr long (Fig. 1). An analysis of LA 
metabolism during this period could reveal ea&ly, i.e. 
proximal, mctabolitcs. For this reason, ctiokted barley 
leaves were incubated with [C’*C]LA for 90 min and the 
tissue fractionated. The acidic fraction derived from these 
leaves contained a silmifkantly greater amount of label 
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Tabk 1. The effect of variour tratmcn~ on the oxidation of the C-4 of LA 
to CO1 by ctiohtai buky Slloota 

Conctnmti00 

Treatment (mW % of control* 
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Malonic acid 
sodiumarsmite 

Sodium azide 
Anaerobioaia 
Acetic add 
Pyruvic acid 
Citric acid 
a-Kctoglutaric acid 
slKzinicacid 
FlmMlicllcid 
L-Malic acid 
Aspxrtkacid 
ISolCUCiOC 
a-Kcto-j-methyl-n-v&tic acid 
Tiglic acid 
Propionic acid 

Methyl malonic 8cid 

/Mrninoisobutyric acid 
VlllillC 
A-Ketoiwakric acid 
Lwbutyric acid 
Leucinc 
a-Ketoixocaproic acid 
lsovaleric acid 

p-Hydroxy-j-methyl glutxric acid 
ALAt 

DA% 

Ckproic acid 

Valerie acid 

Butyric acid 

Aatoacetic acid 

lllruXlinc 
Methioninc 
Incubation in the light 

15 
15 
1.5 
0.15 
1.5 

15 
I5 
I5 
15 
15 
15 
15 
15 
15 
15 
15 
15 
1.5 

15 
1.5 

15 
15 
15 
15 
15 
15 
15 

1.5 
I5 
10 
15 
15 

1.5 
15 
1.5 

15 
1.5 

15 
1.5 

15 
1.5 

I5 
I5 

24 
8.9 

25 
76 

6.7 
6.1 

53 
62 
80 
63 
61 
78 
75 
58 
74 
67 
22 
12 
47 
18 
69 
93 

105 
102 
36 

100 
109 
16 
40 
40 

153 
126 

I5 
34 
3.4 

31 
2.1 

23 
5.7 

28 
48 
97 

119 
113 
167 

*The etkt of a putkulu tratmcnt wu dctcrmkd by dividing the ratio 
of ‘*CO, cvolvcd to [C”C]LA taken up for that treatment by the sxmc 
ratio determined for the control. Valued were cxkulxtcd from the man of 
two to Thea dctcrmination8. 

t5-Amiookvulinic acid. 
$4,~Dioxobcptanoic acid. 

than after a 4-hr incubation (Table 2); chromatographic Efict oj fuwzefobiosis. Incubation of etiolatai barley 
analysis revealed that a greater proportion of this label la~cs in the absence of O1 resulted in strong inhibition of 
remained in unrcactcd LA (data not shown). The label the uptake and metabolism of [4-‘*C&A (Tabks 1 and 
content of the other fractions was the same or lower 2). The acidic and organic fractions derived from these 
(Table 2). leaves contained a larger proportion of lahcl than from 
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Table 2. The incorporation of ‘*C from [4-‘Y]LA into various chemial constituenta by etiolatai tarky 
shoots in darkna~ in the pwcnce or abeence of O1 

Aerobic Anaerobic 

1.Shr incubation 4-br incuLution 4-hr incubation 
Label incorporated Label incoIporatcd l&cl inaqoratad 

dprnx l0-6* % dpmx10-6 % dpmx10-6 % 

Total incorporation 3.82 100 4.26 100 2.87 100 
‘*co, o.c052 0.14 0.0801 1.9 0.0039 0.14 
Buie flacrion 0.250 6.5 1.02 24.0 0.025 0.88 
Acidic fraction 2.61 68.3 2.23 52.3 1.94 67.5 
Neutral fraction 0.0675 1.8 0.130 3.1 0.112 3.9 
Organic fraction 0.236 6.2 0.240 5.6 0.313 10.9 
Biipolymcr 0.00943 0.25 0.0622 1.46 0.00184 0.064 
other volatikt 0.642 16.8 0.451 10.6 0.477 16.6 

Values repredmt the mean of thra determinations. 
tThc ‘other volatile’ fraction includes all label unacceuntal for in the experiment. 

control leaves. The partitioning of [4-‘*C]LA between 
the aqueous and organic fractions is g4% and 16 y, 
rcspactivcly. This distribution is closer to that observed m 
such fractions derived from leaves treated with [‘*C]LA 
in the absence of 0, than from those treated aerobically 
(Table 2), an indication that most of the label in the 
former is probably in unreacted LA (see below). This 
suggests that an 0,dependent step is required for LA 
metabolism. 

