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Abstract-Chloroplasts isolated from 5-day-old barley shoots by differential centrifugation have L- 

phenylalanine ammonia lyase (PAL) activity. Based on chlorophyll/PAL ratios, the chloroplasts have 
about 29% of the PAL of the whole shoot. When plastid preparations are fractionated by discon- 
tinuous sucrose gradient centrifugation, highest PAL activity is found at the interface containing 
predominantly intact plastids. Continuous sucrose gradient centrifugation shows a correlation between 
chlorophyll content and PAL levels. PAL activity in 5-day-old etioplasts is increased ca 40% by 
giving the plants 4 min of red light 5 hr before harvest. Far-red light reverses the red light effect 
and demonstrates phytochrome control of barley plastid PAL. 

INTRODUaION 

L-Phenylalanine ammonia lyase (PAL) was first 
isolated from shoots of young light-grown bar- 
ley [l]. When etiolated barley seedlings are given 
10 hr of continuous white light, PAL levels are in- 
creased about 40% [2]. Phytochrome control of 
barley PAL levels in whole-shoot homogenates 
has been shown by time-course red far-red photo- 
reversibility studies [3] and supported by low- 
energy action spectra for the response [4]. 

At the subcellular level most workers find high- 
est levels of PAL in the soluble fraction obtained 
during organelle isolation [S], yet the contribution 
of disrupted organelles to the soluble fraction is 
often not determined. High PAL activity is also 
associated with glyoxysomes of castor bean endos- 
perm [6], peroxisomes of spinach [7], and in 
various microsome fractions prepared from Quer- 
cus [S], buckwheat [9] or sorghum [lo] seedlings. 
In potato tubers, PAL activity is found in all par- 
ticulate fractions except the microbodies (peroxi- 
somes) [ 111. 

1285 

determines the degree to which PAL levels in 
various Oerzothera hybrids are influenced by light, 
and Liiffelhardt et al. [13] have found PAL acti- 
vity in intact plastids and in thylakoid fragments 
prepared from several types of plants including the 
monocotyledons corn and wheat. There are several 
reports of the presence and probable synthesis of 
flavonoids and other phenolic compounds in 
chloroplasts [14-171, and both PAL [3.4] and fla- 
vonoids [ 1 S] are phytochrome-controlled in bar- 
ley. Accordingly, we investigated PAL activity in 
chloroplasts isolated from white-light grown bar- 
fey shoots and in etioplasts given various light 
treatments 5 hr [3] before harvest. 

Hachtel[12] reports that plastid inheritance 

* Part 5 in the series “Phenolic Biosynthesis in Barley Seed- 
lings”. For Part 4 see Ref. [4]. 

Preliminary experiments showed that most of 
the PAL activity was present in the supernatant 
fraction from 2000 y differential centrifugation of 
filtered homogenates. However, quantitative re- 
covery of organelles by such techniques is usually 
quite low and recovery of less than 4% of the plas- 
tids is to be expected [19]. When we measured the 
chlorophyll content of whole shoots, and of chlor- 
oplasts isolated from an equivalent weight of tis- 
sue, only cu 3% of the chlorophyll (and thus the 

RESULTS 



1286 J. A. SAUNIC-RS and J. W. MK’LI;KI 

plastids) was recovered in the centrifugation pellet. 
This led us to measure the ratio of chlorophyll to 
PAL activity in whole shoots and in chloroplasts. 
We find that either 1 g of whole shoots, of 5.88 x 
109 chloroplasts (determined by plastid counting). 
contain 0.45 mg total chlorophyll. Assuming only 
that chlorophyll is restricted to the chloroplasts. 
then this gives us the number of chloroplasts per 
gram of tissue. 

The supernatant from a 309009 whole-shoot 
homogenate produces 173.7 nmol cinnamic acid/ 
min/g fr. wt and 5.88 x 10” chloroplasts produce 
501 nmol cinnamic acid/min. Thus the chloroplast 
fraction obtained by differential centrifugation 
contains ca 297;, as much PAL activity as one finds 
in the 309OOc/ supernatant of whole-shoot homo- 
genates prepared from a corresponding weight of 
tissue. These results are in line with those of Lliffel- 
hardt et ul. [ 131 who found that chloroplasts of 
Dunuliella rmrinu contain cu 17”,, of the PAL of the 
whole cell. 

Discontinuous sucrose gradient centrifugation 
was performed by layering a resuspended 2000<1 
pellet on the surface of a four-step (I 3.7. 25. 45 and 
55?,;> w/v) sucrose gradient and centrifuging for 
20 min at 13200 9. As determined by phase and 
Notndrski microscopy, cu 95”; of the particles ac- 
cumulating at the boundary between 45 and 55”; 
sucrose were class I plastids. A mixture of class 1 
and II plastids, other cytosomes, and membrane 
fragments accumulated between 25 and 45’?,, suc- 
rose. Microbodies should pellet in this gra- 
dient [20] and typical microsome preparations 
should be in the upper part of the gradient away 
from the chloroplasts 1211. When PAL and 
chlorophyll were assayed in the rather diffuse 
bands accumulating at the gradient interfaces, the 
highest PAL activity was associated with the frac- 
tion richest in chloroplast (Table 1). 

