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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 (-entrlﬁmmrnn hmhpqt PAI
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predominantly intact plastids. Contmuous sucrose gradient centrrfugatlon 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 5hr before harvest. Far-red light reverses the red light effect

and demonstrates phytochrome control of barley plastid PAL.

INTRODUCTION

L-Phenylalanine ammonia lyase (PAL) was first
isolated from shoots of young light-grown bar-
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10 hr of continuous white light, PAL levels are in-
creased about 409 [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 { 5], 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 [ 8], buckwheat [9] or sorghum [ 107 seedlings.
In potato tubers, PAL activity is found in all par-
ticulate fractions except the microbodies (peroxi-
somes) [11].

Hachtel [12] reports that plastid inheritance

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

determines the degree to which PAL levels in
various Oenothera hybrids are influenced by light,
and Loffelhardt et al. [13] have found PAL acti-

vity in intact nlactide and in thulakaid fraomente
VILJ 111 1iwavt ylueuuo clive 111 Lll'ylal\UlU uasulvuto

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
chioroplasts [ 14-17], and both PAL [3. 4] and fla-
vonoids [18] are phytochrome-controlled in bar-
ley. Accordingly, we investigated PAL activity in
chloroplasts isolated from white-light grown bar-
ley shoots and in etioplasts given various light

treatments 5 hr {3] before harvest.

RESULTS

Preliminary experiments showed that most of
the PAL activity was present in the supernatant
fraction from 2000 ¢ 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
chiorophyii content of whoie shoots, and of chior-
oplasts isolated from an equivalent weight of tis-
sue, only ca 3% of the chlorophyll (and thus the
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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

10° 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
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 299, as much PAL activity as one finds
in the 30900 ¢ supernatant of whole-shoot homo-
genates prepared from a corresponding weight of
tissue. These results are in line with those of Loffel-
hardt er al. [13] who found that chloroplasts of
Dunaliella marina contain ca 17% of the PAL of the
whole cell.

Discontinuous sucrose gradient centrifugation
was performed by layering a resuspended 2000 ¢
pellet on the surface of a four-step (13-7. 25, 45 and
559 wjv) sucrose gradient and centrifuging for
20min at 13200¢. As determined by phase and
Nomarski microscopy, ca 95 of the particles ac-
cumulating at the boundary betwun 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-
Microbodies this
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ora-
gra
dient [20] and typical microsome preparations
should be in the upper part of the gradient away
from the chloroplasts{21]. When PAL and

chlorophyll were assayed in the rather diffuse
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highest PAL activity was associated with the frac-
tion richest in chloroplast (Table 1).
Continuous sucrose gradient fractionation was

Table 1.
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carried out by layering a resuspended 2000 ¢ plas-
tid preparation on the surface of a gradient rang-
ing from 25-3 to 43%, (w/v) sucrose. After centrifu-
gation for 20 min at 13200 g, 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. 1. From all of these experiments we con-
clude that PAL is closely associated with barley
chloroplasts.

Phytochrome control of PAL in etioplasts isolated
from dark-grown seedlings

As barley chloroplast preparations have PAL
dul\lly \ Table 1, rlg A)auu since PAL levels in the
supernatants from whole tissue homogenates are
controlled by phytochrome [3. 4], we investigated
phytochrome control of PAL levels in etioplasts
isolated by discontinuous centrifugation. Four
minutes of red light given 5 hir before harvest in-
creases PAL levels in both whole tissue homo-
genates and in etioplasts (Table 2). The effects of
red light are reversed by a subsequent far-red treat-
ment and from this we 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 ca 5 hr. followed

bv an eventual decrease as illumination
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for prolonged periods [3].
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ation of PAL with pdl‘tlculdtt fractions [ 6-11].
For example. purified microsomes from buck-
wheat retain ca 3-5% of the PAL activity asso-

PAL activity and chlorophyll content of a barley chloroplasts preparation after gradient centrifugation

Interface sampled

Cinnamic acid (cpm)

Chlorophyll per ug
(%, sucrose) (ug) per 1 ml sample chlorophyll
25/45 75 930 124
45/55 57 1600 165

Plastids from 5-day-old light-grown barley shoot homogenates were pelleted at 2000 g. This preparation was layered on the
surface of a four-step (137, 25, 45 and 55%) discontinuous sucrose gradient and centrifuged at 13200 ¢4 for 20 min. ngnlpc {1 mh

were collected from &he interfaces and assayed as described in the Expnnmenml

WS ML)



Phytochrome controlled phenylalanine ammonia lyase

6l ® Chlorophyll 60
° PAL

1
ra

Cinnamic acid, cpm ;(10‘3

Total chiorophyll

R WS )

5 10 15 20

T VR ST S TR TSN SR R SOUN WK SN TUUR S WS S S

Fraction No.