E&ct of a short-chain jotty acid. Valerie acid, an 
effective inhibitor of ‘*CO1 evolution from [4-‘*C]LA at 
1.5 mM (Tables 1 and 3), had no effect upon the uptake of 
[‘*C]LA or upon the amount of label found in the 
organic fraction (Table 3). However, it significantly re- 
duced the proportion of label recovered in the basic, 
biopolymer, ‘*CO1, and volatile fractions (Table 3). This 
reduction was offset by a corresponding increase in label 
appearing in the acidic and neutral fractions (Table 3). 
Furthermore, the acidic fraction obtained from tissue 
pretreated with this fatty acid was found to contain a 
significantly greater proportion of unreacted LA, relative 
to the amount of other acidic components, than control 

tissue (data not shown). Similar results were observed 
when caproic acid was substituted for valeric acid (data 
not shown), suggesting that these fatty acids may compete 
with LA at some biochemical step, possibly one e.arly in 
LA metabolism. 

Irradiation. The amount of label taken up and ‘*CO2 
evolved by irradiated tissue is greater than from tissue 
incubated in darkness (Table 4). Yet, the distribution of 
label among the various cellular fractions is similar under 
both conditions. Small differences are observed in the 
basic and biopolymer fractions: the former has a slightly 
lower proportion of label in irradiated tissue while the 
latter has somewhat more. 

Analysis of the acidic fraction. Two-dimensional TLC 
of the acidic fraction derived from [4-‘*C]LA-treated 
leaves indicated the presence of a number of labelled 
components (Fig. 3). In addition to LA, citric, malic and 
succinic acids could be identified on this chromatogram; 
this suggests that LA is metabolized to citric acid cycle 
intermediates. Of all the labelled compounds only one 
besides LA was significantly labelled in the absence of 0,: 
spot 16. LA was estimated to comprise from 27 to 84 y0 of 

Tabk 3. The incorporation of ‘*C from [4-“C&A into various chemical 
constituents by ctiolatai huky shoota treatal with vakrk add* 

Control 

Label incorporated 

dpmx10-6 % 

Total incorporation 3.99 100 
**co, 0.0502 1.26 
Basic fraction 0.726 18.2 
Acidic fraction 1.86 46.5 
Neutral fraction 0.152 3.8 
Or&e fmction 0.332 8.3 
Biipolymer 0.0445 1.1 
other volatile 0.829 20.8 

*See Tabk 2 for further details. 

1.5 mM Valcric acid 

Label inwrporatcd 

dpmx10-6 % 

3.94 100 
0.0116 0.29 
0.308 7.8 
2.61 66.2 
0.262 6.6 
0.333 8.4 
0.0122 0.3 
0.406 10.3 
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Tabk 4. The incorporation of W from [+‘*clU into various chnical 
constitucntr by ctiohti buky hoots in darknew or under illuminUion* 

Ihrk l-i@ 

l&A incorporated lAbcl incorpor8tal 

dpmxlO+ % dpmxlO+ % 

Total inootporation 3.40 100 4.06 loo 
‘*co, 0.0458 1.35 0.0916 2.26 
&sic fmction 0.628 18.5 0.670 16.5 
Acidic fmction 1.52 44.7 1.82 44.8 
Neutral fmction 0.00688 0.20 0.00859 0.21 

Z” 0.0248 0.133 0.73 3.9 0.162 0.0656 4.0 1.62 
other wlhle 1.04 30.7 1.25 30.8 

*See Tabk 2 for further details. 
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tic representation of an autoradiogram pre 

from ctiolwd barley 8hoot acgmcn~ incXJtw4?d with [C”c]LA. 
solid cilcks repracnt rpotl with high rtivity, dashed circks 
rcpracnt spots with low activity (ka than 5 x background). 

the acidic fraction, depending upon treatment (data not 
shown). In each instance, LA contained more label than 
any other component. 