Continuous sucrose gradient fractionation was 

carried out by layering a resuspended 2000 q plas- 
tid preparation on the surface of a gradient rang- 
ing from 35.3 to 43”i (w/v) sucrose. After centrifu- 
gation for 20 min at 13 200 q. the tubes were punc- 
tured from below and the contents collected as I ml 

samples for either chlorophyll or PAL determina- 
tion. The results of a typical experiment are shown 
in Fig. I. From all of these experiments we con- 
clude that PAL is closely associated with barley 

chloroplasts. 

As barley chloroplast preparations have PAL 
activity (Table 1, Fig. 1) and since PAL levels in the 
supernatants from whole tissue homogenates are 
controlled by phytochrome [3.4]. we investigated 
phytochromc control of PAL levels in etioplasts 
isolated by discontinuous centrifugation. Four 
minutes of red light given 5 hr before harvest in- 
creases PAL levels in both whole tissue homo- 
genates and in etioplasts (Table 21. The effects of 
red light are reversed by a subsequent far-red treat- 
ment and from this MY conclude that plastid PAL 

is phytochrome controlled in barley. 
Chloroplasts isolated from shoots grown in con- 

tinuous white light have PAL levels not signifi- 
cantly different from those of etioplasts (Table 2). 
This low PAL level in continuous light is probably 
explained by an initial increase in response to illu- 
mination, reaching a maximum at cu 5 hr. followed 
by an eventual decrease as illumination continues 
for prolonged periods [-il. 

Much evidence has accumulated for the associ- 
ation of PAL with particulate fractions [f+ 1 I]. 
For example, purified microsomes from buck- 
wheat retain CII 3.5’zI; of the PAL activity asso- 

Table I. PAL activity and chlorophyll content of a barley chloroplasts pi-eparation after gradient centrifugation 

Interface sampled 

( “/L sucrose) 
Chlorophyll 

@g) 

Cinnamic acid (cpm) 

per ilg 
per 1 ml sample chlorophyll 

Plastids from 5-day-old light-grown barley shoot homogenates were pelleted at 2OOOg. This preparation was laycrcd on the 
surface of a four-step ( 13.7, 25, 45 and 55’:,,) discontinuous sucrose gradient and centrifuged at 13 200 q for 20 min. Samples (I ml) 
were collected from the interfaces and assayed as described in the Experimental. 
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Fig. I. Distribution of PAL and of ~hlorophyii after con- 
tinuous sucrose gradient centrifugation of a barley chloroplast 
preparation. Chloroplasts were isolated from S-day-old hght- 
grown barley shoots by differential ~ntrifugation at 2ooOg. 
This preparation was layered on the surface of a continuous 
sucrose gradient ranging from 43% (Fraction 1) to 2530/, 
(Fraction 22) sucrose. After ~entrifugation for 20min at 
13200g the tubes were punctured from below and the contents 
collected as 1 ml fractions for either chlorophyll or PAL deter- 

mination by techniques given in the Experimental. 

ciated with a 12000g supernatant after repeated 
washing [Z] and an organelle pellet (10000 g) from 
potato tubers retains its PAL activity after wash- 
ing [ll]. 

Many of these studies have been carried out in 
tissues such as potato tuber [l 11, castor bean 
endosperm [6,7] or the roots of Quercus seed- 
lings [S] which have neither chloroplasts nor well 
developed etioplasts. These tissues do, however, 
have proplastids and in the castor bean endosperm 
the proplasts have about two-thirds as much speci- 
fic activity for PAL as do the glyoxysomes [6]. 
When Stafford [lo] examined first internodes of 

sorghum she found that about one-third of the 
total PAL was in a “high speed” fraction that pel- 
leted between 500 and 100000 g. About 40% of the 
activity of this pellet was present in a fraction sedi- 
menting at 18000g and she concluded that some 
of the PAL activity might be associated with an 
organelle such as a plastid. Loffelhardt et af. [ 131 
have reported that PAL is thylakoid bound in 
several plants and in this paper we present evi- 
dence that PAL activity in barley etioplasts is un- 
der phytochrome control. 