Fig. 1. Distribution of PAL and of chlorophyll after con-
tinuous sucrose gradient centrifugation of a barley chloroplast
preparation. Chloroplasts were isolated from 5-day-old light-
grown barley shoots by differential centrifugation at 2000¢.
This preparation was layered on the surface of a continuous
sucrose gradient ranging from 43% (Fraction 1) to 253%
(Fraction 22) sucrose. After centrifugation for 20min at
13200 g the tubes were punctured from below and the contents
coliected as 1 ml fractions for either chlorophyll or PAL deter-
mination by techniques given in the Experimental.

ciated with a 12000¢ supernatant after repeated
washing [2] and an organelie peliet (10000 g) from
potato tubers retains its PAL activity after wash-
ing [11].

Many of these studies have been carried out in
tissues such as potato tuber [11], castor bean
endosperm [6, 7] or the roots of Quercus seed-
lings [8] 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 [10] examined first internodes of
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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 18000 g and she concluded that some
of the PAL activity might be associated with an
organelle such as a plastid. Loffelhardt et al. [13]
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 chioroplasts fractionated
by continuous sucrose gradient centrifugation
(Fig. 1) and Loflelhardt er al. [13] 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 15W sonication. Low levels of enzyme activity

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

Cinnamic acid/
min/g fr. wt in

Cinnamic acid/min/
2 x 10'° plastids

supernatant from whole
shoot homogenate

Treatment {nmol) {nmol)

White light 1638 ( 6-6)* 1737 (27
Dark control 1434 (20:4) 1464 (1-8)
4minR 2130t {450) 192:6% (54)
4min R + 2 min FR 1332 ((78) 1617 (45

* Mean deviation.

t Significantly different from dark controls at 999 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 (11 kerg cm™2 sec™?!) or far-red (34 kerg cm™2 sec™!) light
5 hr before harvest. Plastids were isolated from filtered homogenates by differential centrifugation at 2000g. Whole shoot samples
were homogenized and the 30900 g supernatant used as an enzyme source. The spectral PAL assay is described in the experimental
section.
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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 Dunaliella marina, 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 large
lamellae are more sensitive to sonication than arc
the numerous small grana that one finds in bar-
ley [23].

Subcellular organelles are not static, indepen-
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-
brane 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 dictyosome vesicles, and various microbo-
dies [24]. During organelle isolation the outer
plastid membrane may give rise to microso-
mes [ 24]. Membrane continuities of this sort, and
the cxtensive organelle damage associated with
large scale isolation of subcellular fractions, prob-
ably relate 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 (ind
it necessary 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 [25]. Also, we have not differentiated between
increases in PAL synthesis and the cessation of
PAL degradation nor have we attempted to mea-
surc active and inactive pools of PAL [26]. Until
more is known about these later aspects it will be
diffcult to explain why 4 min of red light increases
PAL ca 40%;, in either etioplasts or in supernatants
from whole shoot homogenates (Table 1), or why
I x 107°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 hydroxylase activity [27, 28], to syn-
thesize 6-methylsalicylic acid [14], and to contain
flavonoids [ 1 5-17]. Genetic inference [127 and di-
rect measurement (Ref [13] and this paper) of
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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 chloroplast development and of chlorophyll
biosynthesis [ 30], and heterotrophic carbohydrate
metabolism of plastids [31]. Accordingly. if PAL is
associated with plastids, then it is not surprising
that its level is phytochrome controlled. We are
currently working to improve our techniques of
organelle isolation and enzyme recovery and will
extend our investigations into other aspects of
plastid phenolic biochemistry.