Analysis ofthr basfcfiaction. Twodimensional TLC of 
the besic fraction aIso indicated the presence of a number 
of iabelkd components (Fig. 4). Aspartic and glutamic 
acids, asparagine and possibly alanine could be identifibd; 
the presence of aspartic and glutamic acids was confirmed 
by TLE (thin-layer ckctrophoresis) in one dimension 
followed by TLC in the second dimension (data not 
shown). All basic fractions which were examined exhibited 
the same two&ensional chromatographic distribution 
as observed in Fig. 4. 

t 
- Fronl 

PhmOl: W81W . 

Fig. 4. Diagrammatic rcpresa~tation of an autoradiogram PIP 
pred a&r two-dimensional TLC of the buic fraction obtained 
from ctiohtcd barley shoot scgment~ incubated with [4-l*CJLA. 
Solid &da reprwcnt rpots with hi& activity. dubed chks 

rcpracnt spota with low activity (less than 5 x backgTolmd). 

ALA formation from LA 

The finding that [4-‘*C]LA is metabolized to citric acid 
cycle intermatiates (see above), and that the citric acid 
cycle provides precursors for ALA biosynthesis [l, 81. 
suggested that LA metabolism could be a significant 
factor in tracer experiments in which LA is used to study 
ALA biosynthesis. To determine the contribution of LA 
metabolism to ALA formation, leaf tissue was incubated 
under illumination for 4 hr with 4 PCi of [4-‘*C]LA 
(20 mCi mmol-I, 0.2 mM) in the presence of 5 mM DA 
or with 11 @i of [4-‘*C&A (0.73 mCi mmol- ‘, IS mM). 
The results demonstrate that less than 0.1% of the label 
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Table 5. The kotporation of the C4 of LA into ALA 

Radioactivity Radioactivity in ALA 
in extract 

Trcatmcnt dpmxlO-‘ dpmxlO-’ %ofToW 

[C’*C]LA + DA 5.33 4.21 0.08 
15 mM [4-‘*C&A 2.82 1.12 0.04 

incorporated from [4-‘*C]LA is recovered in ALA 
(Table 5). It is concluded that LA metabolism does not 
contribute significantly to ALA biosynthesis. 

DISCUSSION 

The kinetics of lcvuhnic acid (LA) uptake by etioiated 
barley leaves is quite different from that of its oxidation to 
“CO, (Fig 1). Furthermore, less than 15 % of the LA 
absorbed during a 2- or 4-hr incubation was estimated to 
be apoplastic. Hence, it is not clear why the onset of rapid 
‘*COs evolution occurs after a long lag period, a lag 
period which is not observed for LA uptake. A similar lag 
period was observed when these leaves were fed 
[I-‘*C]LA [13. These data suggest that the rate of-LA 
metabolism to *CO1 is not limited by its absorption into 
the tissue. 

The catabolism of LA to CO1 appears to include the 
citric acid cycle. This conclusion is drawn from the 
following observations: (a) the acidic fraction of 
[4-‘*C]LA-treated tissue contains labelled citric, malic 
and succinic acids (Fig. 3); (b) the basic fraction contains 
labelled asparagine, aspartic and glutamic acids (Fig. 4); 
(c)when etiolated barley tissue was incubated with [4- 
‘*C]LA in the presence of respiratory inhibitors or 
intermediates of the citric acid cycle, ‘*CO1 production 
was reduced (Table 1). Furthermore, the acidic fraction of 
leaves fed [4-l’C]LA under anaerobic conditions did not 
contain detectable amounts of labelled citric, malic or 
succinic acids (data not shown). 

Incubation of etiolated barley leaves with shortchain 
fatty acids effectively reduced the evolution of ‘*CO1 
from [4-‘*C]LA (Table 1). Since these compounds are 
structural analogs of LA, this result suggests that, in 
addition to involving the citric acid cycle, LA metabolism 
may include reactions similar to those found in fatty acid 
oxidation. 