None of the data so far unequivocably pinpoints 
the intracellular localization of PAL or of any 
other enzyme of the C,-C, sequence to a single 
subcellular organelle or fraction [22], and the as- 
sociation of these enzymes with such a variety of 
particles and the cytosol may be, in part, an arti- 
fact of random absorption during the traumatic 
isolation required for preparation of the fractions. 
Still, we do not consider it likely that all of the 
PAL in plastid preparations is an artifact of isola- 
tion. We find a reasonable correlation between 
PAL and chlorophyll in chloroplasts fractionated 
by continuous sucrose gradient centrifugation 
(Fig. 1) and L~~elhardt et al. [ 133 report a near- 
constant ratio of chlorophyll to PAL in whole 
plastids, thylakoids, or sub-thylakoid fractions 
prepared by ultrasonic disruption. This extensive 
purification and washing would surely remove 
gross contamination. 

In our preliminary experiments we attempted to 
free PAL from our chloroplast preparations by 
osmotic shock in sugar-free solution or by 1 min of 
ca 15 W sonication. Low levels of enzyme activity 

Table 2. PAL levels in plastids and in whole tissue homogenates from Atlas 68 barley 

Treatment 

Cinnamic acid/min/ 
2 x 10” plastids 

(nmol) 

Cinnamic acid/ 
min/g fr. wt in 

supernatant from whole 
shoot homogenate 

(nmol) 

White light 163.8 ( 6.6)* 173.7 (2.7) 
Dark control 143.4 (20-4) 146.4 (1%) 
4minR 213O.t (45.0) 192.6t (5.4) 
4minR + 2minFR 133.2 ( 7.8) 161.7 (4.5) 

* Mean deviation. 
t Significantly different from dark controls at 99% confidence limits. 
White light treated plants were grown under 8800 lux continuous cool-white fluorescent light for 4 days. Etiolated plants were 

grown for 4 days in a darkroom and, when appropriate, given red (1.1 kerg cm-* set- ‘) or far-red (34 kerg cm-’ set- ‘) light 
5 hr before harvest. Plastids were isolated from filtered homogenates by differential centrifugation at 2000g. Whole shoot samples 
were homogenized and the 309OOg supernatant used as an enzyme source. The spectral PAL assay is described in the experimental 
section. 



were obtained by these techniques and increasing 
the sonication energy to 45 W increased the level 
of PAL in the supernatant about five-fold. In the 
marine alga D~~alirllu swim, which has a single 
plastid with large flattened thylakoids, such 
rigorous treatments do not appear to be necess- 
ary [13]. It is probably relevant that such iarge 
lamcllac arc more sensitive to sonication than arc 
the numerous small grana that one finds in bar- 

kv [23]. 
Subcellular orpanelles are not static, indcpen- 

dent. structures within the living plant cell. In par- 
ticular, the outer portion of the chloroplasts is 
maintained in a highly mobile state [24]. Mem- 
branc continuities have been observed between the 
outer membrane of the chloroplasts and the rough 
endoplasmic reticulum, the plasma membrane, the 
outer membrane of mitochondria. the tonoplast, 
the dictyosomc vesicles, and various microbo- 
dies [24]. During organelle isolation the outet 
plastid membrane may give rise to microso- 
mes 1241. Membrane continuities of this sort. and 
the extensive organellc damage associated with 
large scale isolation of subcellular fractions, prob- 
ab1) rclatc to some of the reports of PAL compart- 
mentalization. 

It is likely that we have only approximated the 
distribution of PAL between plastids and other 
cytoplasmic pools in barley. For example. we Lind 
it neccssarq to apply rigorous ultrasonic treatment 
to liberate high levels of PAL from our plastid 
preparations and such harsh treatments may 
damage enzymes and alter enzyme subunit struc- 
ture C2.51. Also. we have not differentiated between 
increases in PAL synthesis and the cessation of 
PAL degradation nor have we attempted to mca- 
sure active and illactive pools of PAL [26]. L’ntii 
more is known about these later aspects it will be 
diff‘cult to explain why 4 min of red light increases 
PAL ~‘(1 40”,, in either etioplasts or in supernatants 
from whole shoot homogenates (Table 1). or why 
1 x IO- ’ M cyclohexamide. but not chloram- 
phenicol, blocks the stimulatory effects of red light 
on PAL levels in whole shoot homogenates 
(McClure, unpublished). 

Chloroplasts have been reported to have cin- 
namic acid hydroxylasc activity [27,28], to syn- 
thesize 6-methylsalicylic acid [14]. and to contain 
flavonoids [ I5- 171. Gcnctic inference [ 121 and di- 
rect measurement (Ref. [I.31 and this paper) of 

PAL in plastids further supports their role in poly- 
phenolic biosynthesis. Phytochrome control of 
plastid responses is well known and includes such 

phenomena as: chloroplast orientation [29], con- 
trol of chioroplast development and of chlorophyll 
bioslnthcsis [XI]. and hetcrotrophic carbohydrate 
metabolism ofplastids [3 I]. .Accordingly. if PAL is 
associated with plasrids. then it is not surprising 
that its level is phytochrome controlled. We arc 

currently working to improve our techniques of 
organellc isolation and cnyyme recovery and will 
extend our investigations into other aspects of 
plastid phcnolic biochcmistr!,. 