EXPERIMENTAL

Plant material and light treatments. Culture conditions and
light treatments for ctiolated Atlas 68 barley (a gift of Dr. Burt
Ray, Agronomy Department. Univ. of Califormia, Davis) have
been described [3]. White-light grown seedlings were main-
tained in a plant growth chamber under 8800 1x continuous
cool-white fluorescent light at 23

Plastid isolation. Chloroplasts were isolated under laboratory
lighting conditions. All manipulations of etiolated plants or
ctioplasts were carried out in the dark or under a dim green
safelight [3]. Plastids were isolated from ca 35 g of 5-day-old
shoots. The shoots were excised at the point of emergence from
the caryopsis, cut into | em scgments. and ground in a Virtis
model 23 homogenizer by three successive 2-sec treatments at
max. velocity. The 1solating medium was 100 ml of cold 25 mM
borate buffer (pH 8-8) containing 0-:33 M sorbitol, 2mM dis-
odium EDTA. { mM MgCl,. and (-4 ml mercaptoethanol. The
homogenate was filtered through two tayers of cheesecloth and
two layers of Miracloth. All purification steps were carried out
at4 ma Sorvall RC2-B centrifuge. The filtrate was centrifuged
for 60 sec at 200 y. the pellet discarded. and plastids pelleted by
centrifugation at 2000 ¢ for 60 sec. The pellet was resuspended
in 45 ml of homogenizing solution and 20yl removed for plas-
tid number determination with an AQ Spencer Bright Line
hemacvtometer. Occastonally a Coulter particle counter was
used with similar results. The plastids were then repelleted by
centrifugation at 2000 ¢ for 2 min. This pellet served as the differ-
ential centrifugation preparation or as starting material for gra-
dient centrifugation. Discontinuous sucrose gradient centrifuga-
tion was carried out by layering the 2000 ¢ plastid preparation
on the surface of o four-step (13-7. 25, 45 and 559, w/v) discon-
tinuous sucrose gradient prepared in pH 88 23 mM borate
buffer. This was centrifuged for 20 min at 13200¢. The cellu-
lose acetate wbes were punctured from below and a Beckman
fraction recovery system used to collect 1 ml fractions near the
interfaces. Continuous sucrose gradients were prepared with a
Beckmun density gradient former between the range of 439
(1192 g/em®) and 2537, (1-104 giem?) sucrose in borate buffer.
Linearity of the gradient was verified with a B & L Abbe
refractometer. The 2000 ¢ plastid preparation was layered on
the surface of the gradient and centrifuged for 20 min at
13200 ¢ n a Sorvall H-34 swinging bucket head. The gradient
was collected as | ml [ractions with'a Beckman fraction recov-
ery system.

Enzyme assays, Whole tissue PAL was assayed by a spectro-
photometric technique modificd from Zucker [32]. Four shoots
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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 yl mercaptoethanol and 03 g Polyclar AT which had
been soaked overnight in buffer and mercaptoethanoi before
use. The homogenate was centrifuged at 4° for 30 min at
30900 g 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 | cm light-path cells at 10—15 min in-
tervals for | 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 a-keto acids, producing phenylpyruvate which tautomer-
izes with borate and absorbs at 290 nm [33], do not interfere
with the spectrophotomﬁtric assay of PAL in barley seed-
lings [34]. 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 g were resuspended
in 4:5 ml of buffer with mercaptoethanol and subjected to ultra-
sonic disruption in an ice bath for { 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 incubated with ! 4 Ci of L-pheny-

lalanine ['*C-U]J with sp. act. 464 m Ci/mM (New England
Nuclear). After 45 min (discontinuous) or 1 hr (contmuous) at
40° the reaction was stopped by the addition of 1 ml of meth-
anoland ! ml 1 N HCL. The samples were centrifuged at 2000 g
for 10 min, the supernatant reduced to a vol. of about 1 ml, and
phased with 5 x 10 ml diethylether. The ether fraction plus ca
200 ymol of unlabeled cinnamic acid was chromatographed on
Whatman No. | paper in 2:1:2 (-BuOH-HOAc-H,0). 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-
dnol Aquasol scintillation fluid (193 ml) was added and
radioactivity determined with a Packard Tri-Carb scintillation
counter. Total chlorophyll was determined by the method of
Arnon [35].
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