It is unlikely that these fatty acids exert their effect on 
LA metabolism solely through precursor dilution of the 
citric acid cycle pools for two reasons: (i) they are more 
effective inhibitors of CO, production from LA than 
acetic or pyruvic acid or any of the citric acid cycle 
intermediates tested (Table 1), and (ii)even though 
etiolated barley shoots take up more caproic acid than 
succinic acid, a smaller proportion of the former is 
metabolixed to CO, [unpublished observations]; this 
suggests that exogenous succinic acid can dilute the pools 
of citric acid cycle intermediates more than caproic acid. 

The acidic fraction obtained from tissue incubated with 
[4-“C]LA in the presence of valeric (or caproic) acid 
contained a greater proportion of the incorporated label 
than in control tissue (Table 3). Within this fraction, less 
label was found in citric and malic acids, and more in LA, 
than in control tissue (data not shown). The greater 
proportion of LA in the acidic fraction suggests that fatty 

acids retard reactions early in LA metabolism. Thus, they 
may compete with LA for one or more enzymes. 

The stimulation of “CO, production in uivo from [4- 
l*C]LA by ALA and by illumination (Table 1) is of 
particular interest because ALA accumulates in irradiated 
tissue in the presence of excess [“C&4. This suggests 
that, when LA is used as an in viva inhibitor of ALA 
dehydntase, illumination and/or the resultant in uico 
accumulation of ALA might accelerate LA metabolism, 
resulting in more acyl-CoA compounds entering the citric 
acid cycle and increasing the pool sixe of ALA precursors, 
i.e. of a-ketoglutaric and glutamic acid [20]. However, the 
possibility that LA metabolism might signiticantly alter 
the ALA pool is quite remote since only a small amount of 
label was detected in ALA produced by irradiated barley 
tissue incubated with [4-‘*C]LA (Table 5). These results 
agree with two earlier reports [17,21] which indicated 
that LA was not a direct precursor of ALA. 

At a high concentration, 15 mM, one which effectively 
inhibits greening in barley [9], LA metabolism was found 
to be qualitatively similar to that at a low concentration, 
0.2 mM, although to a proportionately lower extent (data 
not shown). It is conceivable, therefore, that at concen- 
trations which inhibit ALA metabolism, LA catabolism 
could make a substantial contribution to the pool-size of 
citric acid cycle intermediates and, consequently, influence 
the distribution of label within intermediates derived from 
precursors being evaluated in tracer experiments. 
However, since this ketoacid is a relatively poor precursor 
of ALA (Table S), the contribution of LA to the pool sixes 
of citric acid cycle intermediates is probably not signifi- 
cant in such tracer experiments. 

Although the metabolic fates of the C-l and C4 of LA 
have elements in common, them are important dif- 
ferences: (a) the length of the lag period in CO1 evolution 
from the C-l is shorter than that observed for the C-4 (ct 
[17] with Fig. 1) (b) the proportion of CO, produced 
from the C-l is greater than from the C-4 (cl: [lsJ with 
Fig. 1); (c) major differences in the distribution of label 
among the various fractions were observed between 
etiolated and greening barley tissue for the C-l but not the 

z$k{i7;! with Table4); (d) ALA and illumination 
CO1 production from [I-‘*C&A to a 

greater extent than for [4-‘*C]LA (cf. [17] with Table 1); 
(c)the distribution of label within the acidic fraction 
differed between [l- ‘*C]LA-fed and [4-‘*C]LA-fed 
leaves (ct [17] and [22] with 1231). 

In conclusion, it has been shown that etiolated and 
greening barley tissue can incorporate the C-4 of LA into 
CO1 and a number of cellular constituents, and that this 
metabolism may involve fatty acid oxidation and the 
operation of the citric acid cycle. 

EXPERIMENTAL 

Purjfication and isolation of LA. RadioLbcUcd LA WM diluted 
in MeGH and purified by TLC on silica gel (Merck, 0.1 mm) with 
CHQ,-Me,CGHCOIH (80:2O: 1). The pLt.es were sauuied 
and the radiolabcllai peak corresponding to [“c]LA was 
identitied by refcrenct to [‘*C&4, R, = 0.47. The latter was 
visualized with 0.1 N AgN0,a.l N NH.OH (1: I). 

Purified [14c]LA was stored in the dry state on the chromato- 
grams. when neuied, it was &ted from the kbelled ame with 
Me,C<FMcOH (4 : 1). and the s&a slurry was suction-filtered 
through~ubator~.Thefllmttmr~cncod~~ 
then brought to volume with H,O for radiwrry. Purity was 
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asoztained by TLC and found to he greater than 95 %. Periodic 
rausays indicated that [“C&A remainal stahk on the dry 
chromatogram. 