P/OJI~ /trtrfrr.itr/ rr& lryhr Iwcifw~~r\. Culture conditions and 
light treatment< for ctiolatcd Atlas 68 harleg (a gift of Dr. Burt 
Ray. Agronomy Department. I.ln~\. 01 C‘alllorma. Davis) have 
hecn doscrihod 131. White-light prow n seedlings were main- 

tinuous sucrow grxiwnt prcparcd m pH 8.S 75 tnM horatc 
buITc]- ‘lhl\ M;I~ centrifuged for 70 mln at I3NO $1. The ccllu- 
lox acetate tutus \\erc punctured from below and a Beckman 

fraction rccoverc qstcm used to collect 1 ml fractions near the 
~nterlaccs. C‘ontmuou\ wcrwz grad&its wcrc prepared with a 
Beckman densIt> gradient former txtwecn the range of 13”,, 

(1.192g cm31 and ‘Yi”,, (I-iO3p cm’) sucrose in borate buffer. 
ILinearitj of the gradlcnt wa verified with a B & I. Abbe 

rcfractnmeter The 7000 g ptastid preparation wx layered on 
the surfiicc of the gradient and ccntrifugcd for Xmin at 

tZ2OOy in a Sorvatt H-34 swnping bucket head. The grxiient 
was collcctcd 3s I ml fractions wth a Beckman fraction rccov- 
cr? system 
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were weighed and thoroughly ground in a chilled Ten Broeck 
homogenizer containing 8 ml of cold 25 mM borate buffer (pH 
8.8), 23 ~1 mercaptoethanol, and 0.3 g Polyclar AT which had 
been soaked overnight in buffer and mercaptoethanol before 
use. The homogenate was centrifuged at 4” for 30min at 
30900 y and the supernatant used as a source of enzyme. The 
assay system consisted of 1 ml of supernatant, 1 ml of buffer, and 
1 ml of 50 mM L-phenylalanine in buffer. Controls contained 
buffer in place of L-phenylalanine. The change in absorptivity 
at 290 nm was monitored in I cm light-path cells at lo- 15 min in- 
tervdk for I hr or more at 40 Under these conditions, a change 
in absorbance of 0.01 was found to be equivalent to the produc- 
tion of 3.09 nmol of cinnamic acid. We have recently shown that 
side reactions involving transamination from phenylalanine 
onto r-keto acids, producing phenylpyruvate which tautomer- 
izes with borate and absorbs at 290 nm r331, do not interfere 
with the spectrophotometric assay of PAi in barley seed- 
lings r341. Each data point is the mean of at least five deter- 
minations, each done in triplicate. PAL activity for whole shoot 
assays is corrected for the negative correlation coefficient 
between fr. wt and PAL content per g[3,4]. Plastids iso- 
lated by differential centrifugation at 2000~ were resuspended 
in 4.5 ml of buffer with mercaptoethanol and subjected to ultra- 
sonic disruption in an ice bath for 1 min at 45 W (see Discus- 
sion) with a model W-185 Branson Sonifier. The suspension of 
disrupted plastids was centrifuged at 30900 g for 30 min and the 
supernatant used as a source of enzyme for assay by the spec- 
trophotometric technique. Discontinuous and continuous suc- 
rose gradient fractions (1 ml) were similarly sonicated and cen- 
trifuged. The supernatant was iccubated with 1 p Ci of L-pheny- 
lalanine [‘%I-U] with sp. act. 464m Ci/mM (New England 
Nuclear). After 45 min (discontinuous) or 1 hr (continuous) at 
40” the reaction was stopped by the addition of 1 ml of meth- 
anol and 1 ml 1 N HCI. The samples were centrifuged at 20000 
for IO min, the supernatant reduded to a vol. of about I ml, and 
phased with 5 x IO ml diethvlether. The ether fraction olus C(I 

200 pmol of unlabeled cinnamic acid was chromatograpked on 
Whatman No. I paper in 2: I:2 (t-BuOH-HOAc-H,O). Cin- 
namic acid was identified under short wave uv light and an 
elongated ellipse containing the compound cut from the chro- 
matogram. Cinnamic acid was eluted from the paper by meth- 
anolic irrigation for 12 hr directly into a scintillation vial. The 
samples were taken to dryness and resuspended in 0.7 ml meth- 
anol. Aquasol scintillation fluid (19.3 ml) was added and 
radioactivity determined with a Packard Tri-Carb scintillation 
counter. Total chlorophyll was determined by the method of 
Arnon 1351. 
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