Growrh ad prepmdon of plant tissue. Sada of Hordeum 

wlgare L. var. ‘larka’ (Field seed Farm; Byron, MN) were 
germinated and grown in darkncu for 7 days, and then the apical 
5~OfthCEhootr~~ted~rdin8tothcmethodOf 

Duggan n ol. [17.24]. All manipulations involving living ma- 
terial were performed under a dim 8rccn safelight unlau 
otherwise stated. 

One gram samples of tissue were placed into 125-ml 
Erknmeycr flasks containing 0.1 hi Pi buffer (pH 3.0) plus the 
indicated chemical. The flasks were stoppered, and the samples 
were preincubatcd for 30 min at 22 f. I ’ in darkness. At zero time. 
4 @Zi of [4-‘.qLA (20 mCi mmol- ‘) was added, bringing the 
final volume to 1.0 ml. Incubations were carriai out at 22 f I” in 
darkness for 4 hr unless otherwise stated. Illumination, when 
provided. was at 12 W mea [17]. 

Measuremenr of’*CO1 e&don in vivo. Rcspirai “COl was 
captured on hanging filter ppcr discs satd with 2 N KOH. The 
discs were removed periodically and @a& as previously 
described [ZS]. The amount ofcaptured rodiolakl was estimated 
using a Packard PRlAS Liquid Scintillation Counter (Model 
240 CL/D) in the dpm mode. 

At the end of the incubation, the incubation medium was 
diluted. and the tissue rinsed with an excess of HIO. Aliquots of 
the diluted medium were anal+ for radioactivity to estimate 
the amount of [‘*C]LA which was not absorbai by the tissue 

[‘71. 
Detennlnafion of apoplastic and symplaszic LA. Etiolatcd 

barley shoot segments were incubated with [“C]LA in darkness 
for 2 or 4 hr. The samples were rinsed with H,O, strained through 
cheesecloth under reduced light, and the amount of unabsorbed 
[“C]LA in the rinse soln determined. The tissue segments were 
blotted with absorbent paper and transferred to glass cylinders, 
one aperture of which was covered with a layer of cheesecloth. 
These ‘straining’ tubes were inserted into larger tubes containing 
10 mlof2.5 mM [“C]LA.Thenestcd tubcswcrethcnplaczd ina 
shaking water-bath at )(P, and, at 20-min intervals the straining 
tubes were drained and transferred to fresh SOIN of 2.5 mM 
[“C]LA [26]. Aliquots of the waxha were taken for radioassay. 

The first 20-min wash was taken to dryness by rotary 
evaporation and the residue resuspended in 1.0 ml of H,O. The 
washes taken between 60 and 180 min were pooled, dried, and the 
residue resuspended in l.Oml of H1O. Aliquots from each of 
these two samples were analyscd by TLC as described above for 
LA. 

7issue jbctionation. Tissue was fractionated into various 
fractions according to the method of Duggan et al. 117. 241. 
Under reduced illumination, leaf segments were separated from 
the rinse soln by straining through cheesecloth, then blotted and 
pulverized under liquid N1 with a mortar and pestle. The ground 
tissue was extracted with McOH-CHCl, (2: 1) followed by 
MeOH-CHCl,-Hz0 (2: 1: 0.8) as previously described [ 17,241. 
The washed pellet, referred to as the ‘biopolyma’, was dried in 
wfuc and radioassayed [ 17,241. The soluble fraction was further 
scpamtal into the ‘aqueous’ and ‘organic’ fractions by the 
addition of a 0.26 vol each of H,O and CHCl, 117.241. The 
aqueous fraction was applied to a Dowex-SO x 8 resin column. 
and the column was washed with 50% MeOH. Basic compounds 
held by the resin were eluted with 0.5 M NH,OAc. This ‘hasii 
fraction’ was taken to dryness and the residue dksolvcd in 50% 
MeOH. The mcthanolic et?luent was adjustai to pH z 7.0. 
applied to a column of Dowcx-1 x 8 resih and the column 
washed with 50 “/, MeOH. The unbound material is referred to as 
the ‘neutral fraction’. The bound acidic compounds. comprising 

the ‘acidic fraction’, were eluted with MeOH-HOAcHxO 
(t:t:lXthce~ttll;cnto~radchcraidutdiuolvsdin 
H,O. An aliquot of each fraction m taken for radioamy. 

TLC and TLE. Components of the acidic fraction were 
separated by two-dimensional TLC on alluble (Merck. 
0.1 nun). The chromatogram was developed in the 8rst dimension 
with PhOH-H+HCOxH (75:25:1). dried, and then de- 
veloped in the second dimension with n-pentanol-5 N HCOIH 
(1: 1). Organic acid standa& were chromatographcd in parallel 
and visualized with 0.1 N AgN0,a.l N NH40H (I : 1). 

Components of the basii fraction were also separated by two- 
dimensional TLC on cellulose. The chromatogram was de- 
veloped in the tirst dimension with PbOH-H,O (72: 28), dried, 
and then developed in the second dimcnaion with n- 
BuOH-HOA*H,O (4: 1: I). 

The basic fraction was also rubjaztcd to TLE (thin-layer 
ekctrophorcsis) [ 171. Samples were applied to 20 x 2Oun glass- 
supported cellulose TLC plates (Merck, 0.1 mm) 1 cm from one 
edge and midway between two opposite edges. The dlulosc layer 
was satd with 5OmM sodium 2-[N-morpholinolcthane- 
sulphonatc bunir @H 6.0) and subjected to clcctrophoruis for 
45 min at 32 Vcm-’ in a Brinkmann Desaga TLE tibcr 
cooled to 4”. The plate was allowed to dry and then chromato- 
graphed in the second dimension with n-BuOH-HOA*H,O at 
22 f 1”. Amino acid standards were run in paralkl to both two- 
dimensional chromatographic techniques and visualixul with 
ninhydrin. 

Autoradiography. Chromatograms were overlaid with a sheet 
of Kodak X-Omat RP X-ray film and held at - 80” for 1 month. 
The resulting autoradiograms were developed according to the 
manufacturer’s specifications. 

Isolation o/ALA. The incorporation of [C”c)LA into ALA 
was determined under two sets of conditions. In the tirst, 
etiolated barley shoots were incubated with 4 Ki of [C’*C]lA 
(20 mCi mmol-‘, LA = 0.2mM) in the presence of 
5 mM 4,6dioxohcptanoicacid (DA). In the second condition, the 
ctiolatal shoots were incubated with 1 I pCi of [4-“C1L.A 
(0.73 mCi mmol-‘, LA = 15 mM). Both incubations were ar- 
ricd out under illumination for 4 hr. The tissue ~19 then rinsed 
and collected, and the amount of [‘*C]LA whiih was not 
absorbed was determined. 

Treated tissue was frozen in liquid N, and then ground to a 
powder with a mortar and pestle. The DA-treated tissue was 
extracted with 5 y0 TCA according to the method of Hare1 and 
Klein [6]. The tissue incubated with IS mM LA was fmctionated 
as described above to obtain the ‘aqueous fraction’. In each case. 
the pH of the extract was adjusted to 4.25 with 0.2 N sodium 
citrate butTer. Carrier [“C’JALA was added, and the extracts 
were applied to Dowex-SO x 8 resin c&unns. The columns were 
clutai with 0.2 N scdium citrate buffer (pH4.25). Collected 
fractions were assayed for ALA according to the method of 
Mauzerall and Granick [27]. 

The fractions which gave a positive calorimetric test for ALA 
were pooled, acetylaatom was added, and the mixture was 
heated to form the ALA-pyrrolc. After cooling, the soln was 
extracted x 4 with equal vols of EtOAc, and the radioactivity in 
the pooled EtOAc waxhes containing the pyrrok was determined. 

Biochantcals. [4-“C]LA (2OmCi mmol-‘) was purchased 
from Amenham Corp., Arlington Hts.. IL. ALA (grade I), 
n-aproic acid, [“C]LA (grade I. 98%). sodium 2-[N- 
morpholino]ethancsulphonate. vakric acid, and amino acids 
were obtained from Sigma Chemical Co., Saint Louir. MO. DA 
wps obtained from Calbiochcm-Bchring Corp.. La Jolla, CA. 